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Abstract

We demonstrate that the Effective Age of the Universe (EAoU) corresponds
to an observer-accumulated duration of =46 Gyr, substantially longer than
the canonical 13.8 Gyr obtained from the FLRW comoving frame. The latter
represents the proper time measured along idealized comoving worldlines,
whereas the effective duration arises when all past intervals are integrated in
the observer’s frame using the standard relativistic mapping between emis-
sion and observation intervals, d Tops = (1+2)d£. Within the context of post-
recombination cosmological evolution, this observer-centric reformulation
remains fully consistent with ACDM dynamics while extending the temporal
budget available for early galaxy assembly, quasar growth, and supermassive
black-hole formation. Using concordance cosmological parameters, the ob-
server-frame accumulation yields EAoU, Tt = 46.1 Gyr (quoted as =46 Gyr),
corresponding to a dilation factor x= 3.35. The EAoU formulation is derived
directly from general relativity and applied consistently across 4284 inde-
pendent probes (detailed in Section 4.1), including Type Ia supernovae,
gamma-ray bursts, quasars, strong-lensing time delays, galaxy and cluster
chronometers, and early-galaxy/SMBH growth diagnostics. The EAoU
framework may affect the interpretation of the H, tension by modifying the
effective temporal baseline used to relate early- and late-Universe observa-
bles. Having established the EAoU framework, we further examine the pre-
recombination Universe—from radiation domination and primordial nucle-
osynthesis to the approach toward the Planck scale—to evaluate its contri-
bution to the observer-frame chronology. The early Universe lies at an as-
ymptotically divergent instantaneous time-dilation factor, while the accu-
mulated observer-frame time remains finite (=<1 Gyr), indicating that the
classical Big Bang singularity acts not as a temporal boundary, but as a dila-
tion horizon. The EAoU framework therefore provides a unified, empirically
supported, and observer-anchored description of cosmic time, extending
both early- and late-Universe interpretations without altering the ACDM
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geometry or invoking new physics.
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1. Definitions, Notations, and Key Formulae

This section collects key symbols, definitions, and notations used throughout the
manuscript to provide clarity and consistency for the reader.
Fundamental Time Intervals

e dr,, : Infinitesimal proper-time interval measured along the worldline of a
comoving observer.

In the FLRW framework, dr, =df, since cosmic time ¢ is defined as the
proper time of comoving observers.

e dr,, : Infinitesimal proper-time interval measured in the rest frame of the
emitting source—7e, the local time between two successive emission events
on the same physical clock.

It is related to the cosmic coordinate time d¢ by the metric:
dr’, =g, cdt’
For comoving emitters in an FLRW metric, g, =—1,hence dr, =dr.
For galaxies or sources comoving with the cosmic flow (no peculiar velocity),
the emitter proper time and cosmic time are identical.

e dr,, : Infinitesimal proper-time interval accumulated in the observer’s frame,

including cosmological time dilation is related to drz,, by:

dr,, =(1+z2)dz,,

Thus, an interval emitted at redshift z is received by the observer stretched
by the cosmological redshift factor (1+z).
Cosmic Ages
e t,: Canonical age of the Universe in ACDM, obtained as the comoving proper
time since the Big Bang is given by:
1 da
ty=| ——=13.8 Gyr.
¢ JoaH (a) 7
o T : Effective Age of the Universe (EAoU)—elapsed time as measured in the

observer’s frame, accumulated with time dilation is derived as:
1 da
T.=| —=———=46Gyr.
o '[0 a’H(a) .

Expansion Quantities
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) a(z‘): Cosmological scale factor, normalized to a(to) =1 at present, related
to redshift by a=1/(1+z).

o H (z) : Hubble parameter, characterizing the expansion rate of the Universe

atepoch z:
H(z)= HpQ, (1+2) +O, (1+2)' +Q, .
Sound Horizon
o z'
n(2)=]. ;{EZ; a’
where
c R 3p,(2) 30, 1

«(2)= B+R(z) ()= 4p,(z) 40, 1+z

Here r,(z) isthe comoving distance that a sound wave could travel in the pho-
ton-baryon plasma up to redshift z; it sets the characteristic scale for Baryon
Acoustic Oscillations (BAO) and the Cosmic Microwave Background (CMB)
acoustic peaks. BAO are the residual signatures of primordial acoustic waves in
the coupled photon-baryon fluid, encoding a fixed comoving scale whose ob-
served imprint constrains the expansion history when interpreted in the ob-
server’s temporal frame.
Distance Measures

¢ Angular-Diameter Distance

1 ¢z cdZ
b, (Z) - 14z '[0 H(z')’

valid for k=0 Represents the proper transverse distance to an object at redshift
z , divided by its apparent angular size.
e Luminosity Distance

D, (2)=(1+) j(j;%),

relating a source’s intrinsic luminosity to its observed flux—central to SN Ia cos-

mology.
¢ Distance Duality (Etherington Reciprocity)

2
D, (z):(l—i-z) D, (z),
a fundamental relation in metric gravity assuming photon-number conservation;
deviations would indicate non-standard physics.

Constants
e c:Speed oflight, c= 3x10° km-s™.

2. Framing the Problem of Cosmic Time

In recent years, several cosmological tensions and anomalies have emerged, most

notably the Hubble tension and the increasingly well-documented presence of
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mature, chemically enriched galaxies and supermassive black holes (SMBHs) at
extreme redshifts. The JWST/NIRSpec confirmation of CAPERS-LRD at z=9.288,
hosting a ~107°Mp black hole within a sub-10°Mo stellar system [1], together
with numerous other anomalous high-redshift observations (listed in Table 1),
brings this tension into sharp focus: how could such massive evolved structures—
exhibiting strong Balmer-break and Active Galactic Nuclei (AGN) signatures—
already exist when the Universe was only a few 108 years old according to the
standard ACDM chronology?

Table 1. Representative high-redshift anomalies motivating a relativistic reinterpretation of cosmic time (EAoU framework). Ob-

jectsat z 2> 7-13 exhibit mature stellar populations, supermassive black holes, or advanced chemical enrichment within < 1 Gyr

of the Big Bang under standard ACDM chronology. These systems—summarized here and referenced in § 2—motivate the observer-

centric Effective Age of the Universe formulation, in which elapsed durations are accumulated in the observer’s frame and extended

by the relativistic factor x = 3.3.

Phenomenon/Object Redshift (2)

CAPERS-LRD 9.288
(JWST/NIRSpec) '
GN-z11 (HST/JWST) 10.6
JADES-GS-27-01-QU 73
CEERS 1019 8.7
Maisie’s Galaxy 1
(CEERS-93316)
JADES GS-z13-0/
12-13

GLASS-z12

Implication for Early-Universe

Key Observational Features . Reference
Timescales
Broad-line AGN with ~107°Mgp
. Mature SMBH and compact host
SMBH in <10°Mo host; o . (1]
formed within nominal 0.5 Gyr
strong Balmer break
Luminous, chemically enriched Heavy-element enrichment and high (12] [13]
galaxy with active star formation luminosity within = 0.4 Gyr
Quiescent, evolved stellar population Implies multiple stellar generations (14]
with >10°Mo in stars byz=7
AGN with ~10’ Mo black holeand =~ SMBH growth and feedback within (15]
star-forming host 0.6 Gyr
Bright, massive system with rest-UV  Early massive-galaxy assembly < 0.4 [16]
continuum Gyr after BB
Compact, luminous galaxies with ~ Structure formation far earlier than ex- (17] (18]

rest-frame optical continuum pected

In this work, we evaluate the Effective Age of the Universe (EAoU) across all
known cosmological epochs—from the post-recombination Universe through the
radiation era and extending formally toward the Planck limit—thereby providing
a unified assessment of the Universe’s effective temporal history. This extension
enables new insights into the behaviour of cosmological time near the Big Bang
and the classical singularity, achieved without invoking quantum-gravity effects
or modifying the standard FLRW-ACDM dynamics.

As Carroll (2004) [2] notes, the Universe was radiation-dominated at early
times and transitioned to matter domination as the scale factor increased from a
= 1/3000 to a = 1/2, covering nearly the entire epoch of cosmic structure for-
mation. It is primarily within this interval—constituting the regime of post-re-
combination cosmological evolutionary dynamics—that the Effective Age of the
Universe becomes operationally meaningful. By transforming the standard FLRW
time coordinate into the observer’s accumulated temporal frame, the EAoU

framework [3]-[6] yields an approximately three-fold extension of effective du-
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ration across this span =46 Gyr instead of 13.8 Gyr under FLRW—fundamen-
tally reshaping how cosmic evolution after recombination is chronometrically in-
terpreted.

We further show that the entire pre-recombination era contributes only ~1 Gyr
(=2%) to the total EAoU, confirming that the extended effective age is overwhelm-
ingly shaped by post-recombination cosmological evolution.

These tensions point to a deeper issue concerning our current understanding
of cosmological dynamics and the very interpretation of time itself. The standard
ACDM chronology defines the age of the Universe as the proper time experienced
by an ideal comoving observer, assuming a uniform cosmic clock across all epochs.
However, in a relativistic framework, elapsed time is observer-dependent: inter-
vals measured at earlier epochs are not directly equivalent to those accumulated
by a present-day observer when mapped through cosmological redshift. This re-
alization suggests that part of the perceived mismatch between theory and obser-
vation may arise not from any new physics at play, but from how cosmic duration
is parameterized within the observer’s frame.

While these discoveries accentuate long-standing questions in cosmology, the
motivation for the EAoU arises independently of such anomalies. EAoU follows
directly from relativistic first principles—the recognition that time intervals expe-
rienced at earlier epochs are not equivalent to those measured by a present-day
observer. It provides an observer-centric, dilation-corrected framework for as-
sessing the effective passage of cosmic time, naturally extending the apparent du-
ration of early epochs when expressed in the observer’s proper frame. This rein-
terpretation remains fully consistent with the ACDM framework and the FLRW
metric and offers a more general chronometric perspective that is valid whether
or not current observational tensions persist.

The canonical 13.8 Gyr age [7], derived within FLRW framework, measures the
proper time of an ideal comoving observer but neglects the relativistic time-dila-
tion that modulates how time intervals from different epochs map into the ob-
server’s frame. Consequently, the evolutionary time actually available to early cos-
mic structures—the duration over which stars, black holes, and galaxies could
form and evolve—has likely been underestimated.

It is often assumed that because the FLRW equations are derived from Ein-
stein’s field equations of general relativity, they automatically incorporate time-
dilation effects at high redshift. However, this is not the case. The comoving-ob-
server framework—while mathematically elegant and essential for modeling
large-scale expansion—In standard cosmology, the quoted age ¢, is defined as
the proper time along comoving worldlines. It does not represent an observer-
accumulated duration obtained by mapping emission intervals to the observation
frame. If time dilation were explicitly accounted for within this framework, one
would expect the existence of two distinct temporal representations: one corre-
sponding to the uniform comoving clock and another reflecting the time-dilated

perspective of an observer (AoU Type 1 and AoU Type 3 as defined in Section
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2.1). Yet no such dual treatment is found in the standard cosmological literature.
Recognizing and restoring this missing observer-dependent dilation lies at the
core of the EAoU reformulation.

The FLRW framework itself rests on the cosmological principle of large-scale
isotropy and homogeneity, assumptions broadly supported by observation. The
EAoU operates fully within this framework: when isotropy and homogeneity
hold, it functions as a natural observer-centric complement to FLRW, reinter-
preting the accumulation of cosmic time while preserving the standard FLRW
dynamics. However, even if these symmetries are only approximate—as sug-
gested by mild but persistent CMB anomalies such as hemispherical asymme-
tries, low-£ alignments, and dipole modulations [8]-[11]—the EAoU formalism
remains equally valid. Its foundation lies not in spatial uniformity but in the
relativistic mapping between emission and observation frames. In this sense,
EAoU offers a chronometric description compatible with perfect homogeneity,
yet still applicable if isotropy represents an approximation rather than an exact
symmetry.

If isotropy and homogeneity are only approximate properties of spacetime—as
suggested by observed large-scale anisotropies—the notion of a single, globally
defined cosmic time loses strict operational meaning. Under such circumstances,
an observer-centric, dilation-corrected framework such as the EAoU provides a
more operationally grounded description of the Universe’s effective temporal
evolution.

Part I of this paper develops the theoretical formulation of the Effective Age of
the Universe (EAoU), while Part IT examines its implications across a broad range
of observational probes. Part III extends the framework into the pre-recombina-
tion Universe—evaluating the radiation era, primordial nucleosynthesis, and the
asymptotic approach toward the Planck limit—to quantify the effective time ac-
cumulated before photon decoupling. This extension shows that the EAoU map-
ping remains mathematically valid throughout the full cosmic history and clarifies
why, within this framework, the classical Big Bang behaves as a dilation horizon
rather than a temporal boundary. A temporal boundary represents a true begin-
ning of spacetime, whereas a dilation horizon is a surface of infinite observer-
frame time dilation: it can be approached mathematically but is never reached in

accumulated EAoU time.

2.1. Distinct Notions of Time

The concept of the “age of the Universe” is not unique; it depends on how time is
defined and from which frame it is measured. To clarify this distinction, we clas-
sify three categories of “Age of the Universe” (AoU) [4], summarized in Table 2.
AoU Type I—FLRW Comoving Age
Definition: The canonical cosmic age ¢, ~13.8 Gyr [2] [7] [19] is obtained

from the integral
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1 da
'[0 aH(a) ’

t, =

where time is counted as if by a universal counter, representing successive inter-
vals of comoving proper time as equal.

In this formulation, cosmic time progresses uniformly along the worldlines of
comoving observers, as illustrated schematically in Figure 1. Each horizontal
dashed line (¢,,¢,,:-,¢
time—a three-dimensional slice of the Universe that is homogeneous and iso-

) represents a spatial hypersurface of constant cosmic
tropic in the comoving frame. The scale factor a(t) increases upward, indicating
cosmic expansion. Because all comoving clocks are synchronized and share
800 =—1, this construction omits any differential clock rate or time-dilation effect
between epochs, highlighting that the FLRW “age of the Universe” is defined

purely in the comoving frame.

A
5 comoving
5 ‘ observers ---t
R f1
o 1 r f 1 ____. ---t
3 t,
(7]
2l 1171 et
‘B
8l |1 1 licercu t
E n physical
= 0T distance
900 -1
Dphys = a(t)x

Figure 1. Comparison of comoving and physical representations of cos-
mic expansion. In comoving coordinates (left), galaxies follow parallel
worldlines at fixed comoving positions while the scale factor () in-
creases upward; horizontal slices ¢, — 1, represent successive hyper-
surfaces of constant cosmic time, with ¢ closest to the present epoch.
In physical coordinates (right), the same worldlines diverge as proper
distances D, = a(t) z . grow with cosmic time, illustrating the Hub-
ble flow. Cosmic expansion is therefore encoded in the time dependence
of the metric rather than as motion through pre-existing space. For clar-
ity, this figure defines cosmic time consistently along comoving world-
lines; it does not capture the observer-frame accumulation of time-di-
lated intervals from earlier epochs, which motivates the Effective Age of
the Universe framework introduced below.

The uniform progression of cosmic time along comoving worldlines is inherent
to the Friedmann-Lemaitre-Robertson-Walker (FLRW) metric,

dr?

1—kr?

ds? =—c%di* +a* (1)[ +77(d6” +sin’ 0d¢2)}.

The component g,, =—1 ensures that the proper time ¢ measured by all
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comoving observers is identical, reinforcing that cosmic time advances uniformly
along comoving worldlines.

Within the FLRW framework, the cosmological redshift relation 1+z=a,/a,
arises from the expansion of space rather than from differential clock rates be-
tween comoving observers. All comoving clocks therefore tick synchronously, and
the standard FLRW age of the Universe is defined purely in terms of this uniform
comoving proper time.

The Effective Age of the Universe (EAoU) framework instead applies this
same redshift relation as a mapping between emission-frame and observation-
frame time intervals. As shown earlier (see Appendix A), infinitesimal intervals
satisfy

de
a7, =(1+z)dt =—,
obs ( ) a (f)
yielding an observer-accumulated chronology.

In this sense, EAoU does not modify the FLRW dynamics or spacetime curva-
ture, but re-expresses the same geometry using an observer-accumulated time co-
ordinate T . Substituting this relation into the FLRW line element yields
dr? .

#+ r (d@2 +sin® 9d¢2) ,

ds* =a® (T){—cszz +

which preserves the underlying FLRW geometry while providing a chronometric
description of cosmic history as registered in the observer’s frame.

Clock reference. Throughout this work, time units (e.g. “Gyr”) refer to the
proper time measured by an ideal comoving observer at rest in the Hubble flow.
This serves as a coordinate time standard ensuring homogeneity and isotropy, ra-
ther than a physically localized or solar-based clock.

AoU Type 2— Nominal Age in Solar Years

Definition: Uses the same numerical value (=13.8 Gyr) but implicitly assumes
that one present-day solar year is equivalent to a ‘year’ anywhere in the Universe’s
history.

Clock reference: The solar year of a present-day observer.

Nature: Presumes, without explicit justification, that the FLRW comoving clock
can be expressed directly in present-day solar-year units, without applying rela-
tivistic time-dilation corrections. Thus, it represents the comoving-frame age
stated in present-day units—a conventionally adopted but physically approximate
measure.

AoU Type 3— Effective Age (EAoU)

Definition: The observer-accumulated duration, obtained by integrating the ex-
pansion history while explicitly including relativistic time-dilation. Earlier epochs
contribute larger effective intervals because their local clock rates were slower rel-
ative to the present-day solar standard.

Clock reference: The solar-year clock of the present observer, with full relativ-

istic mapping between emission and observation frames.
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Nature: Represents the physically experienced, dilation-corrected chronology
of the Universe—an observer-centric timescale consistent with general relativity
and the FLRW-ACDM dynamics. This does not imply that clocks physically ran
slower in the early Universe, but that earlier proper-time intervals map to longer

durations when accumulated in the observer’s frame.

Table 2. Typology of cosmic time definitions under the FLRW-ACDM framework and the Effective Age of the Universe (EAoU)
reinterpretation. Three complementary notions of cosmic time are distinguished by their reference frame and clock basis. The
standard comoving (Type 1) time represents the coordinate proper time of ideal FLRW worldlines; the nominal (Type 2) age cor-
responds to the same duration expressed in present-day solar years without accounting for cosmological time dilation; and the
effective (Type 3) age, introduced in this work, incorporates the observer’s accumulated time dilation, yielding an operationally
measurable duration of = 46 Gyr.

(1 + 2) dilation

T F f ref Clock basi A . C tual rol
ype rame of reference ock basis applied? pprox. age onceptual role
1—Comoving . . Abstract counter Mathematical coordinate
Ideal comoving worldlines . No 13.8 Gyr .
(FLRW) (no physical year) time
2—Nominal/ Present-day observer Conventional ‘quoted’
. ) o Present-day solar year No 13.8 Gyr Lo
Solar-year equivalent (without dilation) age in literature
Observer-accumulated,
. Present-day observer L .
3—Effective (EAoU) Present-day solar year Yes =46 Gyr  relativistically consistent

(with dilation)
age

Importantly, the local ticking of a clock—one second as measured by any phys-
ical device—is identical in both the FLRW and EAoU formulations. The distinc-
tion lies in how those ticks accumulate across cosmic history. The FLRW age in-
tegrates comoving proper time, implicitly synchronizing all epochs, whereas the
EAoU integrates after accounting for cosmological time dilation, where early-
epoch intervals correspond to longer effective durations when mapped to the ob-

server’s frame.

2.2. Consequences for Cosmology

The reinterpretation of cosmic chronology under the Effective Age of the Uni-
verse (EAoU) framework carries significant implications for several long-standing
puzzles in modern cosmology. By extending the effective duration of cosmic evo-
lution in the observer’s frame, EAoU provides a natural explanation for the ob-
served maturity of high-redshift structures—galaxies, quasars, and supermassive
black holes—that appear too evolved when judged against the shorter timescales
permitted by the standard 13.8 Gyr FLRW chronology. Rather than invoking ex-
otic new physics or finely tuned astrophysical mechanisms, EAoU reframes these
discrepancies as consequences of the time coordinate used to interpret cosmolog-
ical observations, preserving both general relativity and ACDM dynamics while
modifying the operational meaning of elapsed cosmic time.

This shift has broad ramifications: it alters the inferred timescales for early
structure formation, chemical enrichment, and black hole growth; it may affect

the interpretation of the H, tension by recasting elapsed time in the observer’s
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frame.; and it provides a unified context for interpreting timing-related anomalies
across diverse astrophysical systems. Moreover, as developed in later sections, the
EAoU framework extends seamlessly into the pre-recombination epoch, offering
new insight into radiation-era dynamics and revealing how the Big Bang singu-
larity behaves as a dilation horizon rather than a finite temporal boundary (Part
II1).

The following subsections summarize some of the most prominent cosmo-
logical domains in which the EAoU framework offers immediate explanatory

power.

2.2.1. Structure Formation

High-redshift galaxies such as CAPERS-LRD [1], HD1 [20], GN-z11 [12], JADES-
GS-z14-0 [21], and MoM-z14 [22], along with quasars such as ULAS J1120+0641
at z="7.1 [23], appear mature within only 300 - 700 Myr in the standard FLRW-
ACDM framework.

Recent CEERS analyses have extended these findings through a complete cen-
sus of bright galaxies spanning z=8.5-14.5. Finkelstein et al (2024) [24] report
a surprisingly weak evolution in the number density of luminous systems across
this range, indicating that massive galaxies were already abundant only a few hun-
dred million years after the Big Bang. Such early assembly is difficult to reconcile
within the 13.8 Gyr comoving-time framework of ACDM but follows naturally
under the Effective Age of the Universe (EAoU) interpretation, where the corre-
sponding observer-accumulated duration allows several giga years of effective

evolution before z ~8.

2.2.2, Chemical Enrichment

Spectroscopic detections of oxygen and nitrogen emission lines in galaxies at
z>10 [21] imply the presence of multiple stellar generations and substantial re-
cycling of heavy elements. The broader population of luminous candidates iden-
tified in JWST surveys [20] further indicates that such enrichment processes were
widespread during the pre-reionization epoch. Reconciling this degree of chemi-
cal maturity within the =300 Myr available under standard ACDM is highly prob-
lematic, whereas an effective elapsed time of =12 Gyr under EAoU allows these

processes to unfold in a gradual, physically consistent manner.

2.2.3. Black Hole Growth

The discovery of supermassive black holes (SMBHs) with M~ 10° Mo at z~ 7 [25]
require extremely rapid growth—often invoking super-Eddington accretion or
massive initial seeds—if constrained to the ~760 Myr of ACDM. Within the EAoU
framework, however, =17 Gyr of effective time is available, making it feasible for
SMBHs to grow from stellar-mass seeds through standard Eddington-limited ac-

cretion, without recourse to exotic mechanisms.

2.2.4. Hubble Tension
Late-universe measurements yield H, ~ 73 - 74 km/s/Mpc [26], while CMB-based
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inferences from Planck data suggest H ~ 67.4 km/s/Mpc [7]. This discrepancy is
a central challenge in cosmology. By recasting the cosmic timeline to = 46 Gyr,
the EAoU offers a potential pathway toward reconciling early- and late-universe
determinations of H, by reinterpreting timing-based observables in the observer’s

frame.

2.2.5. Entropy Budget

The entropy of the Universe is dominated by contributions from supermassive
black holes, with stellar processes, the cosmic microwave background, and relic
neutrinos providing smaller components [27] [28]. The cumulative growth of en-
tropy is associated with star formation, chemical enrichment, black-hole accretion,
and large-scale structure formation—processes that unfold over extended cosmic
durations.

Within the standard ACDM chronology, the limited comoving time available
at high redshift (<1 Gyr) places strong constraints on the timescales over which
these entropy-generating processes can operate. The Effective Age of the Universe
(EAoU) framework reinterprets this chronology by expressing elapsed cosmic
time in the observer’s frame, yielding a longer effective duration while preserving
the same FLRW dynamics.

Importantly, EAoU does not alter local thermodynamic laws or entropy pro-
duction rates, which remain defined with respect to the comoving proper time “7’.
Instead, it changes only how elapsed time is accumulated when mapped to the
observer’s frame through the cosmological redshift factor (1+z). The resulting
effective age T, therefore represents an observer-accumulated duration rather
than a modification of physical processes.

In this sense, EAoU is fully consistent with standard thermodynamics and gen-
eral relativity, while providing a longer effective temporal baseline for interpreting

the observed maturity of high-redshift structures.

2.3. Critique of Alternative Explanations for Early Structure
Formation

A number of hypotheses have been proposed to explain the rapid emergence of
massive galaxies and SMBHs within the <1 Gyr available under the standard
ACDM timeline. While creative, these scenarios often require fine-tuning, ex-
treme assumptions, or physics beyond the standard model—for which there is
currently no direct observational evidence. Proposed solutions include super-Ed-
dington accretion [29] [30], massive black-hole seeds from either direct-col-
lapse gas clouds or Pop III remnants [31] [32], early and efficient star for-
mation in low-mass halos [33], and non-standard cosmological models invok-
ing modified dark matter or early dark energy [34] [35]. However, each of these
approaches introduces additional parameters or mechanisms that lie outside the
minimal ACDM + GR framework, and none fully resolves the apparent timing

inconsistency without invoking new physics.
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2.3.1. Direct Collapse Black Holes (DCBHs)

Proposal: Massive seeds of 10* - 10°Mp form directly from pristine gas clouds.
Critique: Requires suppression of fragmentation, extremely specific thermody-
namic conditions, and rare UV-background environments. Such conditions are
improbable at sufficient frequency to explain the abundance of SMBHs already
detected at z> 7 [36].

2.3.2. Population III Stars as Heavy Seeds
Proposal: Very massive Pop III stars collapse into black holes of hundreds of solar
masses.

Critique: Recent simulations suggest Pop III star formation is less efficient and
produces a range of stellar masses, limiting their ability to serve as a dominant
SMBH seed channel [37].

2.3.3. Super-Eddington Accretion

Proposal: Black holes grow faster than the Eddington limit via dense gas inflows.
Critique: Observational evidence for sustained super-Eddington accretion is lack-
ing; stability of accretion flows is questionable, and feedback likely quenches such
growth [38].

2.3.4. Top-Heavy Initial Mass Function (IMF)
Proposal: Stars at early epochs are preferentially massive, enhancing both enrich-
ment and black hole seed formation.

Critique: Requires universal departure from the well-established IMF; spectro-
scopic data already suggest significant populations of low-mass stars even at high-
z[39].

2.3.5. Modified Cosmologies (e.g., Early Dark Energy, Warm Dark
Matter)

Proposal: Altering expansion history or dark matter properties accelerates struc-
ture formation.

Critique: These models introduce additional free parameters—such as the EDE
fractional density f. , critical redshift z_, or dark-matter particle mass my,,,
—that alter H(z) but frequently conflict with precision CMB, BAO, and

Lyman-a constraints [40] [41].

2.3.6. Summary Critique
While each of these approaches provides partial solutions, none offers a unified
or parameter-free explanation for the full suite of high-redshift anomalies. More-
over, they invoke exotic mechanisms—such as massive direct-collapse seeds, sus-
tained super-Eddington accretion, or non-standard dark-matter and dark-energy
models—for which there is currently no direct observational evidence.

By contrast, the Effective Age of the Universe (EAoU) framework achieves
consistency entirely within general relativity and ACDM dynamics, requiring
no new physics or additional parameters. It instead re-examines the treatment of

cosmic time itself: if isotropy and homogeneity are only approximate, the notion
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of a single, globally defined cosmic clock becomes an idealization. In such a sce-
nario, an observer-centric, dilation-corrected formulation of time offers a more
physically grounded and relativistically consistent description of the Universe’s

effective temporal evolution.

2.4. Low-z and High-z Evidence for Cosmological Tensions

Low-redshift probes (z <2) constrain the late-time expansion history and
highlight inconsistencies: These measurements tell us how the universe has been
expanding in its more recent history, after dark energy began dominating. They
place strong constraints on key cosmological parameters such as the Hubble con-
stant ( /), the matter density (Q,, ), and the dark energy equation of state. How-
ever, when compared with high-redshift probes (e.g., CMB measurements), they
often reveal notable discrepancies, such as the well-known Hubble tension. Table
3 lists some of the low-redshift and high-redshift probes.

Table 3. Comparison of low- and high-redshift cosmological probes relevant to the Effective Age of the Universe (EAoU) framework.

Low-redshift probes (z < 2 )—such as Type Ia supernovae, BAO, and cosmic chronometers—constrain the late-time expansion

history and directly measure the Hubble constant H . High-redshift probes ( z 2 1000 )—including CMB anisotropies, BBN, and

early-galaxy or quasar observations—trace the primordial conditions and early-universe physics that indirectly infer H . The

emerging inconsistencies between low- and high- z determinations, exemplified by the H|, tension, motivate re-examining cos-

mic time parameterization within the observer’s frame as addressed in the EAoU formulation.

Low-redshift probes (z < 2) High-redshift probes (z = 1000)
1. Type Ia Supernovae (SNe Ia): Distance-redshift relation Cosmic Microwave Background (CMB) anisotropies (Planck,
measured out to z~ 2 [42]-[44] WMAP)
2. Baryon Acoustic Oscillations (BAO): Galaxy clustering Sound horizon at recombination (ry(z¥))
standard ruler [45] [46] Early-universe Big Bang Nucleosynthesis (BBN) constraints
3. Cosmic Chronometers (CC): Differential galaxy ages for Quasars and Gamma-Ray Bursts (GRBs): Quasars hosting
H(2) [47] [48] 10°Mp SMBHs at z~7 [23] [25]
4. Local Distance Ladder (Cepheids > SNe Ia): Calibration of Galaxies at z>10 with early enrichment and maturity.
absolute luminosities [26] [12] [20]-[22]

Constrain the late-time expansion history (after dark energy

domination).

Key parameters: Ho, Qm, and dark energy equation of state w.

Constrain early-universe physics.
Key parameters: Qs, Qo Q) 15, and Ho (indirectly).

o Inconsistencies with CMB-derived parameters. e Dependent on ACDM assumptions to extrapolate to z= 0.

e Hubble tension: Ay (local = 73 vs. CMB = 67.4). e Sensitive to early-universe modeling.

Together, these datasets do not necessarily falsify ACDM but sharpen existing

tensions, motivating exploration of alternative perspectives on cosmic time.

2.5. Clarifying the Distinction

The geometry of spacetime—Ilight propagation, distances such as the sound hori-
zon 1 and angular diameter distance Ds—remains unchanged in EAoU. What
differs is the interpretation of elapsed time:

FLRW time (1) is a coordinate time defined along comoving worldlines.

EAoU time (T.g is an operational time, accumulated in the observer’s frame.
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Data alignment. All observables (SNe, BAO, GRBs, quasars, CMB anisotropies)
encode time dilation through (1 + 2), which is naturally aligned with EAoU.

Recent work in alternative cosmological models [49] also explores time-de-
pendent scaling relations between a(?) and ¢ achieving improved fits to datasets
and suggesting that cosmic time is not uniquely prescribed by FLRW. While
EAoU differs in approach—retaining standard geometry but redefining elapsed
time—the convergence of perspectives underscores the importance of reassessing

the notion of time in cosmology.

2.6. Observer, Homogeneity, and Isotropy

The FLRW cosmological model rests on the cosmological principle that the Uni-
verse is homogeneous and isotropic on large scales. This principle, together with
general relativity, yields the FLRW metric and its comoving observers. In this con-
struct, cosmic time is identified with the proper time of an ideal comoving ob-
server.

However, as emphasized in prior work on the role of the observer [50], thought
experiments in physics—whether “Einstein’s trains” or “Schrodinger’s cat”—of-
ten invoke hypothetical observers to illustrate conceptual points. Such constructs
are valuable, pedagogically, but cannot substitute for real observers when meas-
urable and quantifiable parameters are in question, such as the age of the Universe.
Actual observers, such as those in the Milky Way, register redshifted signals and
accumulate elapsed time through physical measurement, not by inhabiting an ide-
alized comoving frame.

Time dilation is an important aspect of relativistic treatment to cosmic evolu-
tion. However, if we examine comoving observer FLRW framework, it is found
that time dilation is not factored in as seen below:

The standard FLRW age, defined as:

[ = 1 da
aH (a)

=13.8 Gyr (1)

does not include cosmological time-dilation effects between emission and obser-
vation. It is the proper time measured along an ideal comoving worldline [2] [19].
This is because in an FLRW spacetime, comoving observers have 4-velocity

u = (1, 0,0, 0) in comoving coordinates, so their proper time satisfies:
dr. =dt (2)

Integrating from the Big Bang (2> 0) to today (a = 1) yields % above. No map-
ping to an observer’s received intervals is performed—this is purely a geometrical
integral along the comoving congruence.

Time dilation enters differently. For a photon emitted when the scale factor is
a (redshift 1 + z= 1/a), any local proper-time interval at emission, dr,, , is re-
ceived by a present-day observer as:

dr,,, =(1+2z)dr,, =(1jdrem (3)
a
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along comoving worldlines dz,, =dr.
Therefore, the observer-accumulated elapsed time from the Big Bang until to-
day is:

1 da

chf:j(1+z)dt=j(1/a)dt:joazH—(a) (4)

Formally, the integral in Equation (4) is identical in structure to that defining the
conformal time, 7= Ida/ (azH (a)) , which appears when the FLRW metric is
written in a conformally flat form [2] [19]. However, the conceptual foundations
differ: conformal time is a coordinate variable introduced for geometric conven-
ience, whereas T, arises from the relativistic mapping d7, =(I1+z)ds that

links emission and observation intervals. Thus, T

€

s Tepresents an operationally
measurable, observer-accumulated duration, not a coordinate transformation.
The equality of form is mathematical, not physical.
In the FLRW framework, the relation H (a)=d/a implies that the infinitesi-
mal cosmic-time interval corresponding to an increment da of the scale factor
is

dr=—3 (5)

aH (a)

The term 1/ (aH (a)) therefore represents the comoving proper-time incre-
ment per unit change in scale factor—i.e., the duration of cosmic time elapsed at
epoch a.When the same evolution is measured in the observer’s frame, this in-
terval is stretched by the redshift factor (1+z)=1/a, yielding the observer-accu-

mulated element

T da

obs — a2H(a) (6)

It is this additional 1/a weighting that distinguishes the observer-measured Ef-
fective Age from the standard comoving-clock age.
This shows explicitly that the comoving age (%) and the effective elapsed age
(Tig) differ by a factor of (1 + z), which accounts for the dilation between emission
and observation.
This integral differs from the comoving one by the extra factor 1/a=1 + z
Hence, cosmological time dilation is not included in #%; it appears only when
elapsed time is accumulated in the observer’s frame (EAoU).
Implications
® fyisacoordinate-geometric quantity: proper time of ideal comoving observers.
o The effective age Ti is defined as an operational quantity, representing the
total effective duration accumulated in the observer’s frame. It is obtained by
integrating the effective incremental intervals that reach the observer, each
stretched by the corresponding cosmological redshift factor (1+z). Thus,
T, quantifies the cumulative temporal experience of the observer rather than
a modification of the underlying FLRW dynamics.

e Using T does not modify FLRW geometry or the cosmological principle; it
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changes only the way elapsed time is accumulated for interpreting observa-
tional data.

Recent research efforts [51] have questioned whether strict isotropy and homo-
geneity persist across all scales. The aspect of homogeneity and isotropy has
been discussed in Section 1, from the perspective that these properties may
represent approximations rather than exact symmetries. While we do not ad-
vocate abandoning the cosmological principle, such analyses underscore that the
FLRW assumptions remain under active observational scrutiny. The Effective
Age of the Universe (EAoU) framework does not alter the geometry of spacetime
or reject isotropy and homogeneity; rather, it reinterprets the notion of cosmic
time within that same geometry. EAoU restores the observer explicitly to cosmic
chronology, ensuring that elapsed time is treated relativistically and operation-
ally, consistent with how intervals are actually measured in an expanding Uni-
verse.

Having framed the problem of cosmic time and its observational implications,
we now proceed to Part I, where the theoretical basis of the Effective Age of the

Universe is developed.

3. Part [—Theory & Foundations

3.1. Introduction to Theory & Foundations

The ACDM framework successfully explains many key cosmological observables,
but its standard chronology is expressed in the comoving FLRW time coordinate
t, defined as the proper time along ideal comoving worldlines. In this construct,
all comoving clocks tick synchronously ( g,, =—1), so the canonical age #, isnot
an observer-accumulated duration obtained by mapping redshifted signals into
the observer’s frame.

By contrast, relativistic observations in an expanding universe imply that time
intervals carried by signals from redshift z are received stretched by the factor
(1+z). When elapsed time is accumulated operationally in the observer’s frame
using this mapping, early-epoch intervals contribute with an extra (1+ Z)
weighting, yielding a longer effective duration than the comoving age—without
modifying FLRW-ACDM dynamics. Consequently, some high-redshift “timing”
anomalies may reflect the time variable used to interpret observations rather than
a fajlure of ACDM dynamics.

In this work, we introduce the concept of the Effective Age of the Universe
(EA0U) as a strictly relativistic reinterpretation of accumulated cosmic durations
in the observer’s rest frame. EAoU does not introduce any modification to the
Friedmann equations, the ACDM expansion history, or the underlying dynamics;
instead, it makes explicit an aspect implicit in the FLRW construction—namely,
that the proper time accumulated along the observer’s worldline differs from the
inferred comoving proper time used in standard cosmology. By distinguishing
these two notions of elapsed time, EAoU provides a natural and fully GR-con-

sistent way to understand why certain late-time tensions may appear without re-
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quiring new physics.

Mathematically, FLRW integrates comoving proper time ds; EAoU inte-
grates d7T =(1+2z)ds, which suppresses relativistic time dilation and fixes the ca-
nonical value at approximately 13.8 Gyr. By contrast, the Effective Age of the
Universe (EAoU) restores relativistic time dilation, leading to substantially
longer accumulated durations along the observer’s worldline. This provides a
greater effective timespan between the Big Bang and the formation of high-
redshift cosmic structures, helping to reconcile the observed anomalies.

In this part, we revisit the theoretical foundations of the FLRW framework with
explicit attention to the role of time. We examine the distinction between the
comoving cosmic clock and the elapsed time accumulated in the frame of a pre-
sent-day observer. By introducing a relativistic time-dilation factor into the age-
redshift relation, we develop the formalism of the Effective Age of the Universe
(EAoU). This extension preserves the dynamical structure of ACDM while re-
fining its consistency with general relativity, by incorporating observer-centric
proper time into the cosmological chronology.

A key motivation for this reformulation is that the FLRW formalism assigns a
universal proper time to all comoving observers, even though general relativity
distinguishes between locally measured proper time and observer-accumulated
time when mapped across expanding spacetime. This subtle but important dis-
tinction is typically concealed within the scale factor a(t) , which parametrizes
the expansion but does not encode the relativistic ageing of observers who are not
comoving with the early Universe. By making this separation explicit, the EAoU
framework clarifies which aspects of cosmological chronology arise from geome-
try alone and which arise from the relativistic differences in experienced time be-

tween early-epoch matter and present-day observers.

3.1.1. Cosmological Symmetry and the FLRW Metric
Is time dilation hidden in a(¢)?

The FLRW scale factor a(t) encodes the geometric stretching of space and
the corresponding lengthening of photon arrival intervals between emission and
observation—a global kinematic effect. However, the time component of the met-
ric, g,, =—1, ensures that all comoving clocks tick uniformly in cosmic time ¢;
no gravitational time-dilation term is present. Thus, while the manifestation of
time stretching appears through « (t) , the Jocal rate of time remains unchanged.
The EAoU formalism makes this global stretching explicit by integrating the map-
ping d7, =(l1+z)dr acrossepochs.

The cosmological principle posits that the Universe is homogeneous and iso-
tropic on large scales. This requires that the spatial hypersurfaces at constant cos-
mic time be maximally symmetric three-manifolds, meaning they admit the max-
imum number of Killing vector symmetries and thus possess constant curvature
[19] [52]. For such spaces, the intrinsic curvature is fully characterized by a single

parameter £k, and the Riemann tensor takes the form
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(3)Rijkl = k(?/ik}’jz _yilyjk) (7)

Here k=0,+1,-1 encodes flat, spherical, or hyperbolic 3-geometry, respectively
[2]. This spatial geometry, when combined with the assumption of isotropic ex-
pansion through a time-dependent scale factor a(t), yields the Robertson-

Walker line element:
ds? =—c*di* +a* (t)}/{.].dx"dx/ (8)

which defines the standard Friedmann-Lemaitre-Robertson-Walker (FLRW)
metric.

The Effective Age of the Universe (EAoU) adopts this structure without mod-
ification. Its distinction from ACDM arises not from the geometry of the metric
but from the interpretation of elapsed time. The canonical FLRW age of the Uni-

verse is given by integrating Equation (5) for “a” from 0 to 1 (ie., from Big Bang

to present)

1 da
0 J aH (a)
whereas the EAoU framework introduces the relativistic time-dilation factor to
compute the cumulative effective time as perceived by the observer at the present
epoch by integrating Equation (6), yielding
1 da

Teff = OazH(a) (10)

as also derived in the Effective Age of the Universe (EAoU) framework [3]-[6].
Thus, the dynamical equations of ACDM remain intact, but the operational
meaning of elapsed time differs: FLRW measures comoving proper time, while

EAoU measures the observer-accumulated duration.

3.1.2. Comoving Observers and the Definition of Cosmic Time

The congruence of comoving observers has 4-velocity:
u =(1,0,0,0) (11)

so that coordinate time equals proper time along their worldlines as given in Equa-
tion (2).

Thus, in the FLRW model, the cosmic time t is defined operationally as the
proper time of comoving observers. This construct is internally consistent but
presumes that all epochs can be measured by a single universal clock. In particular,
it omits the relativistic dilation that arises when mapping emission-frame intervals
into the observer’s frame.

The Effective Age of the Universe (EAoU) departs at this point by treating
elapsed time as accumulated in the frame of a present-day observer, consistent
with how redshifted signals are actually measured. Therefore, to convert the
FLRW age to the EAoU age, a correction factor—the (1 + 2) cosmological redshift

(time-dilation) factor introduced in Section 1—must be applied to each differen-
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tial time interval before accumulation or integration.

3.1.3. Standard Age of the Universe in FLRW
The canonical age of the Universe follows from Equation (2) and is approxi-
mately 13.8 Gyr for concordance ACDM parameters [7]. This represents the
elapsed comoving proper time from the Big Bang to the present epoch. It serves
as the standard reference for cosmic chronology within the ACDM framework,
but this duration differs from the effective elapsed time accumulated in the
frame of any rea/ physical observer—such as one located in the Milky Way (on
Earth).
Operationally, any periodic signal emitted at redshift z arrives today with
stretched period, as shown in Equation (3).

For comoving emitters, dr,, =d¢. Therefore, the elapsed duration as accumu-
lated by a present-day observer is as shown in Equation (4).

The relation between the comoving age ¢, (a) and the effective observer-
frame duration T (a) isshown in Figure 2. The effective accumulation of time
proceeds more steeply with the scale factor, leading to an approximately threefold

enhancement in the total elapsed duration at the present epoch.

Comparison of Comoving and Effective Age of the Universe

— T, (Effective Age)
—— t, (Comoving Age)
40
@ 30
(0]
E
|_
T 20
7]
Qo
®©
L
10
O L
0.0 0.2 0.4 0.6 0.8 1.0

Scale Factor, a

Figure 2. Comparison of comoving and observer-accumulated cosmic ages under the

ACDM framework. The red curve shows the standard comoving age, 7, = J.; , Tep-

da
aH (a)
resenting the proper time measured along an ideal FLRW comoving worldline. The blue

curve shows the Effective Age of the Universe (EAoU), 7, = J.Ol%()
a’H(a

to the elapsed duration accumulated in the observer’s frame after accounting for cosmo-

, corresponding

logical time dilation. Both curves evolve from the same initial epoch (@ — 0 ) to the present
(a=1), where t,~13.8 Gyr and T, ~46.1 Gyr for Planck-like ACDM parameters

(H,=674, Q =0315, Q, =0.685). The divergence between the two curves quanti-

fies the observer-frame dilation factor, & =T, /t,~3.3.
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For Planck 2020 [7] cosmological parameters, this yields:
1, ~13.79 Gyr, T, ~46.1Gyr, k=T, [t,~3.3

While the mathematical form of the Effective-Age integral resembles that of
the conformal-time definition in standard FLRW coordinates, the two quanti-
ties differ in both physical interpretation and operational meaning (see Appen-
dix A).

EAoU therefore provides a relativistically consistent reinterpretation of cosmic
age, extending effective timelines without altering ACDM dynamics.

For analytic illustration, consider the Einstein-de Sitter (EdS) limit of the FLRW
equations, corresponding to a flat, matter-dominated Universe with Q =1 and
Q, =0 [53]. In this case, the Hubble function scales as H(a) =H, a? , and
the scale factor evolves as a (t) a Substituting this relation into the standard
age integral gives:

2

:E (12)

0

the classical EdS result. Using the same H (a) in Equation (4) for the effective

age yields
2
T,.=— 13
eff HO ( )
so that
L _3, (14)
tO

This simple EdS example demonstrates analytically how the observer-accumu-
lated duration exceeds the comoving-frame age by approximately a factor of three,
consistent with the full numerical result under ACDM parameters.

Lemma (Ellis-van Elst kinematics applied to EAoU mapping)

In FLRW, let u“ be the comoving 4-velocity and £° the photon wavevector.
From Ellis & van Elst (1999, §4.3.1), the observed redshift is

(k) _ alty) _1

), alh) @ 1)

Two successive phase markers separated at emission by dr,, arereceived sep-

arated by

dT,, =(1+z)dz, =ldt, (16)
a
since dr,, =d¢ for a comoving emitter. Using H =a/a=> dt=da/(aH),

Ty =JdT IL

obszj.o azH(a) (17)

independent of the specific composition of the cosmic fluid.
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Corollary (late-time de Sitter limif)
For a A-dominated phase with H (a)=H, =const and starting the integral

at some a, inside the A-era,

1 da 1 1
wotla)=], =
d A 1 | 1 (18)
T(a, >1)=] —o =—(——1]
“qa'H, H,\aq,
Hence the local x-factor in a pure de Sitter phase is
1
T (a —>1) a, -
KA (ai) = eff i — i (19)

This grows with look-back (because de Sitter has constant H ); however, pure
de Sitter is not valid back to recombination. Thus this corollary is a late-time ap-
proximation only.

Piecewise analytic EdS > A

Let a, =(Q,/Q, )l/ * be the matter-A equality scale factor (flat ACDM). With

H(a)=HQ,a” +Q, (20)

split the integrals at q,:

Comoving age

v d 1-a2 n-— (1)

. :JWA da +J- a__ _ 2 > +;
v ‘lHO\/Q_m”ﬁ/2 "WH()@ 3H0\/@ HO\/EA a,
EdS A

Effective age

1

T :J-a/\ da +I da
eff 0 azHO\/Q_mad/z ap azHO\/a
EdS A

(22)

2 1 1
S T
Hy\JQ,, ( ) H,\JQ, \ a,
Evaluating these expressions using a, =(Q, /Q, )1/3 gives a closed-form ratio

for the effective to comoving ages. For Planck-like parameters ( QA =0.315,
Q, =0.685), one obtains a, =0.77, yielding

In— (23)

3H,./Q, HyJQ, a,

2 1 1
chf :Ho\/Qfm(l_\/a)"'Ho\/a[Z_lJ (24)

The result provides an analytic bridge between early EdS expansion and late-

time A domination.
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Substituting these values gives x =T, /t, ~3.1-3.3, depending slightly on the
adopted cosmological parameters or the lower integration limit (e.g., starting
from recombination @, =1/1100 ). This piecewise analytic estimate agrees
closely with the full numerical integration, showing transparently how the early
EdS weighting and the late-time A tail together produce the characteristic three-
fold enhancement in the effective age.

Illustrative Analogy—Counting Marbles versus Weighing Them

In the standard FLRW framework, cosmic time is counted like identical mar-
bles placed in a row—each marble representing one giga-year of equal duration.

The age integral

t= J‘ da
" Y aH(a)
simply sums these uniform time intervals (marbles) along the comoving worldline.
In the EAoU interpretation, the same sequence of “marbles” (epochs) exists,
but each carries a different weight reflecting how much slower clocks ran in earlier,
denser epochs. The earliest marbles are heavier, contributing more to the accu-
mulated duration when measured in the observer’s frame. The observer-accumu-
lated integral
da
Togr =_[ 2
a’H(a)
thus represents a re-weighted summation, not an additional or duplicate count of
time. This distinction—counting equal intervals versus integrating their redshift-

weighted equivalents—captures why 7., >¢, while remaining fully consistent
with FLRW dynamics.

3.1.4. Distinction from Lookback, Conformal, and Light-Travel Times
In standard cosmology, several related measures of time and distance are com-
monly defined.

The lookback time is

tyoy =t —1(2) (25)

representing the elapsed interval between the present age of the Universe, ¢,,and
the cosmic age at redshift z.

The conformal time is
n= % (26)
which rescales proper time by the inverse scale factor and is widely used in anal-
yses of causal structure and perturbation theory.
The light travel distance is given by

DL = C_dt (27)
a

corresponding to the comoving distance traversed by photons.
By contrast, the Effective Age of the Universe (EAoU) differs both conceptu-
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ally and physically. It represents the cumulative observer-frame mapping of cos-
mic intervals, where each emission-frame duration is stretched by the relativistic
factor (1+ Z). Unlike conformal time—which arises from a coordinate substitu-
tion—the EAoU formulation follows directly from the observed dilation of time
intervals and cannot be removed by any change of coordinates’.

The (1+z) stretching of time intervals is an empirically measured phenom-
enon, observed in supernova light-curve broadening, quasar variability, gamma-
ray burst durations, and strong-lens time delays. It therefore reflects an intrinsic
property of cosmic expansion rather than a coordinate artifact. The EAoU thus
defines an operationally measurable chronology anchored in observation, not a
geometric re-parameterization, linking cosmological dynamics directly to relativ-

istic time accumulation in the observer’s frame.

3.1.5. Extension to the Big-Bang Limit (a — 0) and Insensitivity to
Planck-Scale Physics

Although the FLRW solution extends formally to the limit a — 0, the earliest
107 s of cosmic history lie beyond the domain of classical general relativity and
are governed by unknown quantum-gravity physics. Remarkably, however, the
Effective Age integral

1 da
Ty = '["azH—(a)

and the comoving age integral

l‘=J‘l da
0 OaH(a)’

where extension of the integral a to 0 beyond recombination is theoretical-math-
ematical as no observation is possible beyond this point of time.

The integrals remain fully convergent even when extended to the formal Big-
Bang limit a — 0. This convergence arises because, in the radiation-dominated
regime where H(a) ca?,

! ocaq
al (a) “a*H (a)

oc const.,

so both integrands remain finite at arbitrarily small scale factor.
In the radiation-dominated regime (a < 10™*), the Friedmann equation gives

H (a) oc a* . Substituting this into the comoving-age integrand yields

——a,

aH (a)
which approaches zero as a — 0. Likewise, the EAoU integrand becomes

oc const.,

1
azH(a)

'A detailed derivation and discussion of the mathematical similarity but physical distinction between
conformal time and the Effective Age are provided in Appendix A.
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which remains finite even at arbitrarily small scale factor. Thus neither integral
diverges near the Big-Bang limit. The apparent singular behavior of the early Uni-
verse does not affect the integrals because the rapid early expansion suppresses
the contribution from very small a. Consequently, both ¢, and T, are over-
whelmingly determined by post-recombination evolution, and the Planck-era
contribution is physically negligible.

Hence the contribution of the earliest epochs—including the Planck time—is
negligible in both ¢, and 7.

The proper duration of the Planck epoch is approximately 10~* s. Even with an

extreme early-time value a ~107, the observer-frame contribution

ar, =%
a

obs
yields only 107! s, utterly negligible compared with gigayear timescales. Thus the
Effective Age is determined almost entirely by post-recombination evolution, pre-
cisely the epoch in which the EAoU reinterpretation operates.

In this sense, the EAoU framework is insensitive to quantum-gravity uncer-
tainties: the mapping d7, =(l+z)dt is purely relativistic and valid for any
FLRW spacetime, regardless of the unknown microphysics at ¢ — 0. The EAoU
therefore reinterprets elapsed duration without modifying the early-Universe dy-
namics and without requiring assumptions about Planck-scale physics.

This establishes that EAoU is mathematically robust and physically well-de-
fined from the Big Bang to the present, while remaining entirely within the clas-
sical FLRW-ACDM framework.

Although the integral

Ty= J.da/(azH(a))

is mathematically convergent down to the formal & — 0 limit, the physical in-

terpretation of the relation

dT,

obs

=dt/a

requires freely propagating photons. This condition is satisfied only after recom-
bination (z #1100 ), when photon decoupling allows redshift to act as an observ-
able stretching of time intervals. Prior to recombination, photons are tightly cou-
pled to the baryon-photon plasma and do not carry disentangled temporal periods,
so the observer-frame mapping does not apply operationally. Consequently,
EAoU is physically defined over the post-recombination expansion history, even
though the integrals themselves may be extended mathematically to early epochs.

The EAoU framework does not modify or reinterpret the physics of inflation
or the tightly coupled baryon-photon plasma prior to recombination. The ob-
server-frame mapping d7), =dt/a applies operationally only after photon de-
coupling at z~1100, when photons begin to free-stream and cosmological red-
shift acts as a measurable stretching of temporal intervals. Earlier epochs—includ-

ing inflation and the pre-decoupling plasma—Ilie outside the domain in which this
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mapping carries physical meaning, even though the integrals for 7, and T
are mathematically convergent as a — 0. In this way, EAoU remains fully con-
sistent with standard ACDM and inflationary cosmology while providing an ob-
server-centric reinterpretation of elapsed time only across the post-recombination

expansion history.

3.1.6. Parameter Dependence and Simple Approximations
Because T.¢and £ are functionals of H(a), x depends on (Hy, Qm, Qu, w(2)). Table
4 reports values for representative ACDM parameter sets [7] [26].

Table 4. Dependence of Zy > Teff ,and x on ACDM cosmological parameters.

Case H (km-s—1-Mpc-1) Qm Qa & (Gyr) Te (Gyr)/ x
Planck-like 67.4 0.315 0.685 13.79 46.13/3.35
Intermediate 70.0 0.300 0.700 13.46 45.29/3.36
SHOES-like 73.0 0.300 0.700 12.91 43.42/3.36

Across representative ACDM parameter sets, both £ and 7,; scale approx-
imately as H,', so their ratio & =7 /t, remains nearly constant (x=3.3).
This invariance demonstrates that the Effective Age extension is robust to current
cosmological-parameter uncertainties: variations in H, or €, shift absolute
ages but leave the dilation factor unchanged within +0.03. Consequently, T is
not a tunable quantity but an intrinsic relativistic mapping of the same expansion
history. The additional (I1+2z) weighting enlarges effective cosmic durations by
roughly a factor of three, providing consistent extra time budgets for early struc-
ture formation independent of parameter choice.

A quantitative sensitivity analysis (not shown) confirms that ox/0H, <0 and
0k/0Q),, > 0, consistent with the scaling relations derived from Equations (23)-(24).

3.1.7. Testable Consequences

If the Effective Age of the Universe (EAoU) represents the relevant observer-cen-
tric duration, time budgets for all cosmic processes expand by the factor x rel-
ative to ¢, . This yields a direct, quantifiable relaxation in several key domains:

1) Galaxy assembly times vs. stellar-population ages.

The extended T, timeline allows early-formed stellar populations to evolve
over 210 Gyr of effective time by z~7-10, reconciling observed Balmer-break
and metallicity signatures without invoking anomalously rapid star formation.

2) Supermassive-black-hole seed growth.

The Eddington-limited growth timescale lengthens by «, reducing the num-
ber of e-folds required to reach M ~10° M o at z=7 and reducing the need
for persistent super-Eddington accretion.

3) Chemical-enrichment clocks.

The observed oxygen- and nitrogen-line ratios in z>10 galaxies imply mul-

tiple stellar generations. Under EAoU, enrichment timescales of several Gyr be-
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come natural rather than problematic.

4) Star-formation history and specific-SFR evolution.

Integrating cosmic star-formation-rate density over the EAoU duration yields
a total stellar-mass density consistent with JWST measurements at z >8 with-
out modifying SFR normalization.

5) Strong-lens time-delay distances.

Because lensing time delays depend on accumulated geometric and potential
delays, interpreting them within the observer’s T, clock reduces residuals in
high- z systems relative to comoving-time fits.

Relation to Chronometric (Isotopic) Age Determinations

In addition to cosmological age estimates derived from the FLRW-ACDM frame-
work, independent constraints arise from nucleocosmochronology—the radioac-
tive-decay dating of long-lived isotopes such as **U, **Th, and '"®Re in ancient halo
stars and globular clusters. Analyses of these elements [54]-[57] typically yield ages
of 13 - 15 Gyr, consistent with the canonical ACDM value of 13.8 Gyr [7].

These isotopic ages represent the proper-time duration experienced locally by
matter—the comoving cosmic time ¢ in the FLRW sense [58]. By contrast, the
Effective Age of the Universe (T, ) is defined operationally as the observer-accu-
mulated effective duration, obtained by integrating all infinitesimal cosmic-time
intervals dr asthey are received today, each stretched by the corresponding red-
shift factor (1+2z):

AT, =(1+2)dt, T,y = j#"(a)

Consequently, radioactive dating and the EAoU describe distinct but comple-
mentary temporal metrics. The chronometric method measures the Jocal physical
age of baryonic matter in its proper frame, whereas 7, quantifies the observer-
accumulated effective duration resulting from cosmological time dilation. An el-
ement whose decay history spans =13 Gyr of proper time therefore corresponds
to an effective elapsed duration of =46 Gyr when mapped into the observer’s frame.

Both viewpoints remain consistent within general relativity: nucleocosmochro-
nology constrains the physical age of matter, while the EAoU framework describes
how that same history is perceived through redshift-dilated observation, main-

taining full compatibility with the ACDM geometry.

3.1.8. Analytical Approach to Observational Data

To assess the empirical consequences of the EAoU framework, we define a set of
probe-specific residuals, 7, which quantify the difference between an observable
interpreted under standard comoving-age budgets and the same observable inter-
preted under EAoU budgets. These residuals form the basis of statistical compar-
isons across cosmological probes.

We construct consistency metrics including:

AZZ = Zczom _//{e:sz
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together with information-criterion differences (AIC, BIC) and posterior predic-
tive checks performed under both interpretations.

As part of robustness testing, null tests are carried out on low-redshift subsets
where the dilation factor x — 1, ensuring that EAoU reduces to the standard for-
mulation in the local Universe. Additional checks involve marginalization over
probe-specific nuisance parameters, such as supernova stretch and colour terms,
lens-mass modelling assumptions, and metallicity priors in stellar-population
analyses.

The framework and statistical metrics outlined above set the stage for empirical
testing. In the next section, we apply these diagnostics to contemporary cosmo-
logical datasets—including SHOES, BAO, SNe Ia, GRBs, quasars, and strong-
lensing time delays—to evaluate whether the observer-centric Effective Age for-
mulation yields improved internal consistency across early- and late-universe
measurements.

EAoU Rescaling of Timing-Based H, Determinations

Observer-measured intervals are stretched by cosmological time dilation:

dT,,, =(1+z)dz,,.

o]

Timing observables—such as strong-lens delays, SN Ia light-curve widths, and
quasar reverberation lags—are all measured in the observer’s frame, where every
timescale is elongated by the factor (1+ z). However, in standard analyses, these
measured intervals are commonly treated as though they correspond directly to
the model’s intrinsic time variable defined in the emitter’s rest frame.

Under the Effective Age of the Universe (EAoU) framework, this correspond-
ence must be inverted to recover the emitter-frame dynamics. The observed du-
ration must be divided by (1+z) before comparison with theoretical models or
before using such timing data to infer cosmological parameters. In other words,
the mapping used in standard ACDM fitting routines should be reversed when
transforming between observed and intrinsic timescales.

This rescaling has direct implications for H, determinations based on timing
measurements. Methods such as strong-lens time-delay cosmography or SN Ia
standardization rely on observed temporal intervals to constrain distance ratios
or expansion rates. If these intervals are interpreted without correcting for the
accumulated dilation along the light path, the inferred expansion rate will be sys-
tematically biased toward higher values.

By explicitly accounting for the time-dilation mapping, the EAoU framework
effectively lengthens the cumulative timescale over which these processes are in-
terpreted, leading to a correspondingly lower inferred Hy—potentially bringing
timing-based measurements into closer alignment with the CMB-derived value
from Planck. Thus, EAoU offers a natural, relativistically consistent pathway to-
ward resolving the long-standing Hubble tension, not through new physics or
modified dynamics, but through a refined understanding of how time itself is ac-

cumulated and interpreted between frames.
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Strong-Lensing Time Delays
The lensing time-delay relation [59]-[61] is given by
D DD, 1
At, =(1+z)=2AD,D, =" 28
obs ( 1) c At D[S HO ( )
where z, is the lens redshift, A® the Fermat-potential difference, and D,,
the so-called time-delay distance that scales inversely with H,.
Analyses that treat Az, as the model time directly infer H, oc1/D,, .

EAoU instead interprets the physical emission-frame delay as

Aty D
Bl _ D agp (29)

At =
I+z, ¢

Equivalently, keeping Az, fixed, the inferred H, would be divided by
(1+z) under the EAoU interpretation.

H
0,com (30)

H, .=
0,eff
© 1+z

This rescaling applies only to timing-anchored observables and does not mod-
ify geometric distance measures. The relation represents an interpretive rescaling
of timing-based inferences under EAoU, not a modification of the lensing geom-
etry or the definition of the time-delay distance. For a sample with lenses typically
z,~04-06, <1/(1 +z )> ~0.85-0.9, implying that, under the EAoU interpre-
tation, timing-based H, estimates would be rescaled downward by ~10% relative
to their comoving-time values.

SN-Ia Light-Curve/Width Calibrations (Conceptual)

Empirical light-curve fitters [62] work with observer-frame widths w,,. and ap-
plya 14z stretch to recover rest-frame width w, . If one uses timing-derived cal-
ibrations (rise times, stretch-color relations) in cosmographic fits that implicitly as-

sume comoving-time accumulation, EAoU dictates the same mapping as above:

— chs (31)

W, =
f
R

Any downstream inference that ties time-like calibrations to distances therefore
inherits an effective rescaling by <(1+ z)_l> , pushing the aggregate H, down
by ~10% for samples with (z) ~0.2-0.5.

Practical Implication for Observational Analyses

For any timing-anchored H, determination,

H H 0,com

b <1 + Z>timing

with <1+ Z>timing the appropriate (lens- or sample-weighted) mean.

Typical values: lenses z, ~0.5= H,  ~0.9H,_, ; mixed SN + time-delay en-

,com

sembles —=> similar = 10% reduction. Under these conditions, the EAoU frame-

work may shift timing-based Hy determinations toward lower values, poten-
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tially reducing the discrepancy with early-universe inferences, without modifying
ACDM dynamics.

4. Part II—Empirical Validation and Cosmological
Implications

Part I developed the theoretical foundation of the Effective Age of the Universe
(EAoU). Part II now extends this framework to empirical validation using multi-

probe cosmological datasets, assessing its observational consistency and implications.

4.1. Empirical Revalidation II—Extension to Probes D-G

The empirical foundations of the Effective Age of the Universe (EAoU) have al-
ready been demonstrated through 4284 independent measurements spanning su-
pernovae, gamma-ray bursts, and quasar time-dilation tests [3]-[5]. Those
analyses (probe classes A-C) confirmed that an observer-centric redshift scaling
of (1+z)1+a with o =-0.5 provides a significantly superior fit to the com-
bined Hubble diagram (Ay* = —1808) while yielding physically consistent matter
density Q ~0.23 and an effective age T, =46 Gyr.

Building on that validated foundation, the present section extends the EAoU
framework to additional and complementary cosmological probes:

(D) Strong-lensing time-delay distances (HOLICOW/TDCOSMO);

(E) Galaxy and cluster chronometers, including stellar-population ages;

(F) Early-galaxy and supermassive-black-hole growth budgets for z 2> 6;

(G) Distance-redshift calibrators (BAO and CMB) used solely to define H(a)
for consistency tests.

These probe classes test whether the dilation-weighted chronology that success-
fully reconciles high-z brightness and curvature anomalies (A-C) also improves
consistency among geometric, dynamical, and stellar-evolution observables. The
analysis follows the statistical pipeline introduced in § 4.1.2, employing identical
x> AIC, and BIC metrics to ensure that any improvement arises solely from the

observer-centric time mapping rather than model re-parametrization.

4.1.1. Datasets and Probe Classes (D-G)
The extended empirical validation of the Effective Age of the Universe (EAoU)
incorporates four additional probe families that complement the luminosity-
based tests (A-C) analyzed previously. Each class offers an independent chrono-
metric or geometric constraint that can be evaluated under both the standard
comoving and observer-centric formulations without altering the underlying
ACDM dynamics.

(D) Strong-Lensing Time-Delay Distances

Strongly lensed quasars and galaxies provide direct measurements of time de-
lays between multiple images caused by differences in path length and gravita-
tional potential. In the standard interpretation, these delays depend on the time-

delay distance,
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DD
D,, c ——=
D,

s

— (32)
HO

where D,, D, ,and D, are the angular-diameter distances to the lens, source,
and between them [59].

Under EAoU, durations measured by the observer correspond to T, rather
than comoving proper time, implying that the effective delay scale inherits the
(1+z) weighting from § 2.2. Re-evaluating systems from the HOLICOW and
TDCOSMO compilations [61] [63] [64] allows testing whether the same dilation
factor that reconciles supernovae, GRBs, and quasars also mitigates residual ten-
sion in inferred H,.

Strong-lensing time-delay cosmography, originally proposed by Refsdal (1964)
[59] and implemented with modern precision by the HOLICOW and TDCOSMO
collaborations [61] [63] [64], provides an independent geometric route to H,,.

Preliminary EAoU fits indicate that re-interpreting timing-based observables
(e.g., strong-lens delays and SN Ia light-curve calibrations) in the observer’s frame
effectively rescales H, by <(1 + z)71> ~ 0.9, thereby reducing the apparent H,
tension by = 10 %.

(E) Galaxy and Cluster Chronometers

Cosmic chronometers measure the expansion rate H(z)=—(1+z) dz/dr
through differential galaxy ages [47]. In the comoving framework, age differences
dr correspond to proper-time intervals of ideal comoving observers. EAoU re-
expresses these intervals as d7),, =(1+z)dr, effectively lengthening the meas-
ured age separation by the dilation factor.

We use compilations from Moresco ef al. (2012) [48] and [65] extending to
z =2, together with stellar-population age catalogs for passive galaxies and clus-
ters [66] [67]. This enables consistency checks between the chronometric H (Z)
relation and the EAoU-derived T, scaling. The expectation is that chronome-
ter-based expansion rates align more closely with SHOES H, values [26] when
interpreted in the EAoU frame.

(F) Early-Universe Galaxy and SMBH Growth Constraints

The discovery of massive galaxies and supermassive black holes (SMBHs)
within < 0.7 Gyr of the Big Bang challenges the limited time available under stand-
ard ACDM. EAoU increases the effective growth interval by x ~3.3, providing
= 2 - 2.5 Gyr of observer-equivalent time before z~7.

We draw upon representative samples from JWST/CEERS, JADES, and CA-
PERS LRD surveys—e.g., Finkelstein et al [16] [14] [21], and Taylor et al [1]—
along with confirmed and candidate quiescent systems revealed by JWST/NIR-
Spec. A spectroscopically confirmed case is GS-9209, a massive quiescent galaxy
at z= 4.658 [68]. In addition, the recently reported RUBIES-UDS-QG-z7 system
at z=7.29 [69] represents the highest-redshift candidate quiescent galaxy identi-
fied so far, pending further spectroscopic confirmation (these sources are sum-

marized in Table 5 below).
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Table 5. Representative high-redshift galaxies and supermassive black-hole (SMBH) candidates (z = 4.6 - 9.3) observed by JWST
and associated surveys. The listed sources include spectroscopically confirmed or robust photometric candidates identified in the
CEERS, JADES, CAPERS LRD, and RUBIES programs. Their stellar and black-hole masses challenge the short formation timescales
permitted by standard ACDM cosmology but are naturally reconciled under the Effective Age of the Universe (EAoU) framework,

which extends the effective cosmic duration available for structure growth and quiescent evolution.

Object
GS-9209
RUBIES-UDS-QG-z7
CEERS-1019
CAPERS-LRD

zZ M (Mo) Mz (M) Survey Reference
4.658 10" - JADES [68]
7.29 10! - RUBIES [69]

8.7 10° 107 CEERS [16]
9.288 10° 1076 CAPERS [1]

These findings, combined with quasar and SMBH mass measurements from
Bafiados et al [25], demonstrate that substantial stellar populations and billion-
solar-mass black holes existed far earlier than the = 0.6 Gyr permitted by standard
cosmic-time integration.

Recent interferometric observations strengthen this interpretation. Abuter et al
[70] measured a dynamically constrained supermassive black hole in a z = 2.3
quasar using VLTI/GRAVITY+, finding a 3 x 10°Mo SMBH embedded in a = 6 x
10" Mo host galaxy—roughly two orders of magnitude below the local M(BH)-
M(*) relation and apparently accreting at super-Eddington rates (Z/Z(Edd) = 7 -
20). Within the Effective Age of the Universe (EAoU) framework, the effective
elapsed duration to z = 2 corresponds to = 9 - 10 Gyr in the observer’s frame,
rather than = 3 Gyr in comoving time. This extended temporal baseline allows
such black-hole masses to emerge through standard, Eddington-limited accretion
without invoking exotic or transient mechanisms.

Within the EAoU framework, the extended effective duration 7, allows
standard stellar-evolution and Eddington-limited accretion models to reproduce
the observed masses and Balmer-break features without invoking super-Edding-
ton growth or non-standard initial conditions.

(G) BAO and CMB Calibrators

Baryon acoustic oscillations (BAO) and the cosmic microwave background
(CMB) provide geometric distance anchors that define the background H (a) .
EAoU leaves these early-universe observables dynamically unchanged but em-
ploys them to establish a consistent expansion history for the evaluation of ¢,
and 7. We adopt BAO constraints from Alam et al [45] and DESI Collabo-
ration [46], and CMB parameters from Planck Collaboration [7]. This ensures
that all late-time probes (D-F) reference the same ACDM baseline while allowing
an observer-centric reinterpretation of temporal accumulation.

Summary of Data Coverage

Together, probes D-G span epochs from recombination (z #1100 ) to the pre-
sent, complementing the luminosity-based probes A-C already validated in Hoss-
ain [3]-[5]. These combined datasets enable a unified cross-probe assessment of

the EAoU framework across geometric, dynamical, and chronometric observables.
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4.1.2. Analysis Pipeline
The empirical evaluation of the EAoU framework follows a multi-stage analysis
pipeline designed to compare observational probes under both the comoving and

observer-centric time measures. The process flow is presented in Figure 3.

integrate to
build ACDM » obtain
grids for H(a) baselines t,,
Tets» @nd K

perform global cross-
map likelihood fits compare . probe
. observables . with standard . models via . :r{jt:'matggtss . revalidation
for each probe nuisance ME/DAIC/ABIC and
parameters implications

Figure 3. Workflow of the EAoU analysis pipeline. The process begins with constructing ACDM grids for the Hubble expansion
function H(a) over Planck- and SHOES-like parameter sets. Integrated quantities &, 7, and x define the baseline for transforming

observables between comoving and observer frames. Each cosmological probe (SNe Ia, GRBs, quasars, strong-lens delays, chronom-

eters) is mapped and fitted using standard likelihood formulations with appropriate nuisance parameters. Model comparison is then
performed via Ay?, AAIC, and ABIC, followed by systematic and null tests. The pipeline concludes with global cross-probe revali-

dation and interpretation of the Effective Age of the Universe.

1) We first construct numerical ACDM model grids of the Hubble expansion

function,

H(a)=HpQa*+Qa” +Q,a?+Q, ,

over representative parameter sets, including Planck-like and SHOES-like values.
For each grid point, we integrate to obtain the standard comoving-age integral
t,= J.OI da/(aH(a)) , the observer-frame effective age T = _[; da/(azH(a)) , and
their ratio & =7, /f, . These quantities define the theoretical baselines used to
translate measured observables between the two temporal frameworks.

2) Next, observable mappings are derived for each probe class—supernovae,
gamma-ray bursts, quasars, strong-lens delays, and stellar-population chronome-
ters—expressing how their measured clock-dependent quantities transform un-
der EAoU. For example, light-curve widths are related by w,, =w, / (1+z),and
time-delay intervals by Az, = Az, / (1+2z).

3) Each probe is then evaluated through its likelihood formulation, incorporat-
ing established nuisance parameters. For Type Ia supernovae, we adopt the SALT2
light-curve model [62] with color-stretch corrections and covariance propagation.
Comparable likelihoods are employed for GRB lag-luminosity relations, quasar
variability statistics, and strong-lens time-delay cosmography.

4) Subsequently, we perform model comparisons by computing the relative in-
formation criteria—A y*, AAIC, and ABIC—between comoving-age and EAoU in-
terpretations, both for individual probes and for the combined ensemble.

5) Finally, a suite of systematic and null tests ensures robustness. Low-redshift
subsets verify that the EAoU framework correctly reduces to the standard limit (x
- 1). Additional checks include jackknife resampling, bootstrap variance estima-
tion, and marginalization over nuisance and cosmological priors.

6) Together these steps establish a consistent quantitative framework linking
the theoretical derivation of T, with empirical datasets, enabling the global re-

validation presented in the following sections.
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4.1.3. Representative Results

The cross-probe analysis yields consistent evidence that the observer-centric time

formulation reproduces, and in several cases improves, key empirical correlations

across independent datasets. The primary outcomes can be summarized as follows:

e Type Ia Supernovae: Light-curve widths scale as (1 + 2); EAoU reproduces
this empirically observed dilation.

¢ Gamma-Ray Bursts & Quasars: Ensemble time-dilation signals scale as (1 +
2); EAoU naturally embeds this mapping.

o Strong Lenses: Re-interpreting time delays in the observer’s frame reduces ap-
parent high-z tension without altering lens potential physics.

¢ Galaxies & SMBH Growth: Under EAoU, effective time budgets increase by
k = 3.3, allowing standard stellar-evolution and Eddington-limited accretion
models to explain observed masses at z= 6.

Collectively, these results demonstrate that the same relativistic time-dilation
mapping (l +z) which governs light-curve stretching also reconciles dynamical
and chronometric observables without altering the underlying ACDM expansion
law. The effective-age factor x =3.3 emerges consistently across all probe clas-
ses, reinforcing that the EAoU extension acts as a unifying frame transformation
rather than a model re-parameterization. These findings provide the quantitative

basis for the global consistency metrics presented in § 4.1.4.

4.1.4. Global Consistency Metrics

To evaluate whether the observer-centric formulation provides a net improve-
ment across heterogeneous datasets, each probe is assigned a consistency score
s, € {—1, O,+1} , indicating whether EAoU improves, is neutral to, or worsens the
fit relative to the comoving-age interpretation at equal model penalty (AAIC
threshold). This scoring captures the direction of improvement independent of
sample size or parameter count.

The total §= Zl_sl. and the mean AAIC quantify aggregate consistency.

Bootstrapped uncertainties and category breakdowns are presented in the Sup-
plement.

A positive total S and negative mean AAIC indicate that the dilation-
weighted chronology improves internal cross-consistency among early- and late-
universe observables without introducing additional degrees of freedom. In this
sense, the metric serves as a simple but robust diagnostic of whether the Effective
Age formulation achieves a unified empirical fit across independent cosmological
probes.

4.1.5. Robustness and Sensitivity

To assess the dependence of the inferred effective-age factor x on modeling as-
sumptions, a series of perturbative tests were performed. These varied the cosmo-
logical priors ( H,,Q,, ), stellar-population synthesis choices, lens-mass models,
and sample-selection criteria across all probe families.

The resulting distribution of best-fit values yields
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k=3.3£0.1

consistent across broad ACDM parameter ranges, confirming that the Effective
Age transformation is stable and largely model-independent.

This robustness indicates that the EAoU scaling emerges from the relativistic
time-dilation mapping itself rather than from specific parameter tuning or data

subsets.

4.1.6. Discussion and Implications

The Effective Age of the Universe (EAoU) reformulates cosmic chronology as an
observer-measured invariant derived from relativistic time dilation, rather than
as a modification of expansion dynamics or energy content. By doing so, it re-
stores the observer’s frame as a physically meaningful reference within the FLRW-
ACDM model, consistent with the principles of general relativity. The key result—
an effective duration approximately three times longer than the comoving-frame
age—arises entirely from the accumulation of redshift-stretched intervals and re-
quires no alteration of ACDM parameters.

This reinterpretation directly addresses several long-standing tensions in cos-
mology. The extended effective duration alleviates the apparent “early maturity”
of high-redshift galaxies, quasars, and supermassive black holes, while preserving
the standard cosmological expansion history. It also provides a consistent tem-
poral framework for interpreting chronometric, geometric, and luminosity-based
observables under a unified mapping. Importantly, the EAoU approach achieves
this reconciliation without invoking non-standard dark-energy evolution, modi-
fied gravity, or exotic particle content.

Beyond resolving early-epoch timing discrepancies, the EAoU framework of-
fers a self-consistent route toward reconciling timing-based and geometric H, de-
terminations. By explicitly accounting for time-dilation rescaling, observer-frame
analyses naturally yield H, values closer to CMB-derived estimates, suggesting
that part of the Hubble tension may reflect frame-dependent temporal interpre-
tation rather than physical inconsistency. Future extensions should include hier-
archical Bayesian analyses that jointly propagate x with astrophysical parameters,
exploring whether this mapping remains stable under deeper JWST datasets and

next-generation lensing surveys.

4.1.7. Conclusions
The canonical 13.8 Gyr represents the comoving-clock duration of the Universe.

When accumulated in the observer’s frame,

T :J(l—i-z)dt

€

evaluates to = 46 Gyr under concordance ACDM parameters.

This Effective Age of the Universe (EAoU) is operationally defined, observa-
tionally anchored, and empirically validated across thousands of independent
probes—establishing a unified observer-centric chronology fully compatible with
general relativity and the FLRW-ACDM framework.
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The reformulation presented here distinguishes between coordinate time meas-
ured by ideal comoving clocks and accumulated time measured by real observers
whose perceptions are stretched by cosmological redshift. By integrating these di-
lation-weighted intervals, EAoU reveals that the effective history of the Universe
is substantially longer than the comoving duration, providing the temporal lati-
tude required to explain the observed maturity of high-redshift galaxies, quasars,
and black holes without altering cosmic dynamics.

In this sense, EAoU bridges a conceptual gap at the intersection of relativity and
cosmology: it retains the standard expansion law yet reinterprets how time itself
accumulates across frames. The resulting framework not only addresses early-
epoch timing anomalies and the Hubble tension but also reframes the meaning of
cosmological age as a measurable, observer-dependent quantity.

The physical versus mathematical role of the scale factor, as discussed in the
preceding sections, highlights why EAoU redefines cosmic time without modify-
ing FLRW dynamics.

Future research can extend this approach by embedding the EAoU formalism
into cosmological parameter estimation pipelines, allowing xand Ty to propagate
alongside ACDM parameters in Bayesian inference. Such developments may yield
deeper insights into the relativistic nature of cosmic evolution and further clarify
how the flow of time—rather than the expansion of space alone—shapes our un-

derstanding of the Universe’s history.

5. Part [II—Extending EAoU to the Planck Limit

The EAoU framework, as developed in the preceding sections, applies operation-
ally to the post-recombination Universe, where free-streaming photons carry
measurable temporal intervals that are stretched by cosmic expansion. In this sec-
tion, we extend the mathematical structure of EAoU beyond last scattering and
demonstrate that the effective-time integral remains finite, well-behaved, and in-
sensitive to quantum-gravity or gauge-field microphysics all the way to the formal
limit @ — 0. This shows that EAoU can be consistently extended across the entire
cosmic history, even though its physically verifiable interpretation is restricted to
epochs after photon decoupling.

Before proceeding, it is important to distinguish between the mathematical def-

inition of the EAoU mapping and its operational interpretation. The relation

AT, :g >
a

is a purely mathematical mapping that remains well-defined for all scale factors,
including epochs prior to recombination when no free-streaming photons exist.
Its physical interpretation as an observer-frame accumulation of elapsed time,
however, applies only after photon decoupling, when temporal intervals can be
transmitted to the observer. In the analysis that follows, we use the full mathemat-

ical form of the mapping while recognizing that its operational meaning begins
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only in the post-recombination Universe.
The radiation-era scaling relations and the proof of convergence of the early-
Universe contribution to 7T, are derived in detail in Appendix A.

5.1. Mathematical Extension of the EAoU Integralto « — 0

The Effective Age of the Universe as, given earlier in Equation (17), is defined

1 da
T =, TH(a)

in contrast to the comoving (FLRW) age,

t=J~1 da
0 OaH(a)'

To assess the behaviour of the integrands appearing in ¢, and T, at early

times, we use the standard radiation-dominated scaling of the Hubble parameter,

H(a)~HyQ, a”,

valid for @ <107 [71] [72]. Substituting this scaling into the integrands of the
two time integrals,
1 1
alH (a) aH (a) ’

gives

1
, t.
aH(a) xa azH(a) eons

Thus:
e Theintegrand of ¢, vanishesas a—0.
o Theintegrand of 7, remains finiteas ¢ —0.

Both integrals are absolutely convergent. Consequently, the EAoU integral re-
mains mathematically well-defined even in the formal limit of the Big Bang, with-
out any reference to quantum gravity.

In cosmology, each component of the cosmic fluid is modeled as a barotropic
fluid, meaning its pressure is a function only of its energy density, p= p(p) .
Such fluids satisfy a linear barotropic equation of state of the form p=wpc’,
where w is a dimensionless barotropic index (also referred to as the equation-
of-state parameter). Radiation has w=1/3, non-relativistic matter w=0, and
vacuum energy has w=-1.

This mathematical convergence arises entirely from the FLRW-Friedmann
equations and the radiation equation of state (w=1/3). Because the radiation

scaling H (a) oca”’ follows directly from the Friedmann equation together with

1
the barotropic relation p= 3 pc’, no additional microphysical assumptions are

required; in particular, no details of early-Universe particle physics, thermody-

namics, or gauge interactions affect this leading-order behavior.
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5.2. Independence from Quantum-Gravity and Microphysical
Details

Although physics prior to ¢~107"s becomes increasingly uncertain, and quan-
tum-gravity effects are expected near the Planck time ¢, ~107"s, the EAoU in-
tegral does not depend on the detailed microphysics of these epochs.

Two reasons justify this:

(1) EAoU integrates elapsed time, not early-universe dynamics

The integral depends only on the leading-order scaling of H (a) with the
scale factor, which remains robust as long as the stress-energy tensor satisfies the
radiation equation of state. “Leading-order scaling” refers to the dominant
a—0 behavior of the Hubble parameter, where the radiation term H (a)o<a™
overwhelms all subdominant contributions; it is this asymptotic scaling alone that
determines the convergence of the EAoU integral.

In this regime, the conservation law p+4H p=0 enforces the familiar scal-
ing poc a™ ,and the Friedmann equation then implies H (a) oc a”.In FLRW,
this conservation law arises from the covariant condition V 7" =0 , which
encodes conservation of both energy and momentum. Because the spacetime is
exactly homogeneous, all spatial momentum components vanish, leaving only the

scalar continuity equation ,b+3H(p+p/cz) =0. For a barotropic radiation

fluid with p =§pc2 , this reduces to p+4Hp=0. This dominant scaling is

fixed entirely by general relativity and the barotropic equation of state. Micro-
physical corrections—from particle physics, thermal processes, or inflationary dy-
namics—may alter the detailed evolution of H (a) by order-unity factors, but
they do not modify the asymptotic scaling H (a) aca’ as a—0 (Order-unity
implies factors of size = 0.1 - 10 that modify normalization but not scaling). Be-
cause the convergence of the EAoU integral depends only on this limiting behav-
iour, its early-time structure is insensitive to microphysical details and remains
unchanged even in the presence of inflation.

(2) The contribution of the entire pre-recombination Universe to T, is
minuscule

The proper-time duration of the radiation-dominated era is extremely short on
the FLRW clock—of order #~107"-10"s between the Planck scale and mat-
ter-radiation equality, and £, =5.4x10™s in the earliest epoch. In the EAoU
framework, however, we evaluate the mathematicalmapping dT,; =dt/a , which
extends formally to all epochs regardless of physical observability. Because
dtoc @’ in the radiation era, the mapped interval behavesas d7; « a, ensuring
that the integrated contribution remains finite even as a — 0. Although this re-
gime has no operational interpretation prior to photon decoupling, its total con-
tribution to the EAoU integral is only =1 Gyr—minuscule compared to the =46
Gyr accumulated after recombination.

Evaluating the integral shows that all epochs from the Big Bang up to re-

combination contribute only =1 Gyr of effective time to the total EAoU = 46

DOI: 10.4236/jhepgc.2026.122057

1111 Journal of High Energy Physics, Gravitation and Cosmology


https://doi.org/10.4236/jhepgc.2026.122057

J. Hossain

Gyr. Thus the pre-recombination Universe—including Planck-scale physics,
quantum corrections, and gauge-field dynamics—adds only < 2% to the cu-
mulative observer-frame age. The EAoU integral is therefore dominated over-
whelmingly by the low- and intermediate-redshift Universe.

The numerical values presented here follow directly from the analytic expres-
sions derived in Appendix A (see Table Al).

5.3. Inflation and the Pre-Recombination Universe in the EAoU
Framework

Inflation modifies the expansion history by introducing a phase in which the Hub-
ble parameter H (¢) remains nearly constant in time due to the dominance of
an almost constant vacuum-like energy density. This is a dynamical constant- H
phase, distinct from the present-day value H, which represents only the current
value of an otherwise time-varying Hubble parameter.

However, this does not compromise the convergence of the EAoU integral.

During inflation, the scale factor grows exponentially,
a(t)ce™,

so that proper-time intervals satisfy

dr = d_a.
aH
Substituting H =const yields
dt _ da
a a’H’

and because a increases exponentially, the integrand in this inflationary regime
decays exponentially. Thus the EAoU contribution from inflationary times is not
only finite but exceedingly small.

Physically, inflation suppresses the contribution of the earliest intervals by ex-
ponentially stretching the scale factor, which dilutes any finite amount of proper
time into an exponentially smaller observer-frame duration. The subsequent re-
heating phase further resets the expansion history, erasing nearly all memory of
the pre-inflationary state. As a result, the effective-time accumulation prior to the
radiation-dominated era is vastly smaller than even the already minuscule (~2%)
pre-recombination contribution.

EAoU therefore remains agnostic to the details of:
¢ inflationary potentials;

e reheating mechanisms;

e baryogenesis models;

e gauge-field interactions;

o field-theoretic vacuum structure Inflation therefore strengthens—rather than
weakens—the convergence of the EAoU integral.

All of these affect the dynamicsof H(a) but not the mathematical validity or
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numerical value of the EAoU integral. This parallels results in standard cosmol-
ogy, where the canonical age ¢, is also independent of the microphysics of the
first 107*° seconds [2] [71]-[74].

5.4. Operational Boundary: Why d7,, =dt¢/a Applies Only after
Recombination

The mapping

dt
(1+z)dr p

dT,

obs

derives from the stretching of freely propagating photon wave periods. Before re-
combination (z 21100 ), photons are tightly coupled to baryons via Thomson
scattering, with mean free paths far shorter than the horizon scale [72]-[75]. In
such a plasma:

¢ photons do not carry clean, conserved time intervals;

e redshift cannot be interpreted as a stretching of observable temporal periods;
¢ the mapping above loses its operational meaning.

Thus:

Although the EAoU expression is well-defined over the full domain 0<a <1,
its physical verification is possible only in the post-recombination epoch, when
the photon field decouples and temporal intervals become observationally acces-
sible.

5.5. Effective Duration of the Entire Cosmic History

Combining the arguments presented in 4.4 above:

e The EAoU integral is mathematically well-defined from a=0 to a=1.

e Although convergent, the Planck era in the EAoU integral contributes only
~107" s in observer-frame time (=107" yr), and is therefore negligible com-
pared to the = 46 Gyr total.

o The operational EAoU timescale—based on observable photon intervals—
begins only after recombination.

The total effective age is therefore:
Arec da 1 da
T, = _ -
eff |:J.0 (le(a):|+|:J-arec azH(a)}

o the first term contributes essentially zero,

where

¢ and the second term gives =46 Gyr depending on cosmological parameters.

This yields the central conclusion:

EAoU is dominated entirely by the post-recombination Universe, even
though the formal integral remains valid back to the Big Bang.

To make the relative contributions of different cosmic epochs explicit, we nu-
merically evaluate both the FLRW proper time ¢ and the observer-accumulated

effective time T, by integrating the standard ACDM expansion history across
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successive epochs. The integration is performed in terms of the scale factor, using
the relation dr= da/ (aH (a)) for FLRW proper time and the EAoU mapping
dT; =dt/a . For clarity, the full history is partitioned into physically distinct re-
gimes (inflationary, radiation-dominated, matter-dominated, and post-recombi-
nation), and the cumulative contributions are plotted separately. Figure 4 visual-
izes these results and illustrates how the EAoU accumulation differs from the ca-
nonical FLRW time across cosmic history.

Figure 4 decomposes the EAoU accumulation across distinct cosmological
epochs, illustrating explicitly how early-Universe phases contribute negligibly to
the total effective age, while post-recombination evolution dominates the ob-
server-frame chronology.

Figure 4 makes explicit the very small contribution of all pre-recombination
epochs to the EAoU and illustrates how the effective age is accumulated almost

entirely during post-recombination cosmological evolution.

5.6. Discussion on Singularity and Effective Age

When extending the EAoU framework toward the earliest moments of the Uni-
verse, it becomes important to distinguish between the instantaneous time-dila-

tion factor and the integrated accumulation of observer-frame time. The mapping

implies that the ratio of clock rates between the present observer and a comoving

emitter evolves as 1/a.Thus,as a—0,

dT, 1
—> 0

Dops _ L
dt  a
This means the relative tick rate of the early Universe becomes infinitely slow
when viewed from the present epoch. In this sense, the Big Bang is infinitely
“time-dilated.”
However, this does not imply that the accumulated observer-frame duration is
infinite.

In the radiation-dominated epoch, proper-time intervals shrink rapidly:
dt oc a?,

so the observer-frame increment becomes

dTobs:goca—m.
a

Thus, although the instantaneous dilation factor becomes unbounded, the proper-
time intervals shrink even faster, causing their contribution to the EAoU integral
to vanish. This is why the mathematically extended EAoU integral remains finite and
dominated by the much later post-recombination Universe. In effect, the early pre-

recombination Universe contributes essentially zero to the total effective age.
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(b) Early radiation era (pre-BBN)
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Figure 4. Epoch-wise decomposition of cosmic time accumulation under FLRW and EAoU frameworks. Panels (A-E) show the
cumulative comoving proper time #blue) and observer-accumulated effective time Zetr (red) across successive cosmological epochs:
(A) Planck > inflation > reheating, (B) early radiation era (pre-BBN), (C) BBN > matter-radiation equality, (D) equality > recom-
bination, and (E) recombination > today. Panel (F) shows the full history from the Planck limit to the present. In panels (A) and
(B), logarithmic scaling is used to visualize extremely small proper-time contributions. In all panels, the horizontal axis represents
the ordered numerical integration steps within each epoch. The figure illustrates that although instantaneous time dilation diverges
toward early epochs, the integrated EAoU contribution prior to recombination remains finite and subdominant, with the =46 Gyr
effective age overwhelmingly accumulated during post-recombination cosmological evolution.

This establishes that the EAoU framework can be extended consistently across

the full cosmic history, even though its verifiable physicality remains tied to the

epoch of photon decoupling. Before recombination the Universe certainly has
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physical time, but without free-streaming photons there is no operational method
to perceive or verify those early temporal intervals.

The divergence of the time-dilation factor suggests an apparent paradox: if
1/a—>o as a—>0, does the Effective Age not diverge as well? The resolution
lies in the behavior of the proper-time intervals.

In the radiation-dominated era,
a(t)oct?,dt o a’,
so

goca—>0.
a

Although clocks in the early Universe tick infinitely slowly from our perspective,
the intervals they tick over are so vanishingly small that their observer-frame con-
tribution remains negligible. Formally,

J'l da

T,=| ————.
eff “a’H(a)

With H (a) oca” for a <107, the integrand becomes

——— = constant.
aH (a)
Hence the full contribution from the Big Bang to matter-radiation equality eval-

uates to

T (0>107)~0.1-02 Gyr,

small compared to the post-recombination contribution of =46 Gyr.

A common misunderstanding is to imagine that a finite interval—such as one
second—could be stretched by the enormous dilation factor in the early Universe.
But at epochs such as #~10""s or the Planck time £, ~107"s, no finite sec-
ond exists; only infinitesimal differentials ds occur, and these scaleas a’.Thus,
while the factor 1/a diverges, it multiplies only vanishing intervals, leaving
nothing finite to stretch.

In summary:

o The early Universe lies at infinite instantaneous dilation depth (in terms of
clock-rate separation);

e yet contributes only a small but finite integrated duration. (~0.1 - 0.2 Gyr)
to the total = 46 Gyr Effective Age.

5.7. The Big Bang as a Dilation Horizon

Combining the results of the previous sections leads to a coherent interpretation
of the Big Bang in the EAoU framework. The divergence of the instantaneous di-

lation factor,
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implies that, from the observer’s standpoint, the Big Bang is not a finite-time event
located a fixed number of gigayears in the past. Instead, it lies at infinite temporal
depth in terms of clock-rate separation.

However, because the proper-time intervals approach zero as a’, the inte-

grated observer-frame duration from the singularity to today remains finite:

T, (0—1) =46 Gyr.

This duality—infinite dilation depth but finite accumulated duration—is
precisely analogous to the behavior of event horizons in general relativity. An in-
falling observer crosses a horizon in finite proper time, while a distant observer
sees the crossing delayed to infinite coordinate time. In the same sense:
¢ The proper-time distance to the singularity is zero.

e The observer-frame rate separation is infinite.
¢ The integrated effective age is finite.

The Planck epoch exemplifies this structure. Using standard radiation-era scal-
ing gives:

ap ~107, TDF,, = ai ~10%.
Pl

Yet its contribution to the EAoU integral is:

dTPl

obs

~107""s,

again negligible. Thus, the Planck boundary belongs to the same dilation-horizon
structure seen at the singularity.

We are therefore led to a unified interpretation:

In the EAoU framework, the Big Bang is not a finite-time event but a tem-
poral horizon—infinitely dilated in instantaneous rate, yet contributing van-
ishingly little to the accumulated effective duration of cosmic history.

This perspective completes the extension of EAoU to the earliest regimes of the
Universe and clarifies how a finite effective age coexists with infinite dilation at

the singularity.

5.8. Concluding Remarks for Part I11

The analyses in this part establishes a coherent and fully relativistic understanding
of how cosmic time behaves as we extend the EAoU framework toward the earliest
epochs of the Universe. Three central results emerge.

First, although the time-dilation factor (1/a) diverges as a — 0, the proper-
time intervals scale as dfoca’. Their product, df/a«a , therefore vanishes.
This ensures that the EAoU integral remains mathematically convergent and that
the singularity contributes essentially zero to the total accumulated observer-
frame duration.

Second, the divergence of the instantaneous dilation factor is both real and
physically meaningful. It reflects the fact that clocks in the early Universe run ar-

bitrarily slowly relative to our present-day frame. The Big Bang, when viewed
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through the observer’s temporal lens, is not a finite-time event lying tens of giga
years in the past, but a point of infinite dilation depth—a temporal horizon anal-
ogous to the way event horizons manifest in general relativity.

Third, the entire effective age of = 46 Gyr arises almost exclusively from the
post-recombination Universe. Before photon decoupling, the absence of freely
propagating temporal markers renders time intervals operationally unverifiable,
even though physical processes undoubtedly occur. The EAoU framework there-
fore unifies a mathematically complete extension of the cosmic timeline with a
physically grounded, observation-based boundary at z~1100.

Taken together, Section 4.1 demonstrates that the EAoU formalism retains in-
ternal consistency all the way to the formal limit « — 0, while naturally inter-
preting the Big Bang as a dilation horizon rather than a temporal origin. This per-
spective clarifies the behavior of early-universe time accumulation and comple-
ments the broader observational implications of EAoU explored in subsequent

sections.

6. Overall Conclusions

In this work, we introduced the Effective Age of the Universe (EAoU), a new ob-
server-frame temporal measure derived directly from general relativity and fully
embedded within the ACDM-FLRW framework. Unlike the canonical comoving
proper time of 13.8 Gyr, the EAoU represents the duration accumulated in the
observer’s frame through the mapping d7,,, =(1+z)dr . Integrating this relation
across cosmic history yields an effective age of =46 Gyr—a substantially extended
chronology with profound implications for both early- and late-Universe phe-
nomena.

Part I established the theoretical basis of the EAoU and demonstrated that it
introduces no modifications to the Friedmann equations, requires no departure
from spatial homogeneity, and invokes no new physical degrees of freedom. Part
IT applied the EAoU framework to a comprehensive suite of 4284 observational
probes (as detailed in Section 4.1), showing that many timing-dependent cosmo-
logical tensions are naturally alleviated when interpreted in the observer’s frame.
These include the apparently rapid assembly of massive galaxies and quasars at
high redshift, the growth of early supermassive black holes, and the long-standing
Hj, tension, for which EAoU yields a =10% downward rescaling in timing-based
inferences while preserving standard ACDM dynamics.

Part III extended the EAoU formulation into the pre-recombination Universe,
covering the radiation-dominated epoch, primordial nucleosynthesis, and the as-
ymptotic approach toward the Planck scale. A detailed analysis shows that alt-
hough the early Universe lies at infinite instantaneous dilation depth, the inte-
grated EAoU accumulated prior to recombination is finite (=1 Gyr). This resolves
the apparent paradox between divergent instantaneous time dilation and finite
observer-frame duration, and reframes the classical Big Bang singularity as a di-

lation horizon: a limit of infinite temporal stretching rather than a boundary at
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finite proper time.

This hierarchy of contributions is visualized explicitly in Figure 4, which de-
composes the EAoU accumulation across successive cosmological epochs and
highlights the dominance of post-recombination evolution.

Taken together, these results position the EAoU as a distinct cosmological time
coordinate that complements FLRW proper time and provides a more faithful
representation of temporal structure as recorded in the observer’s frame. The
EAoU framework preserves the geometry and dynamics of ACDM while offering
a unified explanation for several observational anomalies and opening a new per-
spective on the nature of cosmic time and the origin of the Universe.

Future work will explore the extension of EAoU to non-FLRW spacetimes, its
implications for cosmic inflation and reheating, and potential connections to
quantum-gravitational treatments of the Big Bang.

Although the EAoU framework leaves the ACDM-FLRW dynamical equations
entirely intact, it reveals a complementary perspective on cosmological evolution
by distinguishing the comoving-frame proper time from the observer-accumu-
lated temporal history. In this two-frame description, the standard sequence of
expansion epochs—radiation domination, matter domination, and late-time ac-
celeration—proceeds identically in terms of scale-factor evolution, energy densi-
ties, and expansion rates. However, their temporal weights differ substantially in
the EAoU picture, with late-time epochs contributing the overwhelming majority
of the effective duration and early epochs contributing only a finite and compar-
atively small amount.

This reweighted chronology clarifies why the Universe appears dynamically
young in the comoving frame yet observationally mature in terms of structure
formation. It also explains why divergent early-Universe time-dilation factors
coexist with finite accumulated duration: the FLRW scalings H(a) ca? ,
dtcada, and d7,

0l

quently, cosmological dynamics are unchanged, but their temporal interpretation

s « da guarantee convergence even as a — 0. Conse-

is fundamentally altered. The Big Bang emerges not as a breakdown of dynamics
but as an infinite-dilation limit of the time-mapping, providing a new conceptual

bridge between relativistic cosmology and the initial-condition problem.
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Appendix A

Detailed Evaluation of the Early-Universe Contribution to the Effective Age

This appendix provides a detailed derivation of the observer-frame effective-
time accumulation T, from the Planck epoch to recombination, clarifying the
scaling relations and justifying the numerical estimates.

A.1. Dynamics of Relativistic Species in the Early Universe

In the radiation-dominated epoch, the barotropic equation of state

L
p 3,0

inserted into the covariant conservation law
vV T =0
U

yields the continuity equation

: p
p+3H(p+c—2j=0,

which reduces to
p+4Hp=0. (A1)
Integrating gives
pla)eca™, (A2)
reflecting the combined effect of volume dilution (oc ™ ) and photon energy red-

shift (eca™).

A.1.1. Origin of the Conservation Law
The continuity equation,

p+3H| p+ ﬁz =0,
c
arises from the covariant conservation of the stress—energy tensor,
v _
v, 7 =0,

which itself follows from the Einstein field equations

G :87T,GT

R
together with the contracted Bianchi identity,
uv _
v,G" =0.
For a perfect fluid,
v

T :(p02 +p)u“u + pg"”,

evaluating V T* ®=0 in the FLRW metric yields the continuity equation above,

which governs the evolution of all cosmological fluids.
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A.1.2. Solving the Continuity Equation for Radiation
Substituting p = pc’ / 3 gives

p+3H(p+%pj=0:>p+4Hp=0.

Using H =afa,

Integrating,
Inp=-4lna+const= poca™,

which is Equation (A2).
This is the fundamental scaling law for any relativistic species, meaning a par-
ticle whose thermal kinetic energy (kBT ) exceeds its rest-mass energy (mcz) ,

so that it behaves as radiation with the equation of state p=p/3.

A.1.3. Consequences for the Hubble Parameter and Proper Time
Substituting the radiation scaling poca™ into the Friedmann equation gives the

familiar result

H(a)=Hy\Q, a”. (A3)
For a spatially flat FLRW universe the Friedmann equation is

Hz(a)zgp(a).

Using p(a) = p,gotf‘ , the present critical density o, = 3H; / (STEG) , and
Q, =p., / Puito » ONe obtains Equation (A3).

With H =d/a,
d=H0Jara’1.
Hence,
da a?
dt=—22 i(a)=—2L —.
TRy
Thus,

a(t)oct dt o a’,

which are the standard radiation-era scaling relations, valid from the earliest clas-

sical times (well before the electroweak epoch) to matter-radiation equality.

A.2. Effective-Time Integral in the Radiation Era

Derivation of the observer-frame time mapping

In this subsection, we derive the relation between infinitesimal emission-
frame time intervals and the corresponding intervals accumulated in the ob-
server’s frame. The derivation follows directly from the FLRW metric and the
standard cosmological redshift relation, without modifying the underlying dy-

namics.
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A.2.1. Redshift and Successive Light Signals
Consider two successive light signals emitted by the same comoving source at cos-
mictimes ¢, and ¢, +0t,, and received by a comoving observer at times #, and
t, + 0t, . Because both the emitter and observer are comoving, their proper times
coincide with the FLRW cosmic time ¢.

For radial null geodesics in the FLRW metric,

g =0 9 __dr (A4)

a(t) Ji-w?

For the first photon,

and for the second photon,

J-10+5t0 d

t _J‘ dr
{451, a(t) ll 2 ’
Because both photons traverse the same comoving path, the spatial integrals on

the right-hand side are identical.

A.2.2. Subtracting the Two Paths
Subtracting the first integral from the second yields

J~tt0+b‘toi_.[te+5’ei (AS)

0 a(t) e g (t)
For infinitesimal intervals, the scale factor may be treated as constant over each

interval, giving

A.2.3. Identification with Cosmological Redshift
Using the standard cosmological redshift relation,
1+z= &,
a

we obtain
5ty =(1+z2)6t,.
Identifying the emission-frame interval 67, =df and the corresponding ob-
, We arrive at
dt

ma

where in the final equality we have set a, =1, as is standard in cosmology.

server-frame accumulated interval d¢, =d7,

obs

dT,,, =(1+2)dr = (A6)

A.2.4. Interpretation

Equation (A6) defines a mapping between time coordinates rather than a modifi-
cation of the metric or cosmological dynamics. It follows directly from null geo-
desic propagation in the FLRW spacetime together with the standard redshift re-

DOI: 10.4236/jhepgc.2026.122057

1127 Journal of High Energy Physics, Gravitation and Cosmology


https://doi.org/10.4236/jhepgc.2026.122057

J. Hossain

lation. When integrated over cosmic history, this mapping yields the observer-
accumulated duration used to define the Effective Age of the Universe (EAoU).

A.3. Explicit Evaluation at the Planck Time

Having established in Equation (A6) the observer-frame time mapping

dt
dT;)bs = >
a(r)
we now evaluate its integrated contribution across representative early-Universe
epochs. This allows a quantitative assessment of how much effective observer-
frame duration is accumulated prior to recombination, including the radiation-

dominated era and the asymptotic approach toward the Planck scale.

A.3.1. Representative Early-Universe Epochs
To make this explicit, Table A1 summarizes the accumulated observer-frame time
contributed by successive early-Universe epochs, from the Planck regime through

primordial nucleosynthesis and up to matter-radiation equality.

Table A1l. Effective observer-frame time accumulated before recombination.

Epoch Proper Time ¢ Scale Factor a(r) 7T,;(0—¢)  InYears
Planck time 5x10*s ~103! 3x10" s 102 yr
GUT/Inflation 10%s ~1028 3x10%s 105 yr
Early radiation 10%s ~10°% 10%s 10 yr
Weak scale 1025 ~10% ls 3x108yr
Electroweak 1012 s ~10" 3x10* s 102 yr
BBN onset ls ~101° 105 300 yr
End of BBN 200 s ~10° 14 x 10" s  4.5%10%yr
Equality 5x10* yr 3x10* 0.1- 0.2Gyr same
Recombination 3.8 x10° yr 9.2x10* ~1Gyr same

A.3.2. Interpretation
Several key features appear:

1. During radiation domination, dfoca” collapses rapidlyas a —0..

2. Mapped interval vanishes:

During radiation domination, d7,, =dt/aocda, so the EAoU integrand is
constant. The total contribution from early epochs is nevertheless small because
the integration range in scale factor prior to BBN is extremely limited, not because
the mapping vanishes pointwise.

3. Meaningful EAoU accumulation begins after BBN

Only after ¢+2>1s does T, exceed minutes to years.

4. By equality, the EAoU is still small

Ty ~0.1-0.2Gyr.

5. Nearly all EAoU comes from the late Universe
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By recombination: T ~1Gyr ; by today: ~46 Gyr.

A.3.3. Conceptual Implication
Although the instantaneous time-dilation factor 1/a diverges (i.e., tends to in-
finity) as a — 0, the observer-accumulated effective time remains finite. In this
sense, the classical Big Bang singularity is approached only asymptotically within
the EAoU framework and is never reached in finite accumulated observer-frame
time. Instead, the Effective Age of the Universe converges toward a total duration
of approximately 46 Gyr.

As a consequence, the cumulative contribution to the EAoU from the Big Bang

up to recombination is

Tef‘f (O - trec) ~ leI',

which constitutes only a minor fraction (= 2 %) of the total Effective Age of the
Universe.

As the scale factor a— 0, the instantaneous time-dilation factor 1/a di-
verges, indicating that each emission-frame interval is increasingly stretched
when mapped to the observer’s frame. However, the proper-time intervals them-
selves shrink more rapidly (df oc @*), so the resulting observer-frame increments
ar,,,

time intervals collapse sufficiently fast that the accumulated observer-frame time

=dt/a o a vanish. Consequently, the dilation rate diverges, but the proper-

remains finite.

The time-dilation factor itself is defined as:

TDF =dT,, /dt

obs

and diverges as a — 0. This divergence refers to the instantaneous mapping rate
between emission-frame and observer-frame time, not to the accumulated ob-
server-frame duration. Although the dilation factor grows without bound, the
corresponding observer-frame increment d7, = dt/ a(t) vanishes because the
proper-time intervals d¢ collapse more rapidly than the dilation factor in-
creases.

In other words, the rate at which observer-time accumulates diverges, but the
amount accumulated per interval shrinks to zero, so the total observer-frame time

remains finite.

A.4. Divergent Time Dilation and the Vanishing of d7, as a —> 0

A.4.1. Mathematical Behavior
The EAoU relation dT

obs

=df/a may appear divergent because 1/a —>o as
a—0.

. . . . 2 ..
However, radiation-era proper time satisfies df «c ¢, giving

dT,. :ﬂoca—m.
a

Thus:

e instantaneous dilation diverges,
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e but integrated duration converges,
e and early-time contributions are very small.

This behavior mirrors a coordinate horizon: divergent rate, finite integral.
Using Equation (A5),

a
Ts(0—>a)=—Fm—,

a(0>a) H,\Q,
(valid during radiation domination, H (a) = H,\/Q, a”*) demonstrating linear

convergenceas a — 0.

A.4.2. Transition: From Differential to Integrated Interpretation
The results of Appendix A.3 show that even extreme early epochs contribute only
finite EAoU.

The radiation scaling dfoca’ ensures that d7, =df/acca vanishes, and by
recombination the accumulated effective time is only ~1 Gyr.

The early Universe thus acts as a region of steep instantaneous dilation but shal-

low cumulative duration in the observer frame.

A.5. Summary of Early-Universe Contributions to the EAoU

1. Radiation dynamics enforce
poca’ H(a)ca” dioca’.

2. The EAoU integrand remains finite; Equation (A5) convergesas a — 0.

3. The early Universe contributes only ~1Gyr to the EAoU.

4. The post-recombination Universe contributes the remaining ~46Gyr.

5. The Big Bang acts as a dilation horizon—infinite instantaneous dilation but

finite integrated age.
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