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Abstract

We introduce the Effective Age of the Universe (EAoU), a relativistically consistent reformulation of cosmic time
that reinterprets the expansion history from the perspective of a present-day observer. Unlike the conventional
comoving-frame age of the universe (AoU), EAoU replaces the (1+z)-! scaling in the cosmic age integral with the
accumulated proper time along the observer’s worldline, yielding extended temporal frameworks of up to ~45
Gyr depending on the cosmological parameters. Building on this temporal redefinition, we generalize the FLRW
metric by introducing a redshift-dependent temporal component, g®=—f(z)?, and derive an observer-centric
effective Hubble parameter, Hef(z)=H(z)/(1+z), which links cosmic chronology, expansion dynamics, and metric
geometry in a unified relativistic framework. This combined approach not only extends the effective time
available for early structure formation—alleviating high-redshift anomalies such as the unexpectedly rapid
emergence of massive galaxies, chemically enriched systems, and ~10° M©® SMBHs—but also moderates early-
universe contraction relative to standard ACDM, offering a natural pathway toward resolving the Hubble

tension without invoking new physics.

Keywords: comoving-observer; relativistic; time-dilation; FLRW; Hubble; Effective-Age-of-Universe

1. Introduction

The observed accelerated expansion of the universe (Riess et al., 1998) [1] implies that, in the
distant past, the cosmos was compressed into a state of extreme density and gravitational potential —
conditions under which general relativity (GR) predicts substantial time dilation relative to present-
day proper time experienced by a present-day observer. In this paper, we demonstrate that the
prevailing ACDM-FLRW cosmological framework, as conventionally applied to estimate the age of
the universe (AoU), does not account for relativistic time dilation. Rather than discarding the
comoving frame, we apply a redshift-dependent correction that transforms it into an observer-centric
frame aligned with proper time. This approach retains the structural integrity of ACDM while
enabling a re-interpretation of high-redshift anomalies—such as the early formation of massive
galaxies and black holes —without invoking speculative or exotic physics.

Over the past two decades, increasingly sensitive telescopes, culminating in the launch of
the James Webb Space Telescope (JWST), have unveiled a suite of observational anomalies that challenge
the standard ACDM cosmological framework [2], which assumes large-scale homogeneity and
isotropy, enabling cosmic time to be treated as a globally defined parameter within a comoving
frame. Galaxies such as GN-z11[3,4], HD1[5,6], GLASS-z13[7,8], JADES-GS-z11-0[9] and GS-z14[10]
exhibit stellar masses and ultraviolet luminosities suggestive of extraordinarily rapid structure
formation within a few hundred million years after the Big Bang[11]. Recent JWST observations[12]
have uncovered a population of ultra-high-redshift galaxies in the SMACS 0723 field, including a
dwarf galaxy candidate at z=11.5 with a compact size (< 0.5 kpc) and a stellar mass in the range 1078
—-1082MQ, while additional galaxy candidates at z > 11, reported in the JADES field[13], reinforce the
emerging picture of accelerated early structure formation. Several of these galaxies also show signs
of chemical maturity, including detectable oxygen and nitrogen emission lines, implying multiple
generations of star formation[14,15]. The discovery of such seemingly evolved systems so close to the
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cosmic dawn challenges the standard cosmological model. In parallel, luminous quasars at redshifts
z>7 are found to host supermassive black holes (SMBHs) with masses exceeding 10° M©O[16-23].
Such early and massive black holes are difficult to reconcile with standard accretion models operating
within the brief window allowed by the conventional Age of the Universe (AoU), approximately
13.79 Gyr. Similarly, statistical studies of early galaxy number counts and elevated star formation
rates (SFRs) at z > 10 indicate a significant overabundance of massive, UV-bright galaxies compared
to ACDM predictions[24-27]. Reconstructions of high-redshift luminosity functions suggest both a
steepening of the faint-end slope and an excess of bright galaxies, further intensifying the
discrepancy[28-30]. Recent spectroscopic follow-up studies have confirmed the existence of several
luminous galaxies at z>10, while revising the redshifts of others, collectively affirming the rapid
assembly of early massive systems[31]. These findings further deviate from predictions of ACDM-
based semi-analytic models calibrated to Planck cosmology, which anticipate a more gradual buildup
of stellar mass and star formation activity[32].

These findings suggest either the need for exotic astrophysical mechanisms or, more
fundamentally, an oversimplification in how cosmic time is modeled. Building on this tension, we
argue that these anomalies can be naturally resolved by reinterpreting the cosmological timeline
through the lens of relativistic time dilation—specifically as experienced along the worldline of a
present-day observer. To this end, we propose the Effective Age of the Universe (EAoU): a framework
grounded in general relativity that replaces the comoving-frame abstraction of cosmic time with the
integrated proper time experienced by an observer in the present epoch. The concept of EAoU has
been recently proposed as a relativistic treatment of the cosmic timeline[33]. By reweighting early
epochs accordingly, EAoU significantly extends the effective temporal window available for the
formation and evolution of early structures, while remaining fully consistent with ACDM dynamics.

The standard Age of the Universe (AoU) is defined within the comoving frame, an idealized
coordinate system in which all observers are assumed to move uniformly with the Hubble flow.
While mathematically convenient, this frame is not physically realizable, and there is no
observational or theoretical proof that it corresponds to our actual frame of observation. As such, the
AoU derived from this construct may not represent the proper time experienced along the worldline
of a present-day observer. Interpreting observational data through this abstraction can therefore
introduce conceptual inconsistencies, particularly when extrapolated to high-redshift epochs.

This tension is underscored by the so-called Hubble Tension, in which the Planck 2018 cosmic
microwave background (CMB)[34] analysis yields Hy = 67.4 +0.5 km/s/Mpc[35,36], while distance
ladder measurements using Cepheid-calibrated Type Ia supernovae produce values of Hy = 73-74
km/s/Mpc[37]. Most notably a value of Hy=74.03+1.42km/s/Mpc using Cepheid-based
calibrations[38,39] anchored by multiple distance indicators is confirmed, a result subsequently
reaffirmed with JWST's high-resolution observations. These findings, including the comprehensive
analysis yielding Ho=73.04 + 1.04 km/s/Mpc[40], substantially reinforce earlier SHOES measurements
and leave little room for reconciliation through conventional systematic error explanations

This persistent tension deepens the challenge of bridging early- and late-universe
determinations of the Hubble constant within the Standard Model of Cosmology (SMC)—namely,
the ACDM framework grounded in general relativity and an inflationary early universe[41-43].

In this paper, we demonstrate that relativistic time dilation is not incorporated into the
prevailing ACDM-FLRW cosmological framework used to estimate the age of the universe (AoU).
Building on this insight, we introduce the Effective Age of the Universe (EAoU), which embeds a
time dilation factor directly into the cosmological timeline, yielding an observer-centric
reformulation of cosmic age. We then extend this reinterpretation beyond age estimates by
reformulating the FLRW metric to include a redshift-dependent temporal component, g»=—f(z)?, and
by deriving an observer-centric Hubble parameter, Hef(z) = H(z)/(1+z). Together, these developments
provide a consistent relativistic framework that links cosmic chronology, expansion dynamics, and
metric geometry —offering a unified approach to resolving high-redshift anomalies and the Hubble
tension without invoking new physics.
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Building on this insight, we introduce the Effective Age of the Universe (EAoU)—a novel,
observer-centric reformulation of cosmological time grounded in general relativity. Unlike the
conventional Age of the Universe (AoU), defined within a comoving-frame abstraction, EAoU
expresses cosmic chronology as the accumulated proper time from any given epoch to the present,
as experienced along the worldline of a present-day observer. This shift yields substantially extended
effective timescales at high redshift, naturally accommodating the formation of massive galaxies,
chemically enriched systems, and billion-solar-mass black holes without recourse to exotic physics.
In this work, we extend the EAoU concept beyond temporal reinterpretation by reformulating the
FLRW metric to include a redshift-dependent temporal term g = —f(z)? and deriving an observer-
centric Hubble parameter He(z)=H(z)/(1+z). Together, these advances provide a unified relativistic
framework that consistently links cosmic age, metric geometry, and expansion dynamics —offering a
coherent route to resolving both high-redshift anomalies and the Hubble tension within the ACDM
paradigm.

2.0. Relativistic Framework and Definition of EAoU

In the standard ACDM cosmology, the age of the universe at a given redshift “z” is computed
by integrating the inverse Hubble parameter, weighted by the cosmological scale factor[42—44]. This
yields the proper time elapsed since the Big Bang for a comoving observer. However, this formulation
does not account for the relativistic time dilation experienced when viewing early epochs from the
present day.

We begin with Einstein’s field equation given by:

8nG
GH 4+ AgH = — T — = — == === = =~ (1)
Where, G’ is the Einstein tensor (curvature), A the cosmological constant, T#¥ the stress-

energy tensor (matter-energy content), and g#” the metric tensor.
The expansion rate in ACDM is governed by the Friedmann equation:

H=HyJ(Qn 1+2)°+ Q) ——————————— )

The standard Age of the Universe (AoU) from redshift z until today is then given by:

[oe]

1
AolU(2) = j e C 3)
And the total AoU from the Big Bang to the present is:
AoU(0) = 00—1 dz' 4
© ()_f(1+z')H(z') ZoT T T T T T *)

0

2.1. Limitations of the Standard FLRW Cosmology with Respect to Time Dilation

In four-dimensional spacetime, the metric tensor grv  is a 4x4 symmetric matrix:

00 01 02 03

g g g

11 12 13

1 (5)
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Q@ @ Q9
Q Q@ «Q
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Under the assumptions of isotropy and homogeneity, the only allowed solution to Einstein’s
field equations is the Friedmann-Lemaitre-Robertson-Walker (FLRW) metric. This reduces the
metric tensor to a diagonal form in comoving spherical coordinates[45]:
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-1 0 0 0
@ 0
8% pLaw = L—frz === ©)
0 0 a(t)?r? 0
0 0 0 a(t)?r?sin?@

(Note: in spherical coordinates: p,v=0—t;1—1;2—0;3—¢)

This structure confirms that g°= -1 and all mixed terms g% = 0, eliminating both gravitational
and kinematic time dilation effects. The coordinate time t is thus universally identified with proper
time t for all comoving observers, enforcing a global synchronization of clocks. For any comoving
worldline, the proper time interval satisfies:

di? = —g%%dt? = dt>? - — - ——— — — )

While this construction is mathematically consistent, it is physically restrictive. It assumes that
all observers move with the Hubble flow and experience identical time evolution — a condition that
suppresses relativistic effects such as differential aging and time dilation due to either curvature or
recessional motion.

The line element corresponding to this metric is:

2

2 _ _ .2 2 2
ds® = —c*dt* + a(t) <1—kr2

+ rzdﬂz) ————————— €)

This widely used form contains no dependence on gravitational potential or relative velocity.
As such, the FLRW metric — despite being a solution of general relativity — does not explicitly
encode relativistic time dilation in any operational sense. It models a universe where all comoving
clocks tick in perfect unison, regardless of epoch, density, or redshift.

This idealized construction stands in contrast to real cosmological observations. Type Ia
supernovae light curves are empirically observed to stretch by a factor of 1+z[46], directly
demonstrating relativistic time dilation. Similarly, spectral and dynamical features of high-redshift
galaxies evolve over longer intervals when viewed from the present epoch — effects that cannot be
accounted for within a comoving-frame treatment of time.

To illustrate this inconsistency, consider the standard cosmic age integral, restated from
Equation (3) for clarity:

® 1
AoU(z) = j
z

—_——dz - —————— = 3 revisited
A+ 29H@) z (3 revisited)

This relation defines the age of the universe at redshift z as measured in the comoving frame,
where the factor (1+z')! adjusts coordinate time into proper time for a comoving observer. However,
this is a coordinate-based prescription, not one derived from physically comparing clocks in distinct
relativistic frames. It does not reflect how time would be measured by an observer today looking
back at earlier epochs across relativistic distances.

Consequently, the standard FLRW cosmology:

- Does not include explicit relativistic time dilation between observers and high-redshift sources,

- Assumes a universal proper time across all epochs, contradicting both general relativity and
observations,

- Yields an age of the universe that underestimates the actual proper time accumulated along the
observer’s worldline.

This foundational limitation necessitates a reformulation of cosmic time. We thus introduce the
Effective Age of the Universe (EAoU), a relativistically consistent framework that restores proper-

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.0758.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 August 2025 d0i:10.20944/preprints202508.0758.v1

5 of 18

time differentials across cosmological epochs by replacing comoving coordinate time with the
accumulated proper time experienced in the observer’s frame.

Bottom of Form

To incorporate relativistic time dilation from the perspective of a present-day observer, we
introduce the Time Dilation Factor (TDF), defined as:

TDF(z) =14z———————————— — — 9)
Multiplying the standard Age of the Universe (AoU) integrand by TDF reweights earlier epochs

to reflect the stretching of time as experienced in the current observational frame. This leads to a
modified formulation of the Effective Age of the Universe (EAoU):

* 1
EAoU(z) = fz [TDF(z ).m]dz —————— (10)
Substituting TDF(z")=1+z’, this simplifies to:
® 1
EAoU(z) = L e (11)

In a related paper by the present author[47] (preprint available), the EAoU expression (equation
11) was rigorously derived by incorporating the time dilation factor into the FLRW framework. This
formulation yields the accumulated proper time experienced along the worldline of a present-day
observer, offering a more physically meaningful timescale for interpreting the chronology of early
cosmic structure formation.

2.2. Reassessment of the Hubble Constant under the EAoU Framework

The Hubble constant Ho plays a pivotal role in cosmology as the present-day expansion rate of
the universe. It is conventionally defined via the relation[41,44]:

Hy = (%)t=to ________ (12)

and operationally inferred from a combination of standard candles (e.g., Type la supernovae), cosmic
microwave background (CMB) anisotropies, and baryon acoustic oscillations (BAO)[48]. However,
the observed tension between the locally inferred value (e.g., Ho~73 km/s/Mpc from SHOES)[40] and
the CMB-inferred value (Ho~67.4 km/s/Mpc from Planck)[43] signals a deeper inconsistency in the
cosmological framework itself. The EAoU formulation offers a new lens through which this
discrepancy may be understood and reinterpreted.

As established in Sections 2.1 and 2.2, the Effective Age of the Universe (EAoU) accounts for
relativistic time dilation by integrating along the proper-time worldline of a present-day observer,
with the standard (1+z)? factor eliminated. This yields significantly larger age estimates at all
redshifts as seen in equation (11):

° 1
EAoU(z) =f mdz’ ——————————————— (11 revisited)

This integral implies that more proper time has elapsed between redshifts than what is
computed under standard comoving-frame formulations. For any redshift z, including z = 0, the
EAoU will always be greater than the standard Age of the Universe (AoU). Since,

a larger denominator (i.e., At) for the same redshift interval naturally leads to a smaller inferred
expansion rate. This reinterprets the observed expansion as slower than what is derived under the
comoving-time formalism.

Hence, we define a relativistically consistent Hubble parameter:
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Hoeff(z)~ ________ (14)

EAoU (0)
Given EAoU estimates of ~30-45 Gyr, this implies:

Hy®' (2)~ 32 — 48km/s/Mpc

This range sits significantly below both Planck and SHOES values, suggesting that the standard
Ho measurements may be overestimated due to the neglect of time dilation effects in cosmic age
formulations.

2.2.1. Subtlety: Space Expansion vs. Motion Through Space

It is crucial to emphasize that the Hubble parameter does not measure motion through space,
but rather the expansion of space itself in km/s per MPc. This distinguishes it from relativistic and
non-relativistic velocities in space in special relativity and requires caution when applying intuitive
time dilation or length contraction analogies.

Nonetheless, if relativistic time dilation stretches time intervals in the observer’s frame, then
there may be a corresponding need to reassess distance measures as well — including the
cosmological interpretation of megaparsecs (Mpc) and luminosity distances — particularly under
conditions of high curvature and gravitational potential in the early universe.

Standard cosmology allows for a redshift-dependent expansion rate as shown earlier in equation (2):

HZ) =HoJ(Qu 1+2)3+ Q) ——————————— (2 revisited)

However, within the EAoU framework, a more nuanced understanding of H(z) emerges. Since
both time and (potentially) spatial metrics are relativistically reweighted, H(z) becomes a frame-
dependent quantity. While Ho pertains to z = 0, an EAoU-consistent cosmology must develop a
redshift-corrected Hef{(z) that encapsulates relativistic observational perspectives at various epochs.

This opens a new frontier: rederiving H(z) from first principles under a proper-time-based
FLRW generalization that includes time dilation as encoded in the metric structure. Such an extension
is developed in the following section.

2.3. Toward a Reformulated FLRW Metric under EAoU Principles

The Friedmann-Lemaitre—-Robertson—-Walker (FLRW) metric is a solution to Einstein's field
equations under the assumptions of homogeneity, isotropy, and the use of a global comoving

coordinate system. In its standard form, it is expressed as shown in equation (8) :
2

2 _ _ A2 2 2
ds® = —c*dt* + a(t) (1—kr2

+ rzdﬂz) ————————— (8 revisited)

l/tlr

where “t” is the cosmic time, shared equally by all comoving observers. As previously shown, this
formulation suppresses relativistic time dilation across cosmological epochs by assuming:

All observers are comoving and experience identical proper time dt = dt

The temporal metric component g% = -1 is constant, enforcing uniform clock rates throughout

the manifold.
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2.3.1. Incorporating Proper-Time Accumulation via EAoU

Under the Effective Age of the Universe (EAoU) paradigm, we shift the reference frame to the
present-day observer, for whom early epochs of the universe unfold under significant gravitational
and kinematic time dilation. To accommodate this, we must:

- Replace the coordinate time t with the accumulated proper time t

- Recognize that dt # dt and thus the time part of the metric must carry a time-dilation factor,

say f(z), which could vary with redshift or energy density

This yields a generalized form of the metric:
2

d
ds? = —f(2)?c?dt? + a(t)? (—1 _r "

Here:

- f(z) = dt/dt, which under special-relativistic approximation reduces to 1/1+z

- f(z) <1 implies clock slowing in earlier epochs when viewed from today

This modification reflects a non-trivial time component, making g® = —f(z)? # —1. The universe is
no longer globally synchronized. Proper time is observer-dependent, and this observer-centric
foliation of spacetime reflects realistic relativistic aging

2.3.2. Implications for Einstein's Equations and Friedmann Dynamics
Einstein’s field equations (equation 1):

G* + Agtt = %T‘“’ ——————————— (1 revisited)
o4

are traditionally solved using a static time component in the metric tensor, with g®=-1. However,
the Effective Age of the Universe (EAoU) formulation redefines the temporal structure by
introducing a proper-time-based coordinate system, replacing cosmic time t with observer-centric
proper time t. This necessitates a reevaluation of the underlying spacetime geometry.

2.3.3. Modified Metric Tensor

Under the EAoU framework, the metric tensor acquires a dynamic time component:

9@ = ~f@P ———————— == (16)

Where,

f@=gs—mmm - (7

1+2z

reflects time dilation relative to the observer’s frame. This modification alters the structure of the
Christoffel symbols and Ricci tensor, as 0g?®/ 9z # 0, introducing proper-time derivatives into the
curvature dynamics.
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In the standard FLRW metric, g = -1 is constant, so its derivative with respect to redshift
vanishes, 0g?/0z = 0. This encodes the assumption that cosmic time is homogeneous and universal
for all comoving observers. In the EAoU formulation, however, the temporal metric component
becomes g®(z)=—f(z)? with f(z) =1+z, so 0g%/dz # 0. Physically, this means that the rate of proper-time
flow changes with redshift, introducing an explicit time dilation into the metric. This modification
affects the Christoffel symbols, and therefore the Ricci tensor, altering the dynamical evolution
equations compared to the standard ACDM-FLRW case. The full implications of this redshift-
dependent g for curvature, geodesic deviation, and cosmic dynamics remain to be explored in
greater detail in future work.

2.3.4. Impact on Friedmann Dynamics in Observer-Centric Time

In the standard ACDM framework, the Hubble parameter is defined in terms of comoving
coordinate time t as:

However, this formulation assumes that t corresponds to the proper time of all comoving
observers, which—as discussed —is a restrictive idealization. In a relativistically consistent (EAoU)
framework, we must account for the time dilation experienced by a present-day observer relative to
earlier epochs. This leads to a transformation between comoving time t and observer time t, given
by:

dr

dt = i dtr=(1+2z)dt————-———-——— (19)

Using this, the derivative with respect to observer proper time becomes:

da _dadt _do 1 0

dt  dtdr dtl+z
Substituting back into the Hubble expression gives the observer-centric Hubble parameter:
lda 1 1 da H(z)
adt al+zde 1+z

HSf ()= ——=-— — =2 _ ____ (21)

2.4. Interpretation and Implications

Observer Time Elongation: Since dt > dt, a process that involves time period At in the comoving
frame will appear stretched in the observer's proper time. This time elongation lowers the effective
rate of expansion as seen by present-day observers.

Reduced Effective Expansion Rate: The effective Hubble parameter Heff(z) is always smaller than
the comoving Hubble rate H(z) for z > 0, reflecting that in the observer frame, expansion appears
slower in earlier epochs.

Proper-Time Consistency: The transformation preserves relativistic consistency across the
manifold by aligning expansion rates with elapsed proper time, thus embedding EAoU within the
Friedmann dynamics.

3. EAoU Application to High-Redshift Anomalies

A core motivation for introducing the Effective Age of the Universe (EAoU) is to reconcile the
mounting observational evidence of mature cosmic structures at extreme redshifts with the limited
time available under the conventional Age of the Universe (AoU) framework. Based on the
parameters given in Table 1, Table 2 presents a side-by-side comparison of AoU and EAoU values at
representative redshifts, z = 1 to 20, calculated using both the Planck 2018 and SHOES Hubble
constants. Across all models, EAoU yields significantly extended lookback times compared to AoU,
scaling by a relativistic dilation factor of 1 + z. For instance, at z = 10, the standard AoU estimate of
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~470 Myr expands to over ~15 Gyr under EAoU (Planck) and nearly ~13.9 Gyr (SHOES), significantly
enhancing the effective time available for structure formation. These expanded temporal windows
critically alter the interpretation of early-universe objects and alleviate the need for exotic or fine-
tuned formation mechanisms.

In Figure 1 we show how EAoU and AoU are related to z under Planck and SHOES scenarios. It
can be seen that EAoU provides for an effective age in excess of 45 Gyr. The “EAoU — AoU” plot in
Figure 2 shows significantly more effective time available for structure formation at z =12.5 to 15.

In the subsections below, we apply the EAoU framework to specific observational anomalies,
including ultra-early galaxies, chemically enriched systems, and supermassive black holes — and
demonstrate how EAoU resolves timing inconsistencies that otherwise challenge ACDM cosmology.

Table 1. Cosmological parameters and constants.

Parameter Planck 2020 SHOES (Riess+2022)
Ho! 67.4 km/s/Mpc 73.04 km/s/Mpc
Mass Density Q2 0.3153 0.315

Dark Energy Density (O_A? 0.6847 0.688

Curvature Density Q_k? 0 0

Baryon Density {)_b? 0.0486 0.0486

Spectral Index n_s® 0.965 0.965

Primordial Amplitude A_s® 2.1 x10° 2.1 x107°

I Planck Collaboration 2020; Riess et al. 2022.
2 Planck Collaboration 2020 cosmological parameters (Table 2, ACDM).
3 Planck Collaboration 2018 and 2020; consistent across base ACDM models.

Table 2. AoU and EAoU comparisons (z =1 to 20).

AoU_Planck EAoU_Planck AoU_SHOES EAoU_SHOES

Redshift (z) (Gyr) (Gyr) TDEF_Planck (Gyr) (Gyr) TDF_SHOES

0 13.805 46.52 3.37 12.739 42.928 3.37

1 5.849 35.419 6.055 5.398 32.684 6.055

2 3.276 29.183 8.909 3.023 26.93 8.909

3 2.143 25.286 11.797 1.978 23.334 11.797
4 1.538 22.589 14.689 1.419 20.845 14.689
5 1.171 20.587 17.576 1.081 18.997 17.576
6 0.93 19.026 20.457 0.858 17.557 20.457
7 0.762 17.767 23.331 0.703 16.395 23.331
8 0.638 16.723 26.198 0.589 15.431 26.198
9 0.545 15.839 29.058 0.503 14.616 29.058
10 0.473 15.078 31.912 0.436 13.914 31.912
11 0.415 14.415 34.758 0.383 13.302 34.758
12 0.368 13.829 37.599 0.339 12.761 37.599
13 0.329 13.308 40.434 0.304 12.28 40.434
14 0.297 12.839 43.262 0.274 11.848 43.262
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15 0.269 12415 46.085 0.249 11.456 46.085
16 0.246 12.029 48.903 0.227 11.1 48.903
17 0.226 11.675 51.715 0.208 10.774 51.715
18 0.208 11.35 54.522 0.192 10.474 54.522
19 0.193 11.05 57.323 0.178 10.197 57.323
20 0.179 10.771 60.12 0.165 9.939 60.12
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Figure 2. (EAoU-AoU) v/s Redshift (Planck Cosmology).

3.1. EAoU Implications on Structure Formation

We re-examine a selection of recently identified cosmic structures to evaluate how their apparent
anomalies are resolved under the EAoU framework. Table 3 summarizes the EAoU-derived
parameters for several representative high-redshift objects.
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Table 3. AoU / EAoU for select cosmic objects.

AoU_Planck EAoU_Planck
Object Redshift (z) Physical Interpretation

(Gyr) (Gyr)

Early galaxy with high UV

luminosity and stellar mass; EAoU
GN-z11 10.6 0.444 14.7465

offers longer time window for star

formation.

Allows time for multiple stellar

JADES-GS-z14-0 13.9 0.297 12.839 generations and observed

oxygen/nitrogen emission lines.

High SFR (~100 M©®/yr) becomes

HD1 13.3 0.311 13.308 plausible with >13 Gyr EAoU for

stellar mass buildup.

Formation of ~10° M©® SMBH

ULAS J1120+0641 7.1 0.762 17.767 feasible under Eddington-limited

accretion over ~1.6 Gyr.

3.1.1. GN-z11: Revisiting Structure Formation at z = 10.6

GN-z11, observed at a redshift of z=10.6, represents one of the earliest and most luminous
galaxies detected near the edge of the current observational reach. Under the standard Age of the
Universe (AoU) framework, this redshift corresponds to merely ~440 million years after the Big Bang,
an extremely short timespan in which to assemble a galaxy with an estimated stellar mass of ~10° MQ©
and unusually high UV luminosity. Such early and rapid buildup strains ACDM expectations,
especially under models constrained by feedback-regulated star formation and metallicity evolution.

However, under the Effective Age of the Universe (EAoU) framework, the available time for
evolution is substantially extended. At z=10.6, EAoU (Planck) assigns an effective time interval of
approximately 14.7 Gyr from the Big Bang to the observed epoch, as experienced along the observer’s
worldline. This radically alters the interpretation: Formation of GN-z11 is no longer limited to a 440
Myr window, but instead within a 14.7 Gyr evolutionary timescale —a timeline consistent with the
gradual buildup of stellar mass at an average SFR of just ~0.07 M(©/yr. Additionally, the detection of
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oxygen and nitrogen lines—signatures of previous star-forming generations—is now naturally
accommodated within this extended duration.

Thus, what appears under AoU as a galaxy in tension with ACDM formation scenarios becomes,
in the EAoU view, a typical high-redshift system evolving over a cosmologically reasonable
timeframe.

3.1.2. JADES-GS-z14-0: Resolving the Earliest Galaxy Formation

A similar reinterpretation applies to the even earlier system JADES-GS-z14-0, currently among
the most distant known galaxies at z=13.9. Under the standard Age of the Universe (AoU)
framework, this redshift corresponds to a mere ~300 million years after the Big Bang, an extremely
narrow window for the formation of a luminous galaxy exhibiting detectable rest-frame UV and
infrared emission. Semi-analytic models calibrated to Planck cosmology struggle to predict the
emergence of such massive systems within this timeframe.

By contrast, the Effective Age of the Universe (EAoU) recasts this timeline dramatically. At
z=13.9, EAoU assigns an effective time since the Big Bang of ~12.8 Gyr to the galaxy's frame. This
extended effective duration allows for sequential processes of gas cooling, gravitational collapse,
multiple stellar generations, and substantial chemical enrichment—providing a coherent explanation
for the presence of oxygen and nitrogen emission lines observed in such systems. Instead of invoking
exotic physics (e.g., enhanced Population III star formation or modified dark matter scenarios),
JADES-GS-z14-0 emerges naturally within a universe that appears older from the standpoint of a
relativistically consistent observer.

3.1.3. HD1 and Starburst Activity at Cosmic Dawn

HD1, a candidate galaxy at redshift z = 13.3, exhibits an exceptionally high star formation rate,
estimated at nearly 100 MQ©/yr, placing it among the most extreme known starburst systems near the
cosmic dawn. Under the standard AoU model, this would imply a stellar mass buildup of nearly
10° M©® within just ~300 Myr after the Big Bang, a timeline that challenges even the most optimistic
cooling, feedback, and merger scenarios within ACDM.

Within the EAoU framework, however, the effective time available for HD1’s evolution extends
dramatically to over 13.3 Gyr, depending on the adopted Ho. This temporal expansion alleviates the
need for exceptionally rapid stellar formation and allows for a more gradual, regulated growth
process. Star formation can proceed either continuously or episodically over extended intervals,
yielding a stellar mass and spectral features consistent with known astrophysical processes.
Moreover, this duration provides sufficient time for chemical enrichment, offering a natural
explanation for emerging hints of evolved stellar populations. What appears anomalous under AoU
becomes entirely plausible within the relativistically consistent EAoU framework.

3.1.4. Supermassive Black Holes (SMBHSs) and Early Growth

The discovery of ULASJ1120+0641, a luminous quasar at z = 7.1 hosting a ~10°MQO
supermassive black hole (SMBH), has long posed a major challenge to ACDM under the standard
Age of the Universe (AoU) formulation, which offers only ~760 million years for black hole seed
formation and growth. Achieving such a massive SMBH within this limited window typically
requires sustained Eddington or even super-Eddington accretion — conditions often regarded as
implausible due to radiative feedback and hierarchical growth constraints.

Under the Effective Age of the Universe (EAoU) framework, however, the timeline for SMBH
growth is dramatically extended. At z = 7.1, EAoU yields an effective time since the Big Bang of
approximately 17.77 Gyr (Planck) or 16.40 Gyr (SHOES), many times longer than the AoU estimate.
This generous growth window makes Eddington-limited accretion scenarios, with moderate duty
cycles and no need for exotic seeds, fully viable within the standard ACDM framework.
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Semi-analytic models support such outcomes under extended timelines[49,50]. As JWST
continues to reveal quasars at even higher redshifts, EAoU provides a consistent relativistic
framework for interpreting their rapid emergence, without requiring modifications to the underlying
physics of cosmic structure formation.

3.2. EAoU and Entropy

The Effective Age of the Universe (EAoU) not only addresses timing discrepancies at high
redshift but also prompts a reevaluation of the universe’s thermodynamic evolution. By redefining
cosmic time from the perspective of a present-day observer, EAoU introduces a temporal framework
in which early epochs appear significantly lengthened. This extended perspective has direct
implications for the pace at which entropy-producing processes unfolded in the early universe.

In particular, EAoU links cosmic entropy evolution to the relativistic slowdown of physical
processes at high redshift. Since the characteristic speeds, v(z) of non-relativistic processes scale as:

V@) x (1+2) 2 - mmmmm————— — — — — (22)

the rates of entropy-generating mechanisms—such as stellar fusion, accretion flows, and dissipative
shock heating—are correspondingly reduced when viewed from the observer’s proper-time frame.
This slower effective pace means that, even in the high-density conditions of the early universe,
thermodynamic complexity would accumulate more gradually than is implied by the comoving-
frame view. Consequently, the extended EAoU timeline not only accommodates the early appearance
of massive structures but also renders their chemical and entropic maturity a natural outcome of
prolonged, moderated energy dissipation.

In the conventional Age of the Universe (AoU) frame, early galaxies such as JADES-GS-z14-0 (z
= 13.9) and HD1 (z = 13.3) seemed to form within just ~300 Myr after the Big Bang. However, in the
EAoU framework, these same galaxies are situated at ~12.8-13.3 Gyr on the effective-time axis—
implying a vastly longer effective duration since the Big Bang. Similarly, GN-z11 at z = 10.6, which
under AoU formed within ~440 Myr, now effectively emerges at ~14.7 Gyr in EAoU. The quasar
ULAS J1120+0641 at z="7.1, typically interpreted as forming within ~760 Myr, is now situated at ~17.8
Gyr under EAoU (Planck).

These extended durations imply that entropy generation—via star formation, black hole
accretion, and chemical enrichment—occurred over cosmologically reasonable timescales rather than
being compressed into narrow bursts. This alleviates the need for exotic feedback processes, extreme
accretion rates, or unusually rapid chemical enrichment, all of which are typically invoked in the
AoU framework. Entropy production in EAoU is thus more gradual, smoothing the buildup of
complexity and moderating early starburst episodes.

Rather than conflicting with thermodynamic principles, EAoU reframes them within a
relativistically consistent context aligned with the observer's proper time. This reinterpretation of
early entropy buildup complements EAoU’s ability to ease the Hubble tension, offering a unified
framework where both the timing and thermodynamic consequences of structure formation emerge
as natural, internally consistent outcomes.

3.3. EAoU and the Hubble Tension

The implications of EAoU extend directly to one of the most persistent puzzles in contemporary
cosmology: the discrepancy between the Hubble constant (H,) inferred from early-universe
observations (e.g., Planck CMB data) and late-universe measurements (e.g., SHOES Cepheid
calibrations). This “Hubble tension,” amounting to a ~ 5 — 6 km/ s/ Mpc difference, has remained a
major challenge to the internal consistency of ACDM.

EAoU reframes this problem by replacing the conventional comoving-time metric with a proper-
time formulation rooted in the worldline of a present-day observer. In standard cosmology, early
epochs appear 'contracted’ due to the (1+z)! scaling embedded in the cosmic age integral —effectively
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shrinking the perceived time available for early cosmic evolution. EAoU eliminates this apparent
compression by discarding the (1+z)™ factor, instead integrating over the full relativistic proper time.

This leads to a stretched, observer-centric timeline in which early and late epochs are both
extended consistently. As a result, the expansion history is interpreted over a longer temporal
baseline, meaning the required Hubble expansion rate (Hy) to achieve the present-day scale factor,
logically speaking, should be correspondingly lower. Both Planck- and SHOES-derived values of Hg
are therefore expected to shift downward under EAoU framework, narrowing the gap and
potentially reconciling the two measurements within a unified relativistic framework —without
invoking new physics.

4. Conclusions

This work presents a fundamental reinterpretation of cosmic chronology through the
introduction of the Effective Age of the Universe (EAoU)—a proper-time-based framework that
redefines the temporal structure of cosmology from the perspective of a present-day observer. By
replacing the conventional comoving coordinate time with the accumulated proper time along the
observer’s worldline, EAoU restores relativistic consistency to the FLRW-ACDM model without
altering its core physical assumptions.

The reformulation yields multiple profound consequences. First, it resolves longstanding high-
redshift anomalies by dramatically extending the effective time available for early structure
formation. Galaxies such as GN-z11, HD1, and JADES-GS-z14-0, which appear anomalously evolved
within the conventional age window of ~300-500 Myr, are shown to have evolved over extended
timescales exceeding 13-15 Gyr in observer time. Similarly, the formation of ~10° M©® supermassive
black holes becomes plausible under prolonged accretion histories within the EAoU framework.

Second, by modifying the temporal component of the FLRW metric to account for time dilation
(via a non-static g = -f(z)?) EAoU leads to a redshift-dependent redefinition of the expansion rate:

H(z)
1+z

H (z) =

This observer-centric Hubble parameter reflects the slower effective expansion measured in
proper time and mitigates the stronger early-epoch contraction of spatial intervals predicted by
standard ACDM, as the EAoU framework incorporates relativistic time-dilation effects. The net
implication is a universe that is older in age, but effectively smaller in spatial scale—a coherent
consequence of relativistic interpretation.

Moreover, EAoU reframes the Hubble tension by implying a symmetric downward revision in
the inferred value of Ho from both early- and late-universe observations. The extended effective
timeline reduces the required expansion rate to reach the present scale factor, thus narrowing the
discrepancy between Planck and SHOES datasets without invoking new physics.

Finally, this temporal reconceptualization has thermodynamic implications. The gradual
stretching of early epochs under EAoU leads to a more natural, less fine-tuned buildup of entropy,
allowing standard processes like stellar evolution, accretion, and chemical enrichment to occur
within reasonable timescales.

In summary, the EAoU framework preserves the core structure of general relativity and ACDM,
while providing a more faithful mapping between cosmic history and observation. It resolves
multiple observational tensions, enriches the conceptual architecture of cosmology, and offers a
fertile ground for reinterpreting distance measures, growth functions, and cosmological parameters
through the lens of proper time. As cosmology advances into a precision era, EAoU provides a
compelling step toward a more coherent and relativistically complete universe.
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