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Abstract

We develop a geometric framework in which an effective spacetime description and an Einstein—
Friedmann-type structure emerge from the geometry of a universal wavefunction, without postulating
gravitational field equations or introducing matter fields as independent degrees of freedom. Starting
from a conserved current associated with the wavefunction, we define a flux hypersurface embedded
in a higher-dimensional ambient space and show that, under minimal assumptions of homogeneity
and isotropy, its induced Lorentzian geometry is necessarily of Friedmann—Robertson-Walker type.
The intrinsic curvature of the induced metric is fixed by the embedding geometry itself. A maximally
symmetric hyperboloid corresponds to exact de Sitter spacetime, while more general, physically
admissible and normalisable wavefunction envelopes give rise to a time-dependent curvature scale.
In this case, the effective cosmological term is approximately constant only in a narrow intermediate
regime, where the expansion is transiently quasi—de Sitter, and evolves away from this limit at both
early and late times. By identifying a conserved, potential-like geometric invariant inherited from
the universal wavefunction, we obtain an effective Einstein—-Friedmann structure on the hypersurface
without invoking gravitational dynamics. This invariant fixes the scaling of the dominant effective
density g o a~2 and determines the effective gravitational coupling. For closed spatial slicing,
this matter-like contribution cancels identically against the spatial curvature term in the Friedmann
equation, leaving a purely geometric constraint relating the Hubble rate to a residual, time-dependent
vacuum-like sector. We show that the apparent tension between a de Sitter-like Friedmann constraint
and a nonvanishing H is resolved once the effective continuity equation is taken into account: the
expansion rate is fixed algebraically at each instant, while its time evolution is governed by the slow
variation of the effective cosmological term. As a result, the cosmological evolution exhibits three
distinct regimes: a strongly non—de Sitter early-time phase, a transient quasi—de Sitter regime, and an
asymptotically coasting late-time expansion with w — —1/3 emerging dynamically as an attractor.
These results position general relativity as an effective geometric description arising from a deeper,
wavefunction-based structure, in which spacetime curvature, expansion, and cosmological dynamics
are emergent properties of the underlying quantum geometry.

Keywords: emergent gravity; cosmology; friedmann-robertson-walker spacetime; de sitter space;
universal wavefunction; hypersurface geometry; spacetime emergence; einstein-friedmann equations;
cosmological constant

1. Introduction

Contemporary cosmology is commonly formulated by postulating spacetime dynamics through
Einstein’s field equations and supplementing them with phenomenological matter components [1,2].
While this framework is highly successful observationally, it leaves open the question of whether space-
time geometry and gravitational dynamics are fundamental or instead emerge from more primitive
structures. In particular, the origin of the cosmological expansion law, the physical status of vacuum

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


https://orcid.org/0000-0001-5087-2809
https://doi.org/10.20944/preprints202601.0883.v2
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 January 2026 d0i:10.20944/preprints202601.0883.v2

20f17

energy, the hierarchy between early- and late-time expansion regimes, and the role of spatial curvature
are typically addressed at the level of effective field equations rather than derived from underlying
geometric or conservation principles. This motivates the exploration of frameworks in which spacetime
geometry and its effective dynamics arise from conserved geometric structures, without assuming
gravitational field equations or matter content at the outset.

An optional perspective is to regard spacetime itself as an emergent structure, arising from
more fundamental geometric or wavefunction-based entities [3,4]. In such a viewpoint, gravitational
dynamics need not be postulated a priori, but may instead appear as effective relations governing the
geometry of certain distinguished hypersurfaces. This approach shifts the focus from dynamical field
equations to conserved quantities and geometric identities associated with an underlying universal
wavefunction.

In a variety of approaches to quantum foundations and cosmology, the wavefunction is treated not
merely as a computational tool, but as a carrier of global geometric and conservation properties [5,6].
In this context, it is natural to consider whether a suitably defined universal wavefunction may admit
conserved currents whose geometric structure can be analysed independently of any specific dynamical
interpretation. Rather than assigning direct physical reality to the wavefunction itself, we focus on the
geometric properties of the flux hypersurfaces associated with such conserved currents, and examine
the spacetime structure induced on these hypersurfaces. This allows spacetime geometry to be studied
as an emergent, effective concept, rooted in conservation laws and embedding geometry rather than in
postulated gravitational dynamics.

In this work, we adopt this perspective by considering the flux hypersurface associated with
a conserved current of a universal wavefunction [6]. Treating this hypersurface as an embedded
Lorentzian manifold, we show that its intrinsic geometry is determined entirely by the embedding.
Under minimal assumptions of homogeneity and isotropy, the induced metric necessarily takes the
Friedmann—-Robertson-Walker form, with the hypersurface radius playing the role of an effective scale
factor. No spacetime dynamics or gravitational field equations are assumed at this stage.

We demonstrate that the intrinsic curvature of the induced geometry, including its Einstein tensor
and scalar curvature, follows directly from the embedding geometry. In particular, maximally symmet-
ric constant-curvature embeddings correspond to de Sitter spacetime, while more general embeddings
give rise to time-dependent curvature scales. Importantly, the resulting Einstein—Friedmann relations
arise as geometric identities rather than as postulated dynamical equations.

A central result of the present framework is the identification of a conserved, potential-like
invariant inherited from the universal wavefunction. This invariant fixes the scaling of the dominant
effective density and determines the effective gravitational coupling as a geometric conversion factor.
Gravity thus emerges not as an independent interaction, but as a consequence of the underlying
conservation law and hypersurface geometry.

In this context, recent analyses of large-scale structure, supernova, and baryon acoustic oscillation
data have reported mild but persistent indications that the effective dark energy component may
deviate from a strictly constant cosmological term, motivating renewed interest in frameworks allowing
for time-dependent curvature contributions [7-10]. In the construction developed here, such behaviour
is not introduced phenomenologically, but arises as a direct consequence of the geometric evolution of
the embedded flux hypersurface, leading to an effective cosmological term that naturally evolves in
time. In this sense, a time-dependent effective cosmological term offers a natural way to reinterpret
the vacuum energy problem geometrically, by decoupling the observed large-scale curvature from
microscopic energy scales.

The resulting cosmological evolution exhibits distinct geometric regimes. At early times, the
effective curvature behaves approximately as a constant, leading to de Sitter-like expansion. At
intermediate stages, the interplay between curvature and the conserved density governs the evolution.
For closed slicing, which is intrinsic to the hypersurface construction, the curvature and density
contributions cancel identically in the Friedmann equation, leaving a residual vacuum-like sector that
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drives a linear expansion at late times. These regimes emerge directly from the wavefunction geometry
and do not rely on imposed equations of state.

Within this framework, the emergence of an effective Einstein—Friedmann description, the scaling
of the dominant density component, and the time dependence of the effective cosmological term are
all fixed by a single conserved geometric invariant inherited from the universal wavefunction.

The structure of this paper is as follows. In Section 2, we introduce the geometric framework of the
embedded flux hypersurface associated with a conserved wavefunction current and derive the induced
metric. Section 3 analyses the intrinsic curvature of the induced geometry and establishes the general
Friedmann—Robertson-Walker form, including the constant-curvature (de Sitter) limit. In Section 4,
we formulate an effective Einstein—Friedmann structure on the hypersurface and derive the associated
conservation laws as geometric identities. Section 5 connects these geometric results to a conserved,
potential-like wavefunction invariant, clarifying the origin of the effective gravitational coupling and
the characteristic scaling of the effective density. In Section 6, we derive the effective acceleration,
continuity, and Friedmann equations governing the intrinsic dynamics of the hypersurface. Section 7
provides a detailed analysis of the resulting geometric expansion across different asymptotic regimes,
including early-time behaviour, curvature—density interplay, and the emergence of a linear expansion
law at late times. Finally, in the Discussion, we summarise the main findings, outline the domain of
validity of the effective spacetime description, and discuss implications for the emergence of general
relativity.

2. Embedded Hypersurface and Induced Geometry

In this section, we introduce the geometric description of the evolving hypersurface associated
with the conserved wavefunction current and derive the intrinsic geometry induced on it by the
embedding. The discussion is formulated in a general and model-independent manner, making
explicit only the assumptions required for homogeneity and isotropy.

2.1. Euclidean and Lorentzian Hyperboloid Embeddings: A Conceptual Distinction

Before introducing the explicit embedding geometry, it is useful to clarify the geometric status of
the hypersurfaces considered in this work and their relation to familiar constant-curvature spacetimes.
In particular, it is important to distinguish between generic hyperboloids of one sheet and the special
class of hyperboloids that correspond to de Sitter spacetime.

In the geometric construction underlying the universal wavefunction framework, the flow of
a conserved current generates a family of hypersurfaces that are hyperboloid-like in shape. These
hypersurfaces are analogous to the stream surfaces formed by bundles of Poynting vectors of coherent
waves with finite energy in Gaussian optics, where energy flow defines a set of axially symmetric
hyperboloids of one sheet. Such hyperboloids are naturally embedded in a space with positive-definite
(Euclidean) metric and, in general, do not possess constant intrinsic curvature. Their curvature varies
along the surface and reflects the underlying transport dynamics rather than maximal symmetry.

By contrast, de Sitter spacetime corresponds to a very special geometric construction: a hyper-
boloid embedded in a flat ambient space with Lorentzian signature and fixed Minkowski radius. In
this case, the embedding constraint defines a maximally symmetric manifold with constant intrinsic
curvature. The constancy of curvature is therefore not a generic property of hyperboloids, but a conse-
quence of both the Lorentzian signature of the embedding space and the invariance of the embedding
radius.

The hypersurfaces considered in the present framework interpolate naturally between these cases.
When the effective embedding radius is approximately constant, the induced geometry is de Sitter—
like. More generally, when the embedding radius evolves in time—as dictated by the wavefunction
envelope—the hypersurface remains hyperboloid-like but exhibits time-dependent curvature. This
distinction plays a central role in the emergence of an effective, time-dependent cosmological term
discussed in subsequent sections.
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The hypersurfaces considered in the present framework interpolate naturally between these cases.
When the effective embedding radius is approximately constant, the induced geometry approaches
the maximally symmetric de Sitter limit. However, such maximally symmetric configurations are
intrinsically non-normalisable, reflecting the well-known fact that fully symmetric solutions of wave
equations in unbounded spaces generally carry infinite total weight or energy. By contrast, when
the hypersurface geometry is generated by a wavefunction envelope, the resulting hyperboloid-like
surfaces necessarily break maximal symmetry. This symmetry reduction ensures finite normalisation
of the associated wavefunction current and leads to physically admissible configurations with finite
total flux. In this sense, the emergence of time-dependent curvature in the present framework is not a
deficiency, but a direct consequence of enforcing normalisation and physical finiteness, with de Sitter
geometry arising only as an idealised limiting case.

2.2. Ambient Space and Hypersurface Embedding

We consider a flat (N + 2)-dimensional ambient space with coordinates X4 (A =0,1,...,N +1)

endowed with the metric
N+1

dsap = dXg— Y dXx7, 1)
i=1

where one coordinate is time-like and the remaining N + 1 coordinates are space-like. This ambient

space serves purely as a geometric arena for the embedding and is not assumed to have direct physical

significance.

The evolving hypersurface H is realised as a codimension-one Lorentzian submanifold embedded
in this ambient space. Motivated by the symmetry properties of the critical hypersurface discussed in
[6], we restrict attention to embeddings that preserve homogeneity and isotropy on spatial sections. A
closed-slicing parameterisation of such an embedding is

Xo = F(7), ()

X; =a(t)n;(Q), i=1,...,N+1, 3)

where T is a monotonically increasing parameter along the hypersurface, a(7) is a positive function
interpreted as the intrinsic radius of spatial sections, and 7;(Q2) are coordinates on the unit N-sphere
satisfying

Zn%: ) (4)

The angular variables Q collectively denote the coordinates on SV.

This embedding describes a family of (N + 1)-dimensional hypersurfaces whose spatial cross-
sections are N-spheres of radius a(7). For generic functions F(7) and a(7), the resulting hypersurface
is hyperboloid-like in the ambient space, reducing to the standard de Sitter hyperboloid when the
curvature scale is constant [11].

2.3. Induced metric

The intrinsic geometry on H is obtained by pulling back the ambient metric (1) using the embed-
ding (2)—(3). The tangent vectors to the hypersurface are given by

9:X4 = (E, any), (5)

0, XA = (0, adun;), (6)

where a dot denotes differentiation with respect to T and a labels angular coordinates on SV.

Using the identities
N+1 N+1
Y njdan; =0, Y 0un; g = Yap, 7)
i=1 i=1
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where 7, is the metric on the unit N-sphere.
The induced line element on ‘H becomes
ds? = c? <F2 - dZ)dTZ —a*(7)dO3, (8)
with dQ3; = 'y,xﬁdﬂ”‘dﬂﬁ denotes the metric on the unit N-sphere, and the lapse factor
L(1) = +/F2(1) — a?(7). )

The constant ¢ denotes the speed of light in vacuum and is introduced to ensure that the induced
Lorentzian metric has the correct physical dimensions in SI.
To express the metric in standard cosmological form, we introduce a proper time coordinate ¢
defined by
dt = L(7) dt, (10)

which is well defined, provided F? > 42.
In terms of ¢, the induced metric takes the standard Friedmann—Robertson-Walker form [2]:

ds? = c?dt? — a®(t) dOY3,, (11)

regardless of the detailed expansion law, as long as the embedding is isotropic in the spatial directions.

Thus, without assuming any gravitational dynamics, the induced geometry on the embedded
hypersurface is locally FRW, with the hypersurface radius a(t) playing the role of the cosmological
scale factor.

It is important to emphasise that the parameter T introduced in the embedding parametrisation
(2)-(3) does not represent physical time. Its role is purely geometric, ordering the evolution of
the embedding functions F(7) and a(7). Physical time emerges only after the induced Lorentzian
metric on the hypersurface is identified. In particular, the proper time ¢t measured by comoving
observers is related to T through the lapse factor dt = £(7) d7. Once this identification is made, the
induced metric takes Friedmann-Robertson-Walker form and t acquires the interpretation of effective
cosmological time. Similar is related to the function a(7) in (3) that represents a geometric radius of
the hypersurface rather than an ordinary cosmological scale factor. At that stage of the construction,
no intrinsic spacetime metric or physical notion of cosmic time has yet been introduced. It is also
worth noting that the embedding function F(7) does not appear explicitly in the intrinsic spacetime
description once the induced metric is written in Friedmann—Robertson-Walker form. This is a direct
consequence of the definition of proper time on the hypersurface. The function F(7) enters the induced
metric only through the combination F? — 42, which defines the lapse factor relating the geometric
parameter T to the emergent proper time ¢. After the identification (10), the intrinsic geometry is fully
characterised by the scale factor a(t), while F(7) plays no independent role in the effective spacetime
dynamics.

Once the induced Lorentzian metric on the hypersurface is identified and 7 is related to the
emergent proper time ¢, the function a(f) may be reinterpreted as an effective cosmological scale
factor. If desired, a dimensionless, normalised scale factor defined as a dimensionless ratio of physical
distances at different times i(t) = a(t)/a(tp) can then be introduced without altering the underlying
dynamics, and therefore normalisation conditions such as i(ty) = 1 or (0) = 0 can be imposed. In
this sense, the absence of standard normalisation conditions at the geometric level is not a deficiency,
but a reflection of the fact that cosmological interpretation arises only after the spacetime structure has
emerged.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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2.4. Hyperboloid Geometry and Curvature Scale
The embedding (2)—(3) implies that the hypersurface satisfies the relation
N+1
X3 - ) X? = F2(1) — a*(7). (12)
i=1

If the right-hand side is constant, the hypersurface is an exact hyperboloid of constant curvature,
corresponding to de Sitter spacetime in closed slicing [2,11]. More generally, the quantity F?(7) — a?(1)
defines an effective curvature scale that may evolve with time, leading to a family of hyperboloid-like
geometries with time-dependent curvature.

This observation provides an embedding-induced origin for the hyperboloid-like spacetimes
within the present framework. Constant intrinsic curvature corresponds to a special case of a maximally
symmetric embedding, realised when the embedding radius is strictly invariant. More generally, when
the hypersurface evolution is governed by a wavefunction envelope, maximal symmetry is necessarily
broken in order to ensure finite normalisation of the associated current. In this case, the resulting
hypersurface remains hyperboloid-like but exhibits time-dependent curvature, as realised by the
critical hypersurface analysed in the preceding study.

In the following sections, we analyse how the intrinsic curvature of the induced metric (11) is
determined by this embedding geometry and how an effective Einstein—Friedmann structure emerges
on the hypersurface.

3. Intrinsic and Extrinsic Curvature of the Hypersurface

In this section, we analyse the curvature properties of the embedded hypersurface introduced in
Section 2. We show that the intrinsic curvature of the induced Friedmann—-Robertson—-Walker (FRW)
geometry is completely determined by the embedding and, in particular, that de Sitter spacetime arises
as the constant-curvature limit of a hyperboloid embedding. This analysis provides the geometric
foundation for the emergence of an effective cosmological term.

3.1. Intrinsic Curvature of the Induced FRW Geometry

The induced metric on the hypersurface % (11) has the standard FRW form with closed spatial
sections. Defining the Hubble parameter as

H(t) = g (13)

the nonvanishing components of the Einstein tensor for an (N + 1)-dimensional FRW spacetime are

_ 2
Gy = % (H2 + ;2), (14)
Gij = _Clz (N — 1)% L N-DIN=2) 1)2(N 2) (HZ + Zzﬂgﬁ, (15)

where g;; denotes the spatial components of the spacetime metric. These expressions are
embedding-induced identities following from the form of the induced metric and do not assume any
dynamical field equations.

The scalar curvature associated with (11) is

NT i 2
R:C2[22+(N—1)(H2+:2>} (16)

In the special case where the scalar curvature is constant, R = const, the induced spacetime is
maximally symmetric and corresponds to de Sitter geometry in closed slicing. The appearance of de
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Sitter geometry is therefore not imposed but reflects the maximal symmetry of constant-curvature
embeddings.

3.2. Extrinsic Curvature and Embedding Geometry

To relate the intrinsic curvature to the embedding, we introduce the unit normal vector N A to the
hypersurface in the ambient space. For the embedding defined in Section 2, a convenient choice of

, E
NA = (Z ’ ni), 17)

napNANE = -1, 545N49,XP = 0. (18)

normal vector is

which satisfies

The extrinsic curvature tensor of the hypersurface is defined as
K]ﬂ/ = 71’]AB NA ayaVXB. (19)
For the embedding (2)—-(3), the nonvanishing components of K}, are isotropic and take the form

laﬁ+F’a‘

Ktt = - CZ T! (20)

F
L S

The isotropy of K;; reflects the assumed symmetry of the embedding and ensures that the induced

Kij = (21)

intrinsic geometry remains homogeneous and isotropic.

3.3. Gauss Relation and the Origin of De Sitter Geometry

For a codimension-one hypersurface embedded in a flat ambient space, the Gauss relation
expresses the intrinsic Riemann tensor entirely in terms of the extrinsic curvature:

Ryvpa = KypKva - Kvavp- (22)
Contracting indices yield the scalar curvature
R =K?* - K,K", (23)

where K = ¢'K,, is the trace of the extrinsic curvature.
When the embedding satisfies

F?(1) — a*(1) = L? = const, (24)

the hypersurface is an exact hyperboloid of constant curvature radius L. In this case, the extrinsic
curvature components are constant in time, and the intrinsic curvature reduces to

N(N +1)

R=—"5—,

(25)
corresponding to de Sitter spacetime [2,11].

More generally, when the quantity F2(t) — a?(t) varies slowly with time, the hypersurface
geometry is de Sitter—like but with a time-dependent curvature scale. The intrinsic curvature (16) is
then determined by the evolution of the embedding functions F(7) and a(7), providing a geometric
origin for an effective, time-dependent vacuum-like curvature term.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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In the next section, we show how this intrinsic curvature may be interpreted in Einstein—
Friedmann form and how an effective cosmological term naturally emerges from the geometry of the
embedded hypersurface.

4. Emergence of an Effective Einstein-Friedmann Structure

Having established that the induced geometry on the embedded hypersurface H is of Friedmann-
Robertson-Walker type and that its intrinsic curvature is determined entirely by the embedding, we
now show how an effective Einstein-Friedmann structure arises naturally. Importantly, this structure
is not postulated as a dynamical law but follows from geometric identities once the induced curvature
is reinterpreted in a form familiar from relativistic cosmology.

4.1. Geometric Definition of an Effective Cosmological Term

The intrinsic Einstein tensor associated with the induced metric (11) is given by Egs. (14) and (15).
Since these expressions are purely geometric, they may be decomposed without reference to any matter
content or gravitational field equations.

A convenient and invariant way to identify a vacuum-like contribution is to extract the part of the
Einstein tensor proportional to the metric. We therefore define an effective cosmological term A (t)
by

Aeg(t) = — ﬁ Gy, (26)
where G#, denotes the trace of the Einstein tensor constructed from the induced metric.

Using Eq. (16), this definition yields

_N
(N +1)c2

For a constant-curvature embedding, A is constant, and the induced geometry corresponds

Aeg(t) = {22 +(N-1) <H2 + Ziﬂ : (27)

to de Sitter spacetime. More generally, Ao (t) inherits its time dependence from the evolution of the
embedding geometry.

4.2. Residual Curvature and Effective Stress-Energy Tensor

Having identified the vacuum-like contribution, we define the residual Einstein tensor by
éyv = Gw/ + Aee(t) Suvs (28)
which is traceless by construction,
Gty =0. (29)
Introducing an effective gravitational coupling G, we define an effective stress-energy tensor on
the hypersurface as

2
Teff — ¢

W= 8nG

With this definition, the intrinsic curvature identities on H may be written in the Einstein-like

Gy (30)

form

8nG £f
Gyv = CT Tﬁv - Aeff(t) Suv- (31)
Importantly, (31) is not postulated as a dynamical field equation but follows identically from
the induced geometry of the hypersurface; no variational principle or gravitational action is assumed.
This equation serves as a convenient parametrization of the intrinsic geometry in a form directly
comparable with standard cosmology.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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4.3. Continuity Equation from Geometric Identities
The Einstein tensor satisfies the contracted Bianchi identity,

VG =0, (32)

which holds identically for any metric. Applying Eq. (32) to the decomposition (31) yields

2

VATE = 3, At 33
w = g g eff( ) (33)

Thus, when A is constant, the effective stress-energy tensor is locally conserved. When Ag(t) varies
in time, the residual sector exchanges energy with the vacuum-like geometric component in a manner
fixed entirely by the geometry [12,13].

Specializing to the FRW form of the induced metric and assuming isotropy, the effective stress-
energy tensor may be written as

T4, = diag (Czpeff/ —Pett, —Pefts - - ) o

The temporal component of Eq. (33) then yields the continuity equation

2
. C .
Petf + NH (Peff + %) = 831G Aet (1) (35)

which reduces to the standard conservation law in the case of constant A.g.

In the present formulation, the Einstein tensor is decomposed into a traceless part and a trace part
according to Egs. (28) and (29). The effective stress—energy tensor Tﬁf,f is defined from GW and therefore
describes only the traceless sector of the geometric decomposition. Consequently, the quantities pe
and peg should not be identified with the total physical density and pressure. Thus, Equation (35)
represents an exchange relation between the traceless effective sector and the trace component encoded
in Agg(t). It does not signal a violation of local energy-momentum conservation, but rather reflects
the fact that the time-dependent trace term has been separated from Tﬁff by construction.

Before proceeding, we emphasise that local covariant conservation of the Einstein tensor, V,,G*" =
0, holds identically as a consequence of the Bianchi identities. Accordingly, any effective stress—energy
tensor introduced through a geometric decomposition inherits local conservation in the appropriate
form. The continuity relation derived below therefore reflects a redistribution between different
geometric sectors and does not represent a violation of local energy-momentum conservation.

4.4. Effective Friedmann Equations

Finally, the time-time component of Eq. (31) yields an effective Friedmann relation,

N(N —1)

2
C
202 (H2 + az) = 871G Pest + Nefi (1) (36)

From the spatial components of the Einstein tensor, one may derive the corresponding acceleration
equation for the hypersurface scale factor. Using the (ij) components of the Einstein equations
for an (N + 1)-dimensional Friedmann—Robertson-Walker geometry and eliminating the geometric
combination H? + a~2 with the aid of Eq. (36), one obtains

a  (N-1

i 8nG [(N—2) Petf 2

S| o Aest(t). 7
This relation is identity-level (geometric) in origin and follows directly from the Einstein tensor
identities. The effective energy density, pressure, and cosmological term enter only through the
decomposition introduced in the preceding subsection.
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The trace term A(t) can be equivalently represented as an effective vacuum component with

2
oalt) = 2 /8 = —pa(h) @)

Accordingly, we define the total effective density and pressure as

Prot = Peff T PA, Prot = Peff T PA-

For the physically relevant case N = 3, Egs. (35), (36) and (37) reduce to

: Peft . .
Peff + 3H (Peff + CT) =—Pr="5¢ A (). (39)
3(., ¢
Z(H+—5 )= 871G Peit + Nef (1) (40)
i 4nG 3 c?
=T (Peff+ fzeff> + 3 Nett(f)- (41)

Equations (40) and(41) should therefore be understood as a Friedmann-type system. In this
formulation, the traceless effective variables(pef, peff) €volve in the presence of a time-dependent trace
curvature term Agg(t).

When rewritten in terms of the total quantities (ptot, Ptot), the equations reduce to the standard
Friedmann equations. Indeed, using Eq. (35) together with py = —c?p,, one finds

ptot +3H (Ptot + pct;t) =0,
which is the standard FRW continuity equation for the total effective stress—energy tensor. In the
same way, with the definitions Egs. (38), the dynamical equations may be cast into the conventional
FRW form [1]: These expressions are algebraically equivalent to Egs. (40) and(41). They involve no
additional assumptions. Thus, the non-standard form of Egs. (35), (40) and (41) arises solely from the
chosen decomposition and does not indicate any breakdown of local conservation laws.

Together Egs. (35), Egs. (40) and (41) provide a complete and effective cosmological description
of the intrinsic hypersurface geometry in the present framework. They demonstrate that, once the
induced geometry is interpreted in Einstein—Friedmann form, local conservation laws and effective
cosmological dynamics follow as geometric identities.

In the next section, we connect these general results to the conserved wavefunction invariant
derived in [6] and show how the effective gravitational coupling and late-time expansion law are
fixed by the underlying wavefunction geometry.

5. Wavefunction Invariant And Determination Of The Effective Gravitational
Coupling

In this section, we connect the effective Einstein—-Friedmann structure derived in Section 4 to the
conserved geometric invariant obtained from the universal wavefunction in [6]. We show that this
invariant uniquely fixes the scaling of the effective energy density on the hypersurface, determines the
value of the effective gravitational coupling, and leads naturally to asymptotically linear expansion.

5.1. Surface-type conservation law and density scaling

As demonstrated in [6], the evolution of the critical hypersurface is governed by a conserved
quantity associated with the scalar envelope of the universal wavefunction. The corresponding
conservation law is expressed as an integral over the two-dimensional boundary of the homogeneous
three-ball,

]i Peft AS = PefrS = const, (42)
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where dS represents a 2-sphere area element over the t-slice intersection and peg is the homogeneous
density of the 3-ball restricted by the sphere at fixed time. This may equivalently be written in
volumetric form as

% = const, (43)

where the cosmological scale factor a(t) denotes the hypersurface radius and V = (4/3)ma® is the
enclosed volume.
Defining the effective mass—energy content of the hypersurface as m = pV, Eq. (43) implies

% = const, (44)

that the effective mass scales linearly with the hypersurface radius m o< a. Consequently, the effective
density scales as

peii(a) a2, (45)

This scaling is fundamentally different from that of standard matter or radiation components. It
reflects the surface-type nature of the conserved wavefunction invariant.
Combining the geometric scaling pe o a2 with Eq. (35) yields

2
cc .
H(Peff + %) = *%Aeff(t)-

Assuming H # 0, the effective pressure can be written in the explicit form

1 1 Aeg(t)

Petf = _gpeff - 247G H

Thus the curvature-like equation of state pog = —petf/3 emerges as a controlled approximation
in regimes where the time variation of A.(t) is slow compared to the expansion rate, i.e. |H| < H?.
In this quasi-adiabatic regime the exchange between the traceless effective sector and the geometric
trace term is subleading, and the effective sector approaches zero active gravitational mass without
requiring H = 0 exactly.

5.2. Potential-Like Invariant and Emergence of the Gravitational Constant
The conservation law (43) may be rewritten in the form
2loeffV _ 4)

-9 4
ac? c?’ (46)

where the integrand has the structure of a potential-like quantity ¢. Using the relations between
the characteristic length and mass scales derived in [6], this quantity may be identified with the
gravitational coupling constant G,

%:é. (47)

Equivalently, the gravitational constant may be expressed as

c%a
= . 4
2V et 49
In terms of the effective mass m = pV, Eq. (48) yields the dimensionless invariant
Gm 1

Thus, the effective gravitational coupling appearing in the Einstein—Friedmann form of the induced
geometry is not introduced phenomenologically, but is fixed by the conserved wavefunction invariant.

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


https://doi.org/10.20944/preprints202601.0883.v2
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 January 2026 d0i:10.20944/preprints202601.0883.v2

12 of 17

In this sense, Newton’s constant emerges as a geometric conversion factor between the invariant
mass-radius ratio and a dimensionless potential-like quantity.

6. Effective Acceleration, Continuity, and Friedmann Dynamics
6.1. Effective Continuity Equation

Because pef and pegs are defined from the traceless sector, they are not separately conserved when
Aegf(t) is time dependent. Instead one has

2
. C .
Pest +3H (Peff + %) = — g0 Deit(t)- (50)

From the conserved geometric invariant associated with the critical hypersurface, the effective
density scales as pg o a2, so that

et = —2Hpet. (51)

Substituting Eq. (51) into Eq. (50) yields the exact relation

3 ff C2 .
H(Peff+ Zze ) = —gog Deri(t). (52)

6.2. Effective Acceleration Equation

The effective acceleration of the scale factor is governed by

i 4nG 3 c?
= (peff+ . eff) + 5 Aetr(t), (53)

3 c? 3

which is an exact consequence of the geometric trace—traceless decomposition and contains no approx-
imation. Using Eq. (52) to eliminate the bracket in the acceleration equation (53), we obtain

.. 2 A
a C 1A ff(t)
- =—=A o 4
Since i
—=H+H (55)
identically, this equation shows explicitly
; -
T 1 Aegr(t)
H+H" = 3 Aege(t) + 6 H (56)

In the next subsection we show that the equation (54) is consisted from two formally independent
parts.

6.3. Effective Friedmann Dynamics and Curvature Cancellation

In the derivation of the Einstein—Friedmann form in Section 4, the spatial geometry of the
hypersurface was taken to be closed, corresponding to the choice of a unit N-sphere and thus to a
curvature index k = +1. For the purpose of analysing the effective dynamics in a more general and
transparent way, it is convenient to reintroduce the curvature parameter k explicitly in the Friedmann
equation, treating it as a label of the constant-curvature spatial slicing rather than as an independent
dynamical degree of freedom.

With this convention, the effective Friedmann equation (40) may be written in the standard form

3 2 kC2
2\ H o = 870G pefr + Negr(t)- (57)

Using Eq. (49), the matter-like contribution becomes
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3

871G Pett = 3. (58)
so that ) )
1—k)c c

H2 - % + g Aeff(t). (59)

This result reveals a remarkable structural property in the effective dynamics of the critical hypersurface
associated with the universal wavefunction. For the density scaling peg & a2 inherited from the
conserved geometric invariant, the matter-like contribution to the Friedmann equation has precisely
the same a~2 dependence as the spatial curvature term. As a consequence, for the closed slicing
(k = +1) inherent to the hypersurface description of the universal wavefunction, the matter-like
contribution cancels the curvature term identically, leaving the constraint

2 c?
H” = §Aeff(t) ~ (60)

This cancellation follows directly from the geometric origin of p.s and its fixed normalisation.
In the present framework, the effective energy density is intrinsically tied to the curvature of the
hypersurface rather than representing an independent dynamical matter component. Thus, Eq. (60)
should be understood as a constraint following from the geometric normalisation of p.¢ and the choice
k = +1, rather than as an independent evolution equation for H(t).

Differentiating Eq. (60) gives

N

o € Ae(t)
H_6 H

(61)

which shows that the time derivative H is totally controlled by the time variation of Ag(t). Moreover,
it is fully consistent with the acceleration law Eq. (54). Indeed, applying Eq. (60) to Eq. (56) leads to
the exactly similar to Eq. (61) result.

Together, Egs. (60) and (61) demonstrate that the effective Friedmann description decomposes
naturally into two complementary statements. Equation (60) acts as a geometric constraint that fixes
the instantaneous value of H? in terms of the residual curvature term Aq(t), reflecting the cancellation
between spatial curvature and the geometrically normalised matter-like contribution on the critical
hypersurface. By contrast, Eq. (61) governs the actual time evolution of the expansion rate and shows
that departures from exact de Sitter behaviour are entirely encoded in the time dependence of Aqg(t).

In this way, the cosmological dynamics is not driven by an independent matter sector but by
the evolution of the hypersurface geometry itself: the expansion rate is constrained algebraically
by geometry at each instant, while its temporal variation is controlled by the slow evolution of the
effective cosmological term. This separation resolves the apparent tension between a de Sitter-like
Friedmann constraint and a nonvanishing H, and makes explicit that the accelerated expansion in the
present framework is a geometric effect rather than the consequence of a conserved vacuum energy.

7. Asymptotic Regimes of the Geometric Expansion

For the explicit evolution law obtained in [6],

12
a(t) =agy [1+ —, (62)
£
the corresponding Hubble relations are
t . t5—t2

H(t) = g 63)

24
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A convenient dimensionless measure of the relative importance of the two terms entering i/a =
H+ H?%is _ )
H t

=14+ 20

w 5 (64)

7.1. Late-Time Coasting

At late times t >> ty, for the explicit solution (62), the expansion becomes asymptotically linear,
a(t) e t, implying i — 0 and hence ptot + 3ptot /¢ — 0:

H(t)~-, H(t)~—— =—H, §=H+W2a (65)

In this asymptotically linear (coasting) expansion a(t) ~ (ag/tp)t, the effective cosmological term

decays as
Aesi(t) o (ct) 7, (66)

This implies that the late-time expansion is governed entirely by the residual vacuum-like sector
encoded in Agg(t).

In standard FRW language this late-time behaviour is equivalent to an effective equation-of-state
parameter approaching asymptotically the curvature-like value.

1
w = = (67)
since a(f) o t" implies w = 2/(3n) — 1 and here n — 1 asymptotically.

It is important to emphasise that the curvature-like equation of state w = —1/3 emerges dynami-
cally as a late-time attractor of the geometric evolution. This behaviour reflects the geometric origin of
the effective matter sector and shows that the coasting regime arises naturally as an attractor of the
hypersurface dynamics, rather than from the assumption of a conserved fluid with a fixed equation of
state.

7.2. Quasi—De Sitter Regime

An intermediate early-time regime of particular interest occurs around t ~ ty, where the solu-
tion (62) comes closest to de Sitter-like behaviour. From Eq. (63), one finds

1 )
H(ty) = —, H(tg) =0,
(t) =5 Hlt)
so that at this instant the kinematic identity i/a = H + H? reduces to ii/a = H?, formally identical to
the de Sitter relation. In a neighbourhood of t = t(, writing t = ¢y + 6 with |§| < ¢, one obtains
: ) H )
H(t) ~ ——, — ~2—,
® 213 H? to
showing that deviations from de Sitter behaviour grow linearly with the distance from ¢y. Consequently,
the expansion is quasi—de Sitter only within a narrow temporal window |t — tg| < tg, outside of which
the time dependence of H becomes significant. This transient quasi—de Sitter regime separates the
strongly non-de Sitter early-time evolution from the asymptotically coasting late-time phase and does
not correspond to an extended inflationary epoch.

7.3. Early-Time Behaviour

In the early-time regime || < t), we have H ~ t/t3 and H ~ 1/13, so that |H|/H? ~ 3 /> > 1,
and therefore ii/a is controlled predominantly by H rather than by H?. The early-time behaviour of
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the solution (62) is markedly different from both the late-time coasting regime and exact de Sitter
expansion. For || < tg the scale factor admits the expansion

£2
a(t) ~ap| 1+ — |,
(t) 0 +2t%

t . 1
H(t) ~ 2 H(t) ~ px
0 0

so that

In this regime the Hubble rate grows linearly from zero, while its time derivative remains approxi-
mately constant. As a result,

H
mEp >l (It| < to),
indicating that the dynamics is far from de Sitter, for which H = 0. Nevertheless, the acceleration
satisfies .. 1
a .
- = H + H2 =~ o7
a tO

so that the expansion is initially driven by an approximately constant acceleration. The evolution
therefore starts from a time-symmetric, non-singular minimum of the scale factor, with vanishing H
but finite i/ a, rather than from an inflationary de Sitter phase. This distinguishes the present geomet-
ric construction from standard inflationary scenarios and highlights the intrinsically non—de Sitter
character of the early-time regime.

These results demonstrate that the effective Einstein—Friedmann dynamics on the hypersurface are
fully determined by the geometry of the universal wavefunction. The emergence of linear expansion at
late times, the value of the effective gravitational coupling, and the decay of the vacuum-like term all
follow from a single conserved surface-type invariant, without invoking additional matter components,
fine-tuned equations of state, or a fundamental cosmological constant. In the following Discussion, we
examine the domain of validity of this effective description, clarify the circumstances under which
standard Einstein—Friedmann dynamics are recovered, and identify the regimes in which departures
from classical cosmology are expected.

8. Discussion

The results presented in this work support the view that key features of cosmological dynamics
may be understood as emergent consequences of geometry and conservation, rather than as manifesta-
tions of fundamental spacetime dynamics. In particular, the appearance of an effective, time-dependent
cosmological term arises naturally from the evolution of the embedded flux hypersurface and does not
require the introduction of additional matter fields or modified gravitational equations. This perspec-
tive is especially timely in light of recent observational indications that the dark energy component
may deviate from a strictly constant cosmological term, and suggests that long-standing conceptual
issues—most notably the vacuum energy problem—may admit a geometric reinterpretation. Within
the present framework, the observed large-scale curvature is decoupled from microscopic vacuum
energy scales and instead reflects the global structure and conserved properties of the underlying
wavefunction geometry.

Relation to de Sitter and ACDM Cosmology

In standard relativistic cosmology, accelerated expansion is usually attributed to a fundamental
cosmological constant or to a dark-energy component with negative pressure. In the present framework,
no such ingredients are postulated. Instead, the large-scale cosmological behaviour considered here
emerges geometrically as a limiting case of the embedding geometry of the flux hypersurface associated
with the free-evolving universal wavefunction.
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As shown in Sections 4 and 5, exact de Sitter spacetime corresponds to a maximally symmetric
hyperboloid with constant curvature scale, for which the effective cosmological term A is strictly
constant. More generally, physically admissible and normalisable wavefunction envelopes lead to
hypersurfaces with a time-dependent curvature scale. In this case, Ag(t) varies slowly only in a
narrow intermediate regime, where the expansion is transiently quasi-de Sitter, but evolves away from
this limit at both early and late times.

A key result of the present work is that the effective Friedmann equation on the hypersurface
decomposes naturally into a geometric constraint and a dynamical evolution law. For closed spatial
slicing (k = +1), the conserved surface-type geometric invariant inherited from the wavefunction fixes
the effective density to scale as peg o a~2. This matter-like contribution cancels identically against the
spatial curvature term in the Friedmann equation, leaving a purely geometric constraint relating the
Hubble rate to A¢(t). The time dependence of the expansion, however, is governed by the effective
continuity equation, which explicitly accounts for the exchange between the traceless sector and the
evolving vacuum-like curvature term.

This structure resolves the apparent tension between a de Sitter-like Friedmann constraint and
a nonvanishing H. While H? is fixed algebraically at each instant by A.g(t), the evolution of H is
controlled by the slow variation of this effective cosmological term. As a result, de Sitter behaviour
appears only transiently, rather than as a stable or eternal phase.

At late times, the decay of Agg(t) together with the geometric cancellation between curvature
and the conserved a~2 sector drives the expansion towards an asymptotically linear regime, a(t) « t.
In standard cosmological language, this corresponds to an effective equation-of-state parameter
approaching w — —1/3. Importantly, this value is not assumed a priori, but emerges dynamically
as an attractor of the geometric evolution. The resulting late-time behaviour is kinematically similar
to that discussed in R = ct cosmological models [14], but arises here from a fundamentally different
physical origin: a geometric cancellation dictated by the structure of the universal wavefunction rather
than from a postulated global equation of state.

From this perspective, both de Sitter and ACDM cosmologies appear as effective, phenomenolog-
ical descriptions valid over limited temporal regimes where the curvature scale of the hypersurface
varies slowly. The present framework clarifies why such descriptions can be remarkably success-
ful locally, while also identifying the conditions under which systematic deviations are expected,
particularly in the early-time and asymptotic late-time limits.

9. Conclusions

In this work, we have shown how an effective spacetime description and an Einstein-Friedmann
structure emerge naturally from the geometry of a universal wavefunction, without postulating
gravitational field equations or introducing matter fields as independent dynamical entities. By treating
the flux hypersurface associated with a conserved wavefunction current as an embedded Lorentzian
manifold, we demonstrated that its induced geometry is necessarily of Friedmann-Robertson-Walker
type under minimal assumptions of homogeneity and isotropy.

A central outcome of this analysis is the identification of de Sitter spacetime as a special, limiting
case of the embedding geometry, realised only when the curvature scale of the hypersurface remains
constant. For more general and physically relevant wavefunction envelopes, including the critical
hypersurface analysed in [6], the curvature scale evolves in time. This leads to a transient quasi-
de Sitter regime rather than a sustained inflationary phase, followed by a gradual departure from
de Sitter symmetry.

The dominant contribution to the effective Friedmann dynamics arises from a conserved, surface-
type geometric invariant inherited from the universal wavefunction. This invariant fixes the scaling of
the effective density as peg  a~2 and determines the effective gravitational coupling. For closed spatial
slicing, this contribution cancels identically against the spatial curvature term, leaving a geometric
constraint that relates the Hubble rate directly to a residual, time-dependent vacuum-like curvature
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term. The cosmological evolution is then governed by the variation of this term, as encoded in the
effective continuity equation.

As a result, the expansion exhibits a clear sequence of regimes: a strongly non—de Sitter early-time
phase, a narrow intermediate interval of quasi—de Sitter behaviour, and an asymptotically coasting
late-time expansion with w — —1/3 emerging dynamically as an attractor. These features arise
without invoking dark energy, inflaton fields, or fine-tuned equations of state, and follow directly from
the geometric structure of the universal wavefunction.

Within this framework, general relativity appears logically an effective, local description of the
intrinsic geometry of the hypersurface. The Einstein-Friedmann equations emerge as geometric identi-
ties that acquire physical meaning once reinterpreted in the language of relativistic cosmology, with
local consistency ensured by the contracted Bianchi identity even in the presence of a time-dependent
vacuum-like curvature term. Taken together, these results suggest that standard cosmological dynam-
ics may be understood as an emergent, hydrodynamic limit of a deeper wavefunction-based geometry,
offering a new perspective on the origin of spacetime, curvature, and cosmic expansion.

We emphasise that the present framework is not intended to provide a detailed description
of structure formation, perturbation growth, or astrophysical processes, but rather to establish the
geometric origin and large-scale evolution of the effective spacetime background emerging from the
underlying wavefunction structure.

Funding: This research received no external funding.

Data Availability Statement: All results presented in this work are derived analytically. No new datasets were
generated or analyzed.

Conflicts of Interest: The author declare no conflicts of interest.

References

1. Mukhanov, V. Physical Foundations of Cosmology; Cambridge University Press, 2005.

Carroll, S.M. Spacetime and Geometry: An Introduction to General Relativity; Addison-Wesley, 2004.

Padmanabhan, T. Gravity as an emergent phenomenon. Classical and Quantum Gravity 2004, 21, 4485.

Verlinde, E. Emergent Gravity and the Dark Universe. SciPost Physics 2017, 2, 016.

Lehners, J.L. Review of the no-boundary wave function. Physics Reports 2023, 1022, 1-82. https://doi.org/

10.1016/j.physrep.2023.06.002.

6.  Shvedov, V. The Critical Hypersurface as a Geometric Origin of Nonsingular Cosmic Expansion. Preprints.org
2025. Preprint, https://doi.org/10.20944 / preprints202512.1585.v2.

7. Dinda, B.R. A new diagnostic for the null test of dynamical dark energy in light of DESI 2024 and other BAO
data. arXiv e-prints 2024, [arXiv:astro-ph.CO/2405.06618].

8. Moshafi, H. Observational Constraints on the Dark Energy with a Quadratic Equation of State. arXiv e-prints
2024, [arXiv:astro-ph.CO/2403.02000].

9.  Shlivko, D. Assessing observational constraints on time-varying dark energy. Physics Letters B 2024,
XXXX, XXX-XXX. https://doi.org/10.1016/j.physletb.2024.XXXX.

10. Gu, G,; et al. Dynamical dark energy in light of the DESI DR2 baryonic acoustic oscillation data. Nature

AN

Astronomy 2025. DOI: see article; evidence for moderate preference for evolving dark energy models over
CDM in combined SN+BAO+Planck data.

11.  Wald, R M. General Relativity; University of Chicago Press, 1984.

12.  Shapiro, I.L.; Sola, J. On the possible running of the cosmological constant. Physics Letters B 2009, 682, 105-113.

13.  Overduin, J.M.; Cooperstock, EI. Evolution of the scale factor with a variable cosmological term. Physical
Review D 1998, 58, 043506.

14. Melia, E The R, = ct universe. Monthly Notices of the Royal Astronomical Society 2012, 419, 2579-2586.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or
products referred to in the content.

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


https://doi.org/10.1016/j.physrep.2023.06.002
https://doi.org/10.1016/j.physrep.2023.06.002
https://doi.org/10.20944/preprints202512.1585.v2
http://arxiv.org/abs/2405.06618
http://arxiv.org/abs/2403.02000
https://doi.org/10.1016/j.physletb.2024.XXXX
https://doi.org/10.20944/preprints202601.0883.v2
http://creativecommons.org/licenses/by/4.0/

