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Abstract

If the recent acceleration phase of the expanding Universe is driven by a cosmological
constant the Universe is future-eternal with a few far reaching ramifications and disturbing
consequences. We demonstrate with a non-ACDM cosmological model, that is nearly identi-
cal to the standard cosmological model insofar observations of our past are concerned—but
otherwise has an effective cosmic time cutoff—that under certain plausible assumptions
observers will virtually always find themselves at or near the end of time (EOT) terminal
point, where Hyrp = 71, and Hy and 7 are the present day expansion rate and the confor-
mal time, respectively. Assuming a locally flat ACDM model for concreteness (but with a
global terminal point which is with an overwhelming probability the present time) such
observers will invariably infer that the energy densities associated with the cosmological
constant, A, and non-relativistic (NR) matter constitute 67.5% and 32.5%, respectively, of
the cosmic energy budget at present, which lie well within the 20 confidence level of the
concordance 68.5% and 31.5% values. This addresses the Cosmic Coincidence Problem
associated with A. Future high-precision cosmological probes will be able to break the
observational degeneracy between the proposed model and flat ACDM. A few additional
implications of the proposed model are discussed as well.

Keywords: end of time; fate of the Universe; coincidence problem; Boltzmann brains; black
hole information paradox; simulation hypothesis

1. Introduction

The concordance ACDM model provides a compelling description of the Universe
from superhorizon scales all the way down to supercluster scales with only a few free
parameters, essentially the energy density of ordinary (‘baryonic’) matter, cold dark matter
(CDM) and dark energy (DE), along with the free parameters describing the amplitude
and tilt of primordial matter power spectrum, as well as the optical depth to Compton
scattering at reionization that took place at z ~ 6. The model is consistent with a broad
spectrum of cosmological observations, e.g., the cosmic microwave background (CMB)
anisotropy and polarization measurements, Type Ia supernovae (SNla), baryonic oscillation
(BAO), galaxy correlation and shear maps, etc. However, ACDM is still plagued by a few
long-standing puzzles.

The largest contribution to the present-day cosmic energy budget is made by the
vacuum-like DE component. Heuristic quantum field theoretic arguments imply that the
vacuum energy density is O(l)M;*,, e.g., [1,2], where M), is the Planck mass, and the typical
lifetime of a Universe dominated by such energy density is typically the Planck time. For
decades it has been hoped that the vacuum energy density identically vanishes by virtue
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of some yet-to-be-discovered symmetry principle. In 1998 SNIa measurements revealed
that not only that the vacuum energy density does not vanish, nearly 69% of the cosmic
energy budget at present is accounted for by a cosmological constant, A, that effectively
contributed a vacuum-like energy density ~122 orders of magnitude smaller than O(l)Mf,.
Recently, it has been claimed by the Dark Energy Spectroscopic Instrument (DESI) team
based on [3,4] observations that the DE equation of state (EOS) evolves, implying that DE
is not vacuum-like and is more likely to be described by a dynamical scalar field, which is
foreign to the standard model (SM) of particle physics.

The fact that the present-day energy budget consists of 69% of DE and the remaining
31% contribution is accounted for by NR matter points towards a second problem associated
with the cosmological constant in particular (and DE in general)—the ‘why now?” problem.
The observational fact that NR and vacuum-like energy contribute comparably at present
to the cosmic energy budget in spite of their very different evolution histories implies
that we live in a special era along the cosmic timeline. Specifically the NR to DE energy
(assuming the latter is constant) ratio scales & (1 +z) 3, and for it to be of order unity at
present it must have been fine-tuned at, e.g., 81 decimal places at the grand unified theory
(GUT) energy scale. For reference, the global spatial curvature of the Universe must have
been fine-tuned at that era at merely 27 decimal places for the Universe to be nearly flat at
present. The latter fine-tuning was a major motivation for proposing an inflationary phase
at the very early Universe. Tracking models, e.g., [5-9], CDM-DE interaction [10-15] as well
as other explanations, e.g., [16-37] have been proposed as remedies for the apparent Cosmic
Coincidence. Anthropic considerations received considerable weight as well, e.g., [1,38-54].
Notably, and not unrelated to this apparent coincidence, the very existence of DE could not
have been inferred from observations if either ppr < p Or o < ppE, €.8., [55].

Motivated by certain properties of ‘eternal inflation’ (the currently prevailing inflation-
ary scenario) it has been suggested that cosmic time has an end, not only a beginning [56],
with a significant likelihood that time will end in the next five billion years. Likewise,
certain plausibility requirements from the model suggest that it decays in less that Gyrs [57].
On completely different grounds, it is shown here with a plausible toy model that by
simply starting from a homogeneous and isotropic Universe with a non-standard time
coordinate that is past- and future-unbounded a simple coordinate transformation leads
to exactly the standard Friedmann-Robertson-Walker (FRW) model but with the usual
cosmic time (as well and conformal time) coordinate that has an end much like it has a
beginning. This, by itself, imposes a severe global constraint on the relative contributions of
the various species to the cosmic energy budget, and addresses the ‘why now?’ problem by
the realization that we are likely to be observing the Universe at its terminal point. In other
words, rather than being atypical fortunate observers we are typical observers that are
bound to observe the Universe with (theoretically) inferred fractional density parameters
(with respect to the critical density) tantalizingly similar to those of the concordance ACDM
model. Implications for the future of life in the Universe, and other considerations for
future observations, e.g., [58-76] are of not much relevance if now is indeed the end of time
(EOT). Likewise, introducing this modification to the ACDM model has bearing on certain
aspects of the Cosmological Arrow of Time, the existence of Boltzmann Brains (BB’s) and
other Freak Observers (FO’s), certain aspects of the feasibility of time travel, the black hole
Information Paradox and the Simulation Hypothesis. All these are discussed below.

The paper is organized as follows. In Section 2 the standard cosmological model
is described. In Section 3, we discuss a few possible ramifications of the possibility that
the present time is the EOT in an otherwise concordance ACDM model. In Section 4 we
construct the proposed cosmological model which is ACDM with a terminal cosmic time at
the present. In Section 5 we argue that it is statistically very likely (under certain plausible
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assumptions) that we are located at the EOT. Section 6 demonstrates how the Cosmological
Coincidence Problem (CCP) is naturally addressed in the proposed model. We summarize
in Section 7.

Throughout, we adopt natural units where the Boltzmann constant, kg, Planck con-
stant, 71, and the speed of light, ¢, are all set to unity.

2. The FRW Spacetime

The most general homogeneous and isotropic space is described by the FRW spacetime

ds? = —df? + a2(t) +72(d6 +sin® 0dg?) |, @

1- K 2
where t is cosmic time, 7, 8 and ¢ are the usual spherical coordinates, K is the spatial
curvature, and a(t) is the scale factor. Applying the tf component of the Einstein equation
to Equation (1) we obtain the Friedmann equation for the scale factor

H?(a) = H} Zaiﬁ(l*wﬂ, )

where H(a) = a/a is the expansion rate with a = d ¢, Ho is the present-day expansion rate,
Q; = p;/pe is the energy density of the i'th species in critical density units p. = 3H3/ (87G)
with G being the universal gravitational constant, and w; is the EOS associated with the
i'th species assuming the w;’s are non-evolving, and that the various contributions to
the cosmic energy budget are non-interacting, i.e. the continuity equation applies to each
species separately, p; + 3(1+ w;) Hp = 0. The spatial curvature term appears in Equation (2)
as an effective contribution characterized by () = —K/ Hg and wy = —1/3. The EOS’
associated with nonrelativistic (NR) matter (‘dust’), radiation and DE in the form of a
cosmological constant, are 0, 1/3 and —1, respectively. The sum of the various (); is subject
to the normalization constraint ) ; (O; = 1.

The cosmological redshift is related to a(t) viaa = 75 +Z It is sometimes useful to
define the conformal time via dy = dt/a(t) in which case Equation (1) reads

ds®> = a®(t) | —dn® + + r?(d6* +sin® 0d¢?) |. 3)

1-— K 2
Throughout this work we assume that space is spatially flat, i.e., K = 0, when com-
pared with observations, but for generality we consider the general case in most of the
derived expressions.

Integration of Equation (2) results in

Homo = |~ , @
\/ i Qi(1+ z)30+w)
where 7)) is the conformal time at present.

3. What if We Live at the EOT?

Whereas it is widely held that cosmic time starts abruptly at the big bang, the ultimate
fate of the Universe is currently unclear, especially in light of the recent DESI team claims
of evidence for evolving DE [3,4]. Among the possibilities traditionally explored in the
literature are, e.g., the Heat Death, e.g., [77,78], Big Rip, e.g., [79-81], Big Crunch [82] and
the Big Slurp, e.g., [83,84], where in the latter scenario the metastable vacuum decays over
stupendously long time scales, e.g., 10161 years [85]. In certain scenarios, e.g., the Big Rip
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and Big Crunch time itself comes to an end. In others, e.g., Heat Death and Big Slurp
time only effectively ends. Specifically, in the Big Rip and Big Crunch scenarios time starts
and ends at curvature singularities. However, the situation is more subtle than it naively
seems. For example, in the concordance ACDM model the cosmic time, ¢ € [0, o0], as the
Universe accelerated expansion never comes to an end. However, since a ACDM Universe
is asymptotically de Sitter with the scale factor a o (17, — 1) !, where 7, is some terminal
conformal time, then 17 € (0, 77,). In the case of the concordance model Hyy € [0,4.34]. We
thus see that even within the SM framework conformal time is always finite (whereas ¢ is
not). Clearly, in the standard cosmological model 77, > 7, but since we do not observe
our future at the present time, #y, and since the Einstein equations are insensitive to the
topology of the time axis, i.e., to whether 7 is the EOT or not, then it is clear that we
can adopt the concordance model of cosmology, including the Friedmann equation, and
simply posit that the time coordinate hits a topological (rather than curvature) singularity,
at exactly the present time, or, e.g., a billion years into our future, or any other time we wish.
Why would it be the case is not immediately clear, and we propose a way for this to emerge
in Section 3 below. From broader perspective, various apparent paradoxical conclusions
associated with gauging statistical likelihoods in the eternally inflating multiverse have
led to various regularization proposals, e.g., ‘scale-factor cutoff measure’, e.g., [86,87], or
‘global time cutoff measure’, e.g., [88,89], regularization schemes.

In the present section, only a few immediate and far-reaching implications of future-
eternal Universes are reviewed. Certain ramifications of placing a time-cutoff are briefly
outlined. Whereas no attempt at providing a complete and exhaustive list has been made,
this section provides sufficient motivation for the proposed model that is described in
Section 4, where it is shown how such a cutoff naturally ‘emerges’ under certain plausi-
ble assumptions.

3.1. Cosmological Arrow of Time

It is commonly believed that the direction of the cosmological Arrow of Time is
determined by the very expansion of the Universe; either expansion or contraction sets the
direction of the Arrow of Time. According to this view eggs never unscramble, coffee and
cream always get mixed but never unmixed, we remember our past but not our future, etc.,
only due to the very low entropy of the very early Universe, for otherwise the governing
equations of the SM and GR are time-reversal symmetric and no Arrow of Time emerges
from the the corresponding field themselves. Basically, the argument goes, the Universe is
in a low entropy state compared to to the maximum entropy it could be at simply because in
the past it was at even a lower entropy state, e.g., [90,91]. The Cosmological Arrow of Time
then owes its existence to the very low entropy at the Big Bang. This is the Past Hypothesis.

However, we have no direct evidence for a universal expansion, i.e. no direct measure-
ment of the Sandage-Loeb redshift drift effect, e.g., [92,93]. Rather, our belief in cosmological
expansion is indirectly inferred from certain observations. First, the spectra emitted by
astrophysical objects are invariably and systematically shifted towards longer wavelengths
(except for nearby objects in the Local Group that are affected by gravitational interactions
in their vicinity that induce a blueshift that is not fully compensated by the low redshift due
to the global expansion). In addition, fluxes emitted from distant standard candles always
look dimmer than the levels emitted locally. Second, a few out-of-equilibrium processes in
the early Universe depend on a competition between the expansion rate, H(t), and relevant
the reaction rates, I'(f). These include big bang nucleosynthesis (BBN), recombination, and
possibly other early Universe processes as well. The evidence coming from the observed
systematic redshift is our most compelling evidence for global expansion, and thus for the
existence of a Cosmological Arrow of Time.
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Had we observed both redshifting and blueshifting galaxies the case for the cosmologi-
cal origin of the Arrow of Time would be considerably weakened, for observing blueshifted
spectra that are monotonically increasing with distance would imply that light has been
traveling backward in time towards us along our future lightcone. Specifically, had the Uni-
verse been time-symmetric on cosmological scales we would expect to observe redshifted
spectra (z > 0) along the past lightcone and blueshifted spectra (z < 0) along the future
lightcone in an expanding Universe as @ = 1/(1 + z). The fact that we only observe the
former type is an evidence that we only receive information from our past and not from
our future, hence the term ‘Cosmological Arrow of Time’. This is puzzling in the standard
cosmological picture as the microphysical laws of physics are time-reversal symmetric,
but it well aligns with the “Thermodynamic Arrow of Time’ to the degree that in the eyes
of many these two are intricately connected via the Past Hypothesis; i.e., the direction of
the time arrow is due to the specific well-ordered initial state of the Universe. In a model
with finite lifespan, and assuming that observers are preferably placed at the EOT, there
is simply no future lying ahead of them and therefore all the information that they ever
receive must come from their past, and never from their future, irrespective of whether the
Cosmological Arrow of Time is in play, or not. Since no cosmic evolution is allowed past
the End of Time, the present cosmic entropy budget can never exceed its current value.

As far as we can tell—based on direct observations alone—no entropy evolution has
been in play since at least BBN. This weakens the case for the need in the Past Hypothesis in
particular, and seriously question the reality of the Cosmological Arrow of Time in general.

3.2. Prevalence of BB's

According to the concordance ACDM model the current accelerated expansion of
the observable Universe will last forever, and we seem to be very ‘special’, i.e., atypical,
observers as we happen to make our observations just a finite time after the beginning of a
future-eternal Universe. This conclusion is part and parcel of the concordance model and
is intimately related to another puzzling feature of the model—the ‘why now?” problem,
namely how likely is it for us to observe the Universe at the unique era in which DE and NR
matter contribute comparably to the cosmic energy budget whereas in the past and future
either NR or DE dominate, respectively? Both problems readily go away if we assume that
we are randomly drawn from a flat prior along the conformal time axis, # [35].

In an eternal Universe, every process with a finite (however small, but finite) probabil-
ity to happen will indeed take place, and it will do so an infinite number of times. Assuming
DE is accounted for by a cosmological constant, in O(10'1?) years from now, after the most
massive black holes (BH’s) have been evaporated, and long after the last stars exhausted
their nuclear fuel, the Universe is expected to enter a Dark Era where it is described by a
static de-Sitter spacetime containing a ‘heat bath” of massless photons, gravitons, and other
massless degrees of freedom, with a thermal Gibbons-Hawking temperature, e.g., [94,95],

of % \/§ , where A is the cosmological constant. Occasionally, and due to the infinitely
long time available for this (otherwise unlikely) event to take place, very rare quantum or
thermal fluctuations will form a certain type of transient FO’s and BB’s, for a very brief time
period, but with highly disordered memories and cognitive disabilities [96]. These BB’s
might even think that they live 14 Gyrs after the big bang in an ordered Universe, where
large scale structure is formed via gravitational instability, etc, but this thought would not
last for longer than a brief moment, the duration of the rare thermal fluctuation that created
them. This is expected to be the case in a future-eternal Universe such as the one which
is described by the concordance model [97] and a typical observer is expected to be a BB
because the cosmological constant will always come to dominate the expansion a finite
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time after the beginning. After this transition takes place the Universe enters an infinitely
long period of exponential expansion.

Another type rare transient observers are FO’s. They form due to Heisenberg’s
Uncertainty Principle; an entire brain can pop into existence, with all memories built in,
giving the brain a false impression of ‘reality” as we know it. This channel of FO production
typically has a much larger (albeit still stupendously small) production rate than BB’s
but it also requires no asymptotically de-Sitter Universe and can take place in Minkowski
spacetime as well.

Much like in the BB case, however small (but finite) the probability for such a brain to
form, it is expected happen an infinite number of times in a future-eternal Universe. And
yet, our experience shows that we are not such deluded disembodied brains.

These scenarios are usually ruled out on the grounds of ‘cognitive instability’; a theory
predicting the prevalence existence of such beings with incoherent thoughts that undermine
the coherence of the theory that predicts their own existence cannot be possibly trusted
(see Section 5.3 of [77]). This argument, and possibly others as well, render the presence of
FO a diagnostic tool, rather than a possibility that is actually realized in nature; a theory
or model that predict an overwhelming abundance of FO over ordinary observers (OO) is
deemed unfeasible or pathological. This is currently under a hot debate in the context of the
prevailing inflationary scenario—eternal inflation—and the multiverse. The problem with
this cognitive instability argument is that even our own, concordance ACDM Universe,
is future-eternal and therefore bound to be plagued by the BB and FO problem, even if
we ignore inflation and the multiverse. Therefore, it seems based on these arguments
that either we are very atypical and rare OO or the Universe must have an end, i.e,, it
decays [57], or faces a ‘cosmic doomsday’, e.g., [33]. More generally, the prospects for FO
and BB avoidance are not very promising, e.g., [87,97-102]

Questions about our typicality arise in other cosmological contexts as well, in particular
in the context of the CCP, as mentioned above. Given that the evolution histories of NR
matter and DE are very different it is puzzling that we happen to observe the Universe,
of all possible times available in an eternal Universe, specifically at the era when the
two contributions to the cosmic energy budget are comparable as is currently favored
by the concordance ACDM model. Implicit in posing this ‘why now?’ conundrum is
the assumption that we are ‘randomly selected’—i.e., we are typical—observers in the
expanding Universe. Our typicality in space—embodied by the Cosmological Principle—is
tacitly accompanied by an assumption about typicality in eternal cosmic time, t. But, what
does it mean to be typical in an eternal Universe? Typicality would mean that we are
‘sampled’ from a uniform distribution in time, i.e. all times are a priori ‘equal’. However,
such a uniform prior over an eternal Universe would give an exactly vanishing probability
for our existence over a finite time interval At around any time t. It then follows from
our very existence that we must be atypical observers in an eternal Universe and that the
probability for us to make an observation over an interval At is P (t)At with P(t) being a
non-uniform, time-dependent function, that favors a finite probability for our existence a
finite time after the Big Bang. It is therefore not surprising that adopting this ‘t-frame’, in
which we are evidently atypical, results in the conclusion that formation of brains, humans,
etc. via (either thermal or quantum) fluctuations is more frequent than via gravitational
instability. Structure formation via the latter channel halts a finite time after the Big Bang,
specifically after DE starts dominating the expansion, while the random production of BB’s
and FO’s goes on forever.

It should be mentioned in the broader multiverse (rather than Universe) context
that indefinitely accelerated expanding Universes suffer from the “measure problem”,
e.g., [103-105].
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3.3. Absurd Likelihood of Our Universe

According to the standard cosmological model, our Universe likely started at a
very low initial entropy state, S; ~ 10'° [96,106] at inflation, its present-day entropy is
S; ~ 10'% [107], and final de-Sitter entropy is Sy ~ 10122 [96,106] which marks the entropic
(Boltzmann) Heat Death of the Universe. Since (classically at least) de Sitter spacetime
is eternal, the emerging picture is that by virtue of the Poincare Recurrence theorem the
Universe (as a closed system) will explore the entire phase space infinitely many times with
a recurrence time T, ~ exp(Sy) ~ exp(10'2?) [where the time units used are essentially ir-
relevant given the fact that T is stupendously (exponentially) large]. The Universe recycles
itself infinitely many times arbitrarily close to any desired ‘initial” state in phase space. A
few absurd conclusions readily follow [106]. For example, a Universe exactly like ours but
with CMB temperature only ten times larger the observed Tj ~ 2.7K is much more likely to
exist, with exactly the observed light element abundance. Whereas the latter is inconsistent
with standard BBN evolution (assuming T’ =~ 27K) the likelihood for such a Universe
is much larger than a Universe like ours, with Ty ~ 2.7K, simply because its entropy is
significantly larger. Therefore, there are exponentially many more ways to form a Universe
with T' ~ 27K in which the observed light element abundance is maintained by statistical
flukes rather than by the standard BBN evolution. The puzzle revolves around the question
why we find ourselves in such a cool Universe whereas a Universe which is only ten times
hotter is ~exp(10°!) times more likely to exist?! This would render our (relatively) lower
entropy Universe (Tp ~ 2.7K) very unlikely among the ensemble of all possible Universes.
The key assumptions underlying this (as well as other) emerging paradox is Poincare
(finite) recurrence time, T;, in a spatially finite (de-Sitter space) and temporally eternal
Universe. Spatial finiteness implies that the final, largest attainable entropy, Sy, is finite,
ie, T, ~ exp(Sy) is finite whereas de Sitter spacetime is eternal. This implies that by virtue
of ergodicity our observable Universe statistically ‘explores” all possible configurations
with an overwhelming probability to be found at temperature T’ than T, yet we find
ourselves in the latter state. Imposing a temporal-cutoff on our (otherwise) asymptotically
de-Sitter Universe automatically avoids this paradox, because recurrence and ergodicity
would be impossible.

3.4. BH Evolution and Information Paradox

The information paradox associated with BH evaporation [108] has received significant
attention as it touches the foundations of physics. Various attempts at addressing this puzzle
resulted in a reach and fascinating field of research but with no consensus solution. In a
future-eternal Universe like ACDM this problem is unavoidable because the evaporation
time for a BH of mass M (in Planck units) is tevap = 51201G>M? can be stupendously large
but nevertheless finite.

However, if the cosmic lifetime tnq is shorter than tevap, sufficiently large BH’s will
not fully evaporate before the EOT, which might affect considerations of information loss
and BH thermodynamics.

The most massive BH that would completely evaporate by now is O(10'%) gr [108]
whereas the lightest BH directly observed has approximately stellar mass. This hints to
the possibility that if BH’s of masses O(10'°) gr or smaller do not exist the BH Informa-
tion Paradox remains primarily a topic of academic interest that is not actually observed
in nature.

3.5. Time Travel

The theoretical possibility of Time Travel is problematic as it leads to all sorts of
paradoxes, e.g., [109-113], including inconsistent histories unless the latter are censored
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by some unknown physical principle. Another challenge faced by the possibility of time
travel is that in the standard future-eternal ACDM Universe the present Universe should
have been teeming with visitors from our eternal future. Their absence is thus considered a
strong empirical evidence against the feasibility of time travel. However, if we essentially
live at the EOT then we cannot be possibly visited from our future, undermining this
particular objection to the possibility of time travel.

3.6. The Simulation Hypothesis

The four fundamental interactions are governed by only a few Dirac, vector, and
tensor fields, as well as the Higgs field. Their evolution and interaction are governed by
only a finite number of differential equations. In addition, the Planck scale is believed
to be the smallest length scale where the notion of continuous spacetime breaks down,
thereby setting the fundamental voxel scale in our Universe that is believed to accommo-
date a stupendously large—but finite—number of degrees of freedom, 10'?2. Given all
these the observed Universe is indistinguishable from a simulated one with Planck scale
resolution [114]. Whereas current cosmological simulations are coarse grained on much
larger scales it is not inconceivable that in the remote future our technologically advanced
descendants will be able to run their own ‘ancestor simulations’, i.e. the Universe that
we currently observe. It is even conceivable that they are simulated themselves by their
super-advanced descendants, etc. This construction could be in principle continued by
induction ad infinitum, implying that genuine non-simulated Universes constitute a merely
vanishingly small fraction of all possible Universes, with obvious staggering implications.
Arguably, the somewhat disturbing Simulation Hypothesis cannot be distinguished from
our real world rendering it a philosophical curiosity, at best. Nevertheless, it is worth
noting—in the context of the present work—that if we live at the EOT the likelihood
of us being simulated by our descendants at the very remote future drops dramatically,
essentially to zero, thereby undermining the Simulation Hypothesis.

4, Finite (Cosmic) Time Universe

In this section our proposed realization of the idea that we live in a Universe with
finite (both cosmic and conformal) lifespan, with past evolution, kinematics and dynamics
identical to that of the standard cosmological model, is layed out. This setup guarantees
that all cosmological observations to date are as consistent with the proposed model as
they are consistent with the standard cosmological model.

Following, e.g., [115] any spherically symmetric homogeneous spacetime can be
generally described by the following infinitesimal line interval

k(0'~d0')2}’ 5)

2 _ 2 2
ds® = g(t)dt" + f(0) [da A g

where f () and g(7) are positive and negative functions of ¢ and 7, respectively, and ¢ is a
three-dimensional spatial vector. It is convenient to define

[ /=g
[

t

= r(sinfcos ¢,sinfsin ¢, cos ), (6)

in which case the standard Equation (1) is formally recovered (although the time coordinate
can be limited to lie within a finite range, regardless of the matter content or even the
underlying theory of gravitation). According to the standard cosmological model the
Universe starts at the Big Bang singularity, t = 0, but there is a priori no end time. For
example in ACDM, t € (0, ). However, if cosmic evolution departs from ACDM, and
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if in particular the cosmic evolution ends in, e.g., a catastrophic Big Crunch or Big Rip,
then cosmic evolution ends at some particular finite, f.,q. However, there is another, much
more prosaic way in which the Universe can end a finite time after the Big Bang, and
not due to any catastrophic event of that sort. This possibility can be realized in the case
that t = \/—g(7)dt [Equation (6)] does not diverge; this integration can result in a finite
t, i.e., a finite lifespan of the Universe, depending on the choice of the a priori arbitrary
function (7). The model proposed in this work is based on such particular choice. In other
words, the proposed model is identical to ACDM until ¢, is reached, and its evolution
cannot be extended beyond that end time.

Consider a Universe described by the following background metric with a nontrivial
lapse function (i.e., grr # —1)

dt? dr?
I+ (Ho0)?2 ~ 1-Kr~2

ds?> = a®(7) | - + r2(d6? + sin? 0d¢?) |, (7)
where —co < T < ¢ is a timelike coordinate, r, 8 and ¢ are spherical coordinates, K is
the spatial curvature parameter, and Hj is a constant of nature with inverse time units
(that we empirically identify below with the Hubble parameter so as to make contact with
observations). This metric describes a spatially homogeneous cosmological model and
clearly satisfies the cosmological principle. By carrying out the coordinate transformation

14—(‘;{#)2 = dy, i.e., defining # in terms of the Agnesi function of time 7, (where T = —co
and T = oo correspond to 77 = 0 and 77¢, respectively), Equation (1) reads
2
ds?* = a*(n) | —dn® + ] iHKrZ + r%(d6% 4 sin 8d¢?) |, (8)

where now 0 < 7 < 7. Integration of H(?J#)Z = dy results in T = — cot(Hpn )/ Hy where
the integration constant was determined by the mapping T = —co — 5 = 0. It readily

follows that the range T € (—oc0, %) maps to Hoyy € (0, ), i.e., 7; = 0 and 17y = 7w/ Hp. It
will be made clear below that 7 is essentially 770, the present conformal time. Our final
transformation is conversion from ‘conformal time’ to ‘cosmic time’ via dt = a(y)dy and
Equation (8) now reads

dr?
1 — Kr?

ds* = —dt* + a*(t) + 72(d6? + sin? 0d¢?) |. )
‘Locally’, this is exactly the FRW spacetime metric, but with one crucial difference; it is
‘globally” different as the conformal and cosmic time coordinates are now subject to the
constraints 0 < 7 < nf and 0 <t < tr, where tr = foﬂf a(n)dy, and as usual the scale factor
is determined by the Friedmann equation, Equation (2).

In the standard cosmological model both t and # start at a finite value (which is
conventionally fixed at zero). Specifically, # = 0 marks the beginning of the radiation-
dominated (RD) era, supposedly once the post-inflationary reheating era ends with dis-
sipation of the vacuum-like energy density driving the inflationary era into photons,
baryons, etc. The inflationary era preceding the RD epoch is parameterized with negative
conformal time. Specifically, # = —1/[a()H|, during inflation where H is nearly con-
stant, e.g., [116]. As the Universe expands # increases inversely proportional to a until
it reaches # = 0. From this point on Equations (8) and (9) hold. To accommodate infla-
tion the parameterization of Equation (7) has to be tweaked such that at around some
critical value —1., where 7, > 0, the 7T metric component makes the smooth transition,
e.g., grr = —a(1)/[1+ (Hot)?)> — —a*(7) and Equation (7) becomes

457 = a2(7)[—d® + dr? + 2 (d6? + sin® 0dg?) (10)
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i.e., dn =dt/[1+ (Hyot)?] — dt and now 7 is allowed to obtain negative values, thereby
enabling a phase of inflation prior to the RD epoch. In fact, T is not allowed to be extended
to —oco anyway for entirely different reasons, as discussed in Section 5.

Having discussed the subtle issue of the lower bound on 7 we next discuss its upper
bound. # is a priori unbounded from above. When the expansion is dominated by a
cosmological constant the scale factor is described by a « (17, — 1) ~! where 7 is a constant
and 7 < #, is bounded from above, but there is a priori no constraint on the values that #,
is allowed to obtain. In case of the concordance flat ACDM model Equation (2) reads

o dZ/
)= /z VO I+ +Qu(1+2) +Qp’

Hor(z (11)

and so, with the concordance values O, ~ 8 x 1072, Q,, = 0.315 and Qa = 0.685, then
Hono = 3.18 = 7t [where 779 = 7(z = 0)] and Ho#¢ ~ 4.34 [where 17y = 5(z = —1)] in
the asymptotic future, so even in the standard ACDM model 7 obtains only finite values,
i.e., Hyn € [0,4.34]. The exact terminal value of Hyy does depend on the model and the
specific values of its parameters, i.e., on the exact matter content of the Universe. A key
point of the present work (that we show below) is that assuming we start with Equation (7)
we are then very likely to find ourselves near the EOT with no future past the present time;

the Universe expansion rate asymptotes to Hy = @

. It keeps evolving with T without
bound whereas the evolution with 7 and ¢ essentially terminates at the present conformal
time 79 and cosmic time t.

Importantly, Einstein equations in general, and the Friedmann equation in particular,
do not a priori impose the global range of coordinates. Equations (7) and (8) imply that
Hoyn < mirrespective of the matter content of the Universe, which is not the case in the
standard view of the cosmological model. On the contrary, the imposed range, Hyoy < 7,
dictates the energy content of the Universe at the EOT and not the other way around.
Specifically, it is shown in Section 6 how the condition Hyy < 7t severely constrains the
allowed proportions of the various contributions to the cosmic energy budget. Clearly,
we could have equally well started with Equations (8) and (9) and simply posit ad hoc
that Hoy < 71, but this would justifiably look contrived. Here, instead, we recourse to
the proposed model Equation (7) and assume a ‘natural’ range for 7, i.e., —00 < T < o0,
which leads to the empirically inferred (); values as will be discussed in Section 6. This
procedure deceptively looks more natural, although it explains by construction the apparent
coincidence that empirically Hy#g ~ 7, but this particular choice is admittedly informed
by observations to retrodict the observed values of the various energy density components.
Nevertheless, Equation (7) is a legitimate spacetime metric that is compatible with the
cosmological principle, and it does explain a few naturalness problems that the standard
cosmological model is unable to explain. Moreover, since the choice of the lapse function,
the grr component in Equation (7), is a freedom that we have in general relativity (GR),
essentially to choose the time coordinate at will, our choice is not more contrived or artificial
than the procedure taken in the standard cosmological model where the right hand side of
the Friedmann equation was progressively updated, by adding CDM and then DE, to match
observations. The only difference between the procedures is that Equation (7) reflected
our freedom to update the geometry/symmetry (of the time coordinate in this spatially
homogeneous case) at the metric level, whereas in the standard cosmological model the
matter content (in the dynamical Friedmann equation) was updated to match observations.
Notably, Equations (1) and (7)—(9) reflect the cosmological principle irrespective of the
underlying theory of gravity, insofar it is a metric theory. In contrast, Equation (2) is an
Einstein equation and applies specifically to the standard GR-based standard cosmological
model. In this sense, the choice made in Equation (7) is more general, and applies whether
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CDM and DE exist or not. Specifically, it is conceivable that either CDM, DE or both
are absent from an alternative non-GR-based cosmological model that is described by
Equation (5), yet the constraint Hyy < 7 still applies.

We conclude this section by emphasizing that Hy, like K, is a constant of nature is the
proposed model. Once the Friedmann equation is applied to Equation (7) it turns out to
also be the terminal expansion rate. This is a notable conceptual departure from the role
played by Hj in the standard cosmological where it is only a transient expansion rate. It
is discussed in Section 6 how Hy is uniquely related to another constant of nature, A, the
cosmological constant. None of these constants appear at the metric level in the standard
cosmological model.

5. Our Likely Place Along the Cosmic Timeline

Assuming that the probability to observe the Universe during a time interval dt
around 7 has a flat prior, i.e., P(t)dt = Adt where A is a constant, then P(7)dt = Adt =

d _ Ady .
Aﬁd;y = S (Ho) ie.,
- Ady
P(t)dt =P =— ), 12
where the relation T = —cot(Hyy)/Hp obtained just below Equation (8) has been

employed. Crucially, P(y) = A/sin?(Hpy) diverges at both ends, Hypy — 0. and
Hon — m_. Clearly, we do not find ourselves in the former—radiation dominated and
structureless Universe—due to (at least) anthropic reasons, but we do find ourselves—not
unexpectedly—in the latter end, i.e., 17y = 7o.

However, at face value this probability function is not normalizable and confidence
intervals cannot be unambiguously calculated based on it. To endow it with some prob-
abilistic sense we need to impose a certain restriction on the allowed range of 7. This
general idea has been extensively discussed elsewhere (though in the context of flat prior
on 77, not T) in, e.g., [35]; a flat prior over an infinite range is non-normalizable and any
observation over a finite time range has basically zero probability to take place. This is
unfortunately the case already in interpreting the standard ACDM model where t € (0, %);
observing the Universe along a time interval At has zero likelihood if we assume a flat prior
on t. Alternatively, assuming a flat prior on #, which unlike # is limited to a finite range, is
at least sensible from that perspective [35]. Irrespective of that probabilistic argument, it
has been argued below Equation (9) that a finite lower limit on T must be imposed in order
to leave room for an inflationary era to take place.

Indeed, the considerations discussed above apply to the specific spacetime metric
Equation (7) where —c0 < T < o0, and the specific mapping T = — cot(Hyy)/Hy be-
tween T and 7. We could have equally well chosen 0 < T < oo, or make the replacement
—a?(1)d7?/[1 + (Ho1)?)? — —a®(t)d7?/[1 + (Ho7)*]? in Equation (7), which would have
resulted in Hpny # 7, and therefore in different values of (), and (5. Our point in
proposing the spacetime described by Equation (7) was rather to show that a few odd
features of the future-eternal ACDM model could be rather easily removed under equally
natural choices made regarding the time coordinate, all this without violating the Cosmo-
logical Principle.

In [35] it has been stressed that the standard implicit assumption that observers are
randomly drawn from the cosmic timeline (barring certain anthropic considerations) leads
to a series of paradoxes that are readily addressed by assuming that observers are randomly
drawn from the conformal timeline instead; assuming the concordance ACDM the available
conformal time interval is past- and future-finite. Similarly, assuming that 7 € (-7, )
where 7. > 0 with Hyt, > 1 (but finite) rather than T € (—oc0,0) we end up with a
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normalizable distribution where typical observers tend to ‘accumulate” at Hyyy ~ 7r. This
finite T, could be justified by anthropic reasoning; too large 7. corresponds to observers
allowed to exist deep in the RD era. Moreover, accommodating inflation necessitates setting
at least a lower cutoff, 7. In conclusion, a realistic flat prior must have a support over a
finite range T € (—1, Tc), where HyT. > 1. Imposing this cutoff on the allowed range of T
does not change our conclusion; typical observers are most likely to observe the Universe
at times Hoiyf = Hono ~ 7.

Equation (12) represents the probability P(17)Ay of making an observation during
an interval Ay around any given # under the assumptions described above, much like in
e.g., [35]. Notably, this type of measure is very different from more common measures
that are proposed in e.g., [42,45,117-119], which describe the probability of observing a
Universe with certain properties, e.g., a given value of p,, the energy density associated
with the cosmological constant, A. Specifically, the measure Equation (12) is derived from
Equation (7) coupled with the assumption that observers are drawn from a uniform prior
distribution in 7. It is therefore a purely geometry-based (i.e., it is derived based purely
on the assumed symmetries of spacetime) measure that does not rely on the existence
of baryons, their abundance, the existence and evolution of large scale structure, or the
realization that observations require the presence of available free energy [119], or even
the underlying theory of gravitation. In principle, Equation (12) could be converted by
virtue of the Friedmann equation coupled to Bayes theorem to a distribution function of the
ratio R = QA /Qyy as in [35]. But, given that Equation (12) is sharply peaked at Hyyp = 7
repeating this procedure here as well is not strongly motivated. Finally, since Equation (12)
is purely geometric, it then follows that transforming it to a probability of observing a
certain, e.g., (5, depends on the assumed underlying theory of gravitation. In [35] GR was
assumed by default, but in principle Equation (12) can be transformed into a probability of
observing a certain (), within the framework of any other alternative theory of gravitation.

6. The CCP

In this section it is shown that the specific spacetime described by Equation (7) effec-
tively addresses the CCP in particular, and sets (in some cases severe) constraints on the
matter content of the Universe.

Whereas, it is a generic property of (at least certain family of) spacetimes with time
‘cutoff” that Qp /Oy, = O(1) (as we see below), not every member of this family of space-
times results in the observationally inferred ratio of (5 /Q)y;; Equation (7) is an exception
in that it reproduces the concordance value within reasonable 95% statistical confidence.

Since dn = H((}l{#)z it follows that Hy[(17:20) — (z00)] = [, dx/(1 + x?) = 7, where

we emphasize that T € (—o0,00) corresponds to the redshift range z € [0, oo]. Therefore,

(13)

b dz
7 = Hotjo = / ; = ,
2=0 /O (14 2)4 + Q1 +2)3 + Qp

and so with negligible (), at the present time and (), + Qs = 1 this can only be
satisfied if Oy = 0.675 and ), = 0.325, thereby addressing the CCP. These val-
ues are well within the 95% confidence values of the concordance cosmological values,
)y = 03147 £0.0074 [120]. For reference, the current age of the Universe in Hubble
units Hyty, where ty = 0}70 a(n)dy, is 0.95 (0.94) in the concordance (revised) case where
Qp = 0.685 (0.675) and ), = 0.315 (0.325), representing a mere ~1% decrease in cosmic age.

In the context of model selection theory and Bayesian Evidence, the proposed non-
ACDM model, Equation (7), is as good a fit to currently available observations as is the
ACDM model, Equation (1), except for a very small deviation in the (strongly correlated)
Oy, and Qp and likely in other correlated model parameters as well. However, since



Universe 2025, 11, 346

13 of 21

the geometric constraint, Equation (13), reduces the effective number of independent
cosmological parameters by one, then the proposed model is favored by virtue of Occam’s
Razor. In other words, the proposed non-ACDM model, Equation (7), arguably results in a
very similar fit to observational datasets but is more parsimonious as it requires one less
parameter to result in nearly the same fit. Clearly, arriving at this conclusion would require
in practice imposing the constraint described by Equation (13) on search in parameter
space. Comparing the Bayesian Information Criterion (BIC), e.g., [121] or the Bayes Factor,
e.g., [122,123], obtained for the proposed model and ACDM would result in a quantitative
comparison. We reiterate that given that Equation (13) results in (), and Q4 which deviate
from their corresponding ACDM values by statistically insignificant < 20 it is very likely
that the proposed model is statistically favored over ACDM.

Future observations could in principle reveal a larger discrepancy between the pro-
posed model and ACDM. Of special relevance in this context are 21-cm observations that
are expected to significantly improve on current constraints on cosmological parameters,
perhaps by an order of magnitude or even two in some cases, e.g., [124-126]. However, this
nominal precision will be challenged by various real-world and modeling effects, e.g., [127].
Nevertheless, it is clear that future 21-cm observations will transform our current under-
standing of the Universe. Even if these observations result in factor 4-5 decrease in the
statistical errors of the inferred cosmological parameters then either the proposed model or
ACDM could be discriminated at a similar level, thereby potentially falsifying either one
of them.

As mentioned in Section 4 we could make the replacement, e.g., —a?(7)dt?/
[1+ (Hot)?)? — —a?(7)dt?/[1 + (Hot)*?, or —a?(7)d7?/[1 + (Ho71)?)?> — —a®(1)d7?/
1+ (HOT)6]2 in Equation (7). Much like in Equation (12) we would then conclude that
typical observers most likely observe the Universe at the present, i.e. at the EOT. However,
in these cases we would respectively obtain ), = 0.77 and Q) = 0.23, and ), = 0.87 and
Qp = 0.13 in stark disagreement with the observationally inferred values. This demon-
strates that the choice of the lapse function is severely constrained by observations. Indeed,
these other choices would still result in Q) /Q,, = O(1) thereby addressing the CCP, albeit
not reproducing the observationally inferred (), and Q4.

In light of this, and as discussed in Section 4 and reiterated here, an immediate
objection to the specific choice made in Equation (7), grr = —[1 + (Hp7)?]~2, would be
that is it chosen among all possible lapse functions just to reproduce the observed values of
Q) and Q. While true, this is exactly how the standard cosmological was built. Since the
early days of Einstein-de Sitter Universe that contained only ordinary matter, i.e., baryons
and CMB photons, we have first learned that CDM has to be included in the cosmic energy
budget to reproduce observations, and latter we were forced to add DE into the mix so
that distance measurements and observed structure formation history is reproduced by
the GR-based cosmological model. So, the standard practice in the field was all along to
modify the right hand side of the Friedmann equation, progressively adding new types
of species until consistency with observations is achieved. Here, we only showed that by
appropriately choosing the lapse function, i.e., gr-—which basically amounts to a choice
of the time variable (in a homogeneous spacetime)—we were able to effectively set an
upper cutoff on the cosmic time, ¢, and conformal time, #, which was already motivated in
Section 2.

Interestingly, the built-in condition Hy#g = 7t implies that virtually all types of single-
fluid Universes, e.g. a purely matter-dominated (MD), RD, as well as de-Sitter and Milne
Universes are excluded by the proposed model, unlike in the standard FRW spacetime
which is not subject to the condition Hy#g = 7t. The Milne Universe is an empty Universe
with open spatial geometry, e.g., [128,129]. To see why these simplistic models are excluded
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by the condition Hyp#g = 7, we first note that the corresponding EOS” are w = 0, 1/3,
—1and —1/3, respectively. Consider a single-fluid cosmology with a non-evolving EOS w.
Integration of Equation (2) results in

(o)
Hopo = / dz[(1+z)30+w)/2), (14)
0
It diverges for w < —1/3, and only satisfies the constraint Hyprp = 7 in the case
w = —0.121. Even a more flexible spatially flat model that contains only radiation and

NR matter is excluded by the condition Hprp = m. As Q) + Q) = 1 in this model
Hono = [y~ dz[(1 — Q) (1 + 2)* 4+ Qu(1 +2)3]7/2 = 2. Similarly, a spatially curved
model containing only dust results in Horo = [~ dz[Q(1+2)2 + (1 — ) (1 +2)%] 712 =
\/ET)k(n /2 — arctan| \/}lec]) and therefore fails to satisfies the constraint Hypng = 7 for

any (). These examples demonstrate that Equation (7) sets severe a priori geometrical

restrictions on the energy composition and spatial geometry of our Universe that do not
exist if we simply start with Equation (1).

Going beyond ACDM, we first consider the wCDM model where DE is characterized
by a constant EOS, w. In this case, Equation (13) generalizes to

dz

7 = Hono = / ,
=0 \/Qr(l +2)% 4+ (14 2)% + Oy (1 4 2)30+)

(15)

subject to the constraint (3, + Q;; + Oy = 1. The resulting ), — w constraint is shown in
Figure 1.

_1-2 -

-1.4 I I I I I I
0.22 0.24 0.26 0.28 0.3 0.32 0.34 0.36

Q
m

Figure 1. Geometrical constrains imposed by the condition Equation (15) on the the w — ), relation.
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There is a growing body of evidence for tension between CMB and BAO measure-
ments when interpreted within the standard ACDM model, e.g., [130]. Departures from
a homogeneous Universe, e.g., assuming the Universe is observed from within a local
void, results in both CMB and BAO observables being modified, e.g., [131]. Still within the
homogeneous and isotropic model, it has been reported recently by the DESI team that a
certain evolving DE model is statistically favored over a cosmological constant model of
DE [4]. Specifically, a wow,CDM model is favored over ACDM by 2.80—4.2¢ depending on
the specific external cosmological dataset used jointly with the most recent DESI data. DE
in the wow,CDM model is characterized by an evolving EOS of the Chevallier, Polarski, and
Linder (CPL) parameterization w(a) = wo + w,(1 — a) [132-134]. Assuming each species
separately satisfies the continuity equation, it then readily follows that the corresponding
energy density scales as (), o< a~3(1+@0+0) e=30a(1-) " Whereas establishing wgw,CDM
as a successor of ACDM would require independent corroboration by other probes it is
still worth exploring what theoretical constraints would a model described by Equation (7)
have on wyw,CDM. Specifically, the geometric constraint Equation (13) is now replaced by

dz

T = H0170 = / .
z=0 \/Qr(l +Z)4 + Qm(l 4 2)3 + Qw(l + Z)3(l+wo+wﬂ)673waz/(1+z)

(16)

The resulting constraints in the wow, plane are plotted in Figure 2 for a range of fiducial
Q) values. These are significantly weaker than the confidence contours using the joint
DESI data and other probes reported in [4]. Specifically, 1 — ¢ constraints on wy and w,
from joint data analyses reported in [4] are summarized in Table 1.

Table 1. 68% confidence levels for wy, w, and , assuming the CPL parameterization
w(a) = wy + w,(1 — a) of the DE EOS for the various detasets involving the DESI results reported
in [4].

Data Sets wo Wy O,
DESI+CMB 0424021 ~1.75+£0.58 0.353 £ 0.021
DESI+CMB+Pantheon+  —0.838 & 0.055 —0.621922 0.3114 = 0.0057
DESI+CMB+Union3 —0.667 + 0.088 ~1.097537 0.3275 + 0.0086
DESI+CMB+DESY5 —0.752 £ 0.057 —0.86"023 0.3191 + 0.0056

The latter constraints are shown for reference as tilted 68% confidence ellipses using
publicly available DESI data (https://data.desi.lbl.gov/public/papers/y3/bao-cosmo-
params/cobaya/base_w_wa/, accessed on 12 October 2025). Although the geometric
constraints are fairly weak in comparison (as they are obtained from a single redshift, z = 0)
they do visibly show that the results reported in [4] are consistent with 0.30 < ), < 0.35.
Specifically, comparing the corresponding values of (), from Table 1 to the constant-();,
curves in Figure 2 it is evident that the results of [4] are consistent with the constraint
Equation (16) within 2 — ¢ statistical confidence.
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Figure 2. Theoretical geometrical constrains imposed by the condition Hyrp = 7 on the CPL
parameterization of the DE equation-of-state, w(a) = wg + w4 (1 — a), in the wy — w, plane assuming
fixed fiducial Q,, values. Shown are the ();; = 0.15 (dot-dashed blue), ), = 0.20 (dashed red),
Oy, = 0.25 (dotted green), (3, = 0.31 (solid black), O, = 0.32 (dot black) and ), = 0.35 (dashed
magenta) cases. 1 — ¢ confidence contours from the DESI+CMB (black), DESI+CMB+Pantheon+
(red), DESI+CMB+Union3 (blue), DESI+CMB+DESY5 (magenta) joint data analyses [4] are shown
for reference.

7. Summary

The standard concordance ACDM cosmological model predicts a future-eternal Uni-
verse with accelerated expansion driven by a cosmological constant. This leads to a series
of puzzling consequences, including the dominance of rare, disordered observers such as
Boltzmann Brains, which challenges the typicality assumption. Similar typicality issues
arise in explaining the fine-tuning of initial conditions and the CCP, which (sometimes
tacitly) depends on the expectation that we are randomly selected observers along the
cosmic timeline.

The proposed non-ACDM model leverages the gauge freedom in general relativity
by selecting a particular lapse function, corresponding to a finite cosmic and conformal
time interval. This choice is fixed phenomenologically to match observed cosmological
parameters, analogous to the standard cosmological model introduction of CDM and DE
without deeper fundamental justification other than fitting observations. The resulting
finite-time framework matches ACDM exactly up to the present epoch at both background
and perturbation levels.

Crucially, the model predicts no future in cosmic or conformal time—the Universe
effectively ends at the present in these coordinates—while the time coordinate 7 is defined
along an infinite interval. A central insight of our proposal is not merely the cutoff of cosmic
time, but the recognition that observers are overwhelmingly likely to find themselves at
very large values of 7, which corresponds to the present cosmic time tp—the End of
Time. Specifically, we find that typical observers in this model will virtually always
deduce—based on their observations—that Hyrg = 71, where Hy and 7 are the expansion
rate and conformal time—a severe geometric constraint on the relative proportions of the
various contributions to the cosmic energy budget in case that the minimal flat ACDM
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model is assumed. Significantly weaker constraints are imposed by Hy#g = 7 on extended
cosmological models, e.g., in case that non-spatially flat models are allowed, or when DE is
allowed to depart from the default cosmological constant case. This shifts the typicality
assumption; rather than existing anywhere along an infinite timeline, typical observers
inhabit the finite (cosmic) temporal boundary, i.e. the present, thereby naturally explaining
the observed Cosmic Coincidence and resolving paradoxes that arise from assuming an
eternal (cosmic) future.

In addition, this absence of a future cosmic interval naturally resolves paradoxes such
as the Boltzmann Brain problem, issues of observer typicality, the Simulation Hypothesis,
and the absence of time travelers from the future.

The model empirical equivalence to ACDM prior to the End of Time preserves all
observational successes. It challenges conventional views by removing the assumption of
an eternal future—and crucially—without introducing new physics or matter components.

Finally, the cognitive instability argument against models dominated by Freak Ob-
servers and Boltzmann Brains further supports a finite cosmic lifetime. By reconsidering
the assumption of an eternal future, this work opens new avenues for resolving fundamen-
tal cosmological problems within the framework of general relativity alone and current
observations, inviting further theoretical and philosophical exploration of the ultimate fate
of the Universe.
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