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Abstract

In this work, we demonstrate how an effective spacetime description and an Einstein—-Friedmann
structure can emerge naturally from the geometry of a universal wavefunction, without postulating
gravitational field equations or introducing matter fields explicitly. By treating the flux hypersurface
associated with a conserved wavefunction current as an embedded Lorentzian manifold, we show that
its induced geometry is necessarily of Friedmann—Robertson-Walker type under minimal assumptions
of homogeneity and isotropy. We show that the intrinsic curvature of the induced metric is fully
determined by the embedding geometry itself. In particular, de Sitter spacetime arises as a special,
maximally symmetric case corresponding to a constant-curvature hyperboloid in the ambient space.
More generally, for physically relevant and normalisable classes of wavefunction envelopes, the
embedding geometry remains hyperboloid in character but exhibits a time-dependent curvature
scale. In this regime, the effective vacuum curvature term is approximately constant at early times,
giving rise to de Sitter behaviour, and subsequently decays as the hypersurface evolves, leading
asymptotically to a linear expansion law. By identifying a conserved, potential-like geometric invariant
inherited from the universal wavefunction, we recover an effective Einstein—Friedmann structure
on the hypersurface without invoking gravitational dynamics. This invariant fixes the scaling of
the dominant contribution to the effective energy density and determines the value of the effective
gravitational coupling. For closed slicing, this contribution cancels identically against the spatial
curvature term in the Friedmann equation, leaving the late-time expansion governed solely by the
residual vacuum-like sector. These results position general relativity as an emergent effective theory
arising from a deeper wavefunction-based geometric structure.

Keywords: emergent gravity; cosmology; Friedmann-Robertson-Walker spacetime; de Sitter space;
universal wavefunction; hypersurface geometry; spacetime emergence; Einstein-Friedmann equations;
cosmological constant

1. Introduction

Modern cosmology is remarkably successful in describing the large-scale evolution of the Universe
using general relativity combined with the Friedmann—Robertson-Walker (FRW) metric [1,2]. Within
this framework, the dynamics of cosmic expansion are governed by Einstein—Friedmann equations
supplemented by phenomenological components such as radiation, matter, and dark energy. Despite
this success, the physical origin of spacetime itself, the status of the cosmological constant, and the
reason why FRW geometry provides such an accurate effective description remain open conceptual
questions.

In recent years, there has been growing interest in the possibility that spacetime and gravitation
may be emergent rather than fundamental, arising as effective descriptions of deeper underlying
structures [3,4]. From this perspective, general relativity may be viewed as a hydrodynamic or coarse-
grained limit of more primitive degrees of freedom, valid only within a restricted domain of scales
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and symmetries. The present work contributes to this line of inquiry by exploring how an effective
spacetime geometry and Einstein—-Friedmann dynamics can arise from a purely geometric construction
associated with a universal wavefunction, without assuming gravitational field equations at the outset.

In the recent paper [5], we introduced and analysed a geometric framework based on a conserved
wavefunction current defined in an abstract configuration space. The flow of this current defines a
preferred temporal ordering and generates a family of flux hypersurfaces, which may be interpreted
as evolving geometric objects independent of any spacetime background. A central result of that
construction is the identification of a critical hypersurface associated with the scalar envelope of the
universal wavefunction. This hypersurface evolves smoothly, remains nonsingular, and exhibits a
well-defined nonlinear expansion law governed entirely by the underlying wavefunction geometry.

The purpose of the present paper is to establish a clear and explicit connection between this
geometric framework and standard cosmological spacetime descriptions. Rather than postulating
Einstein equations or introducing matter fields, we treat the critical hypersurface as an embedded
Lorentzian manifold and analyse the intrinsic geometry induced on it by the embedding. Our guiding
question is not whether general relativity can be modified, but under what conditions it emerges
naturally as an effective description of perturbations and dynamics confined to the hypersurface.

We show that, under minimal assumptions of homogeneity and isotropy, the induced metric
on the hypersurface can always be written locally in Friedmann-Robertson-Walker form, with the
hypersurface radius playing the role of an effective scale factor. The intrinsic curvature of this induced
geometry is determined entirely by the embedding, allowing de Sitter spacetime to be identified as
a special case corresponding to a constant-curvature hyperboloid. More generally, the embedding
geometry is hyperboloid-like but with a time-dependent curvature scale, leading to an effective
vacuum-like curvature term that evolves in time rather than representing a fundamental constant.

A key ingredient in this construction is a conserved, potential-like geometric invariant inherited
from the universal wavefunction. This invariant fixes the scaling of an effective energy density on
the hypersurface and leads naturally to a dominant contribution proportional to a2 in the effective
Friedmann equation. In the early-time regime, when the curvature scale varies slowly, the induced
geometry exhibits de Sitter-like behaviour. At late times, the same framework predicts asymptotically
linear expansion accompanied by a decaying effective cosmological constant.

The structure of this paper is as follows. In Section 2, we introduce the geometric description of
the embedded hypersurface and derive the induced metric and curvature relations. Section 3 analyses
the emergence of FRW geometry and the role of hyperboloid embeddings, including the de Sitter
limit. In Section 4, we identify the effective Einstein—-Friedmann structure on the hypersurface and
establish the associated conservation laws. Section 5 connects these results explicitly to the conserved
wavefunction invariant derived in [5], clarifying the emergence of the effective gravitational coupling
and the late-time expansion law. We conclude in Section 6 with a discussion of the domain of validity
of the effective spacetime description and its 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
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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.

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 (analogous to a Gaussian beam in
optics) 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 curva-
ture 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

Aoy = A5 — ) dX7, M
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
[5], 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(7)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;(2) are coordinates on the unit N-sphere
satisfying

N+1

Y=l @
i=1
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The angular variables Q) collectively denote the coordinates on SN.

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 [6].

2.3. Induced Metric

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

E)TXA = (F, [zni), 5)

0. X4 = (0, adyn;), (6)

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

N+1 N+1
Y ni9an; =0, Jalti O = Yap, @)
i=1 i=1

where 7y, is the metric on the unit N-sphere.
The induced line element on ‘H becomes

ds* = ¢? (P2 - d2)dT2 —a%(1)dO%, (8)
with dQ3; = 'yaﬁdﬂ"‘dﬂﬁ, and the lapse factor

L(T) =\/F2(1) — a2(7). ©9)

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 Friedmann—Robertson-Walker form [2]:

ds* = c*dt* — a*(t) dO3,, (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 7 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 f 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 ¢ 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
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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(t) 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(ty) 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.

2.4. Hyperboloid Geometry and Curvature Scale
The embedding (2)—(3) implies that the hypersurface satisfies the relation

N+1
X5— Y X7 =F*(1)—d*(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 [2,6]. More generally, the quantity F?(t) — a?(t)
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 a purely geometric origin for de Sitter and de Sitter-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 H is given by
ds? = 2dt* — a®(t) dOX,, (13)

where a(t) is the hypersurface radius and Q3 is the metric on the unit N-sphere. This metric has the
standard FRW form with closed spatial sections.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Defining the Hubble parameter as
H(H =2, (14)

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

_ 2
Gy = N1 (I;’Cz D <H2 + ;) (15)
o _ _ 2
Gij = _Clz (N—l)g—f——(N 1)2(N 2) (H2+Zz>}gﬁ, (16)

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

The scalar curvature associated with (13) is

NT i 2
R_CZ[ZZ+(N—1)(H2+:2)] (17)

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.

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

a F
NA = (g gm). 18)

napNANE = -1, 543N49,XP = 0. (19)

normal vector is

which satisfies

The extrinsic curvature tensor of the hypersurface is defined as
Ky = —1745 N4 9,0, X". (20)

For the embedding (2)—(3), the nonvanishing components of K}, are isotropic and take the form

1 aF + Fi
Kyt = 2 (21)
E
Kij = — oz 8ii (22)

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

RHVPU == KHPKVU - KI’“TKVP' (23)
Contracting indices yield the scalar curvature

R =K?* - K, K", (24)

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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where K = ¢'K,, is the trace of the extrinsic curvature.
When the embedding satisfies

F%(t) — a®(t) = L* = const, (25)

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=—"3—,

(26)
corresponding to de Sitter spacetime [2,6].

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 (17)
is then determined by the evolution of the embedding functions F(7) and a(t), providing a purely
geometric origin for an effective, time-dependent vacuum-like curvature term.

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 (13) is given by Egs. (15) and (16).
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 ()
by

Aeff(t) = ,ﬁ G”HI (27)
where G, denotes the trace of the Einstein tensor constructed from the induced metric.

Using Eq. (17), this definition yields

Aeg(t) = (N+Nl)c2 {22 +(N—-1) <H2 + Ziﬂ : (28)

For a constant-curvature embedding, A is constant, and the induced geometry corresponds
to de Sitter spacetime. More generally, Aqg(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 = Guv + Aesi(t) §uvs (29)

which is traceless by construction,
GM, = 0. (30)

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Introducing an effective gravitational coupling G, we define an effective stress-energy tensor on
the hypersurface as
eff _ 1 =
Tiw = grca G (31)
With this definition, the intrinsic curvature identities on H may be written in the Einstein-like
form

G = 870G & Toh — Acge(t) gpv- (32)

Equation (32) is not assumed as a field equation but serves as a convenient parametrization of the
intrinsic geometry in a form directly comparable with standard cosmology.

4.3. Continuity Equation from Geometric Identities

The Einstein tensor satisfies the contracted Bianchi identity,

which holds identically for any metric. Applying Eq. (33) to the decomposition (32) yields

1

m avAeff (t) (34)

eff __
VTS =

Thus, when A is constant, the effective stress-energy tensor is locally conserved. When Aqg(t)
varies in time, the residual sector exchanges energy with the vacuum-like geometric component in a
manner fixed entirely by the geometry [7,8].

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

T, — diag (CZPeff/ ~Pefs —Pefts - - ) (35)
The temporal component of Eq. (34) then yields the continuity equation
; Pet\ _ 1 5
pefs + NH (Peff + c%) BT A (). (36)

which reduces to the standard conservation law in the case of constant Ag-.

4.4. Effective Friedmann Equations

Finally, the time-time component of Eq. (32) yields an effective Friedmann relation,

N(N -1 c?
% (Hz + a2> = 871G Peft + Aesi(1). (37)

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? + a2 with the aid of Eq. (37), one obtains

i 8nG (N - 2) Peff 2

This relation is purely geometric in origin and follows directly from the Einstein tensor identities

(38)

once the effective energy density, pressure, and cosmological term are introduced as in the preceding
subsection.

For the physically relevant case N = 3, Egs. (37) and (38) reduce to the standard Einstein—
Friedmann form [1]:

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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3 2 C2
Z(H 5 )= 871G Pefr + Netr(t)- (39)
i 4G 3 1
1= 3 (Peff + z;ff> +3 At (t)- (40)

Together with Egs. (36), Egs. (39) and (40) 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 [5] 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 [5]. 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 [5], 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,

§ puis S = pusS = const (41)

where dS represents a 2-sphere area element over the f-slice intersection and p¢ 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, (42)

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 = pqV, Eq. (42) implies

% = const, (43)

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

et (a) oca™2. (44)

This scaling is fundamentally different from that of standard matter or radiation components and

reflects the surface-type nature of the conserved wavefunction invariant.

5.2. Potential-like invariant and emergence of the gravitational constant

The conservation law (42) may be rewritten in the form

2006V ¢
-4, 45
ac? c? (45)
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where the integrand has the structure of a potential-like quantity ¢. Using the relations between
the characteristic length and mass scales derived in [5], this quantity may be identified with the
gravitational coupling constant G,

¢ 1

r . 46

2-C (46)
Equivalently, the gravitational constant may be expressed as

2

c“a
= ) 47
2V et @)
In terms of the effective mass m = pV, Eq. (47) yields the dimensionless invariant
Gm 1
PR (48)

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

5.3. Effective Friedmann dynamics and late-time behaviour

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 (39) for N = 3 may be written in the
standard form

3 (., kdc?
2\ H o+ 5 ) = 871G pefs + Nett (). (49)

Using Eq. (48), the matter-like contribution becomes

3

871G Pett = 3. (50)
so that ) 5
1—k)c c

H2 - % + g Aeff(t). (51)

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, these two contributions cancel
identically, leaving

2

H? = = Aer(b). (52)

This cancellation follows directly from the geometric origin of p. and its fixed normalisation. It
reflects the fact that the effective energy density in the present framework is intrinsically tied to the
curvature of the hypersurface rather than representing an independent dynamical matter component.
The cosmological evolution is therefore governed solely by the residual vacuum-like term Ag(f),
whose time dependence encodes deviations from exact de Sitter symmetry.
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For the explicit evolution law obtained in [5],
12
a(t) =ap\ 1+ —, (53)
f
the corresponding Hubble parameter is
H(t) = (54)
I
At late times (t > ty), this evolution approaches an asymptotically linear expansion,
a(t) ~t, (55)

which follows directly from the underlying wavefunction geometry rather than from an imposed
equation of state.
In this regime, the effective cosmological term decays as

Aest(t) o (ct) 72, (56)

while the effective stress—energy tensor becomes approximately conserved. Combined with the exact
cancellation between the curvature term and the pug o a2 contribution for closed slicing, this implies
that the late-time expansion is governed entirely by the residual vacuum-like sector encoded in Aqg(t).

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.

6. Discussion
Relation to de Sitter and ACDM cosmology

In standard relativistic cosmology, accelerated expansion is typically attributed to a fundamental
cosmological constant or to a dark-energy component with negative pressure. In the present framework,
no such ingredient is postulated. Instead, de Sitter-like behaviour emerges geometrically when the
embedded hypersurface has an approximately constant curvature scale. In this regime, the effective
vacuum term A is nearly constant, and the induced metric reproduces the familiar de Sitter expansion.
This provides a natural geometric interpretation of inflationary dynamics without invoking an inflaton
field or a fundamental vacuum energy.

More generally, physically admissible hypersurfaces generated by a normalisable wavefunction
envelope exhibit a time-dependent curvature scale. For the critical hypersurface analysed in [5], this
leads to an effective cosmological term that is approximately constant at early times and decays at late
times as Agg(t) o (ct) 2. At the same time, the conserved surface-type geometric invariant fixes the
effective energy density to scale as peg & a~2. As shown in Section 5, this scaling causes the matter-like
contribution to the Friedmann equation to cancel exactly against the curvature term for closed slicing.
Consequently, the late-time expansion is governed entirely by the residual vacuum-like sector and
approaches an asymptotically linear regime, a(t) o t.

From this perspective, both de Sitter and ACDM cosmologies appear as effective, phenomeno-
logical descriptions valid in regimes where the curvature scale of the hypersurface is approximately
constant over the relevant epoch. The present framework clarifies why such descriptions work re-
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markably well locally and temporally, while also indicating the conditions under which deviations are
expected. In particular, the decay of A.g(t) implies a gradual departure from exact de Sitter symmetry
and suggests modifications to horizon structure and late-time acceleration that could, in principle, be
constrained observationally.

The late-time asymptotically linear expansion obtained here is kinematically similar to that
discussed in R = ct cosmological models [9], but arises from a fundamentally different physical origin.
In the present approach, linear expansion is not postulated as a global condition or equation of state;
rather, it emerges dynamically from the geometric cancellation between curvature and the conserved
a~2 sector, together with the decay of the effective vacuum term.

Emergent gravity and hierarchy of descriptions

Within this framework, general relativity appears as an effective, local description of the intrinsic
geometry of the hypersurface. The Einstein—Friedmann equations arise not as dynamical laws, but
as geometric identities that become meaningful once the induced curvature is reinterpreted in the
language of relativistic cosmology. The associated continuity equation follows directly from the
contracted Bianchi identity, ensuring local consistency of the effective description even when the
vacuum-like curvature term varies in time.

The results presented here complete a coherent hierarchy across two complementary studies. In
[5], the universal wavefunction geometry establishes a global, coordinate-independent framework
and identifies the conserved current underlying temporal ordering. It further provides a concrete
realisation of this framework by analysing the evolution of a critical hypersurface and identifying the
conserved geometric invariant that governs its expansion. In the present work, we have shown how an
effective spacetime description and Einstein—Friedmann structure emerge locally on the hypersurface
as derived, approximate constructs. Taken together, these papers suggest that standard cosmological
dynamics may be understood as a hydrodynamic limit of a deeper wavefunction-based geometry,
with general relativity occupying a distinguished but emergent role.

Several directions for future work naturally follow from this approach. These include the analysis
of perturbations and structure formation on the hypersurface, the study of horizon formation and
causal structure in the presence of a decaying effective cosmological term, and the investigation of
observational signatures that could distinguish this framework from ACDM at late times. More broadly,
the results provide a unified geometric setting in which early- and late-time cosmological behaviour
arise from a single underlying structure, offering a new perspective on the origin of spacetime and
gravitational dynamics.

7. Conclusions

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

A central result of this analysis is the identification of de Sitter spacetime as a special, limiting
case of the embedding geometry. When the curvature scale of the hypersurface is approximately
constant, the induced metric exhibits de Sitter-like behaviour with an effectively constant vacuum
term [2,6]. More generally, for physically relevant envelope classes—including the critical hypersurface
realised in [5]—the curvature scale evolves in time. This leads to an effective cosmological term
that is approximately constant at early times and decays at late times, providing a purely geometric
explanation for both inflationary and post-inflationary expansion regimes.

The dominant contribution to the effective Friedmann dynamics on the hypersurface arises from a
conserved, surface-type geometric invariant inherited from the universal wavefunction. This invariant
fixes the scaling of the effective energy density as peg a~2 and determines the value of the effective
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gravitational coupling. As a consequence, the expansion approaches an asymptotically linear regime
at late times, a(t) o« t, which is kinematically similar to the late-time behaviour discussed in R = ct
cosmological models [9]. Independently, the embedding geometry gives rise to an effective vacuum-
like curvature term that is approximately constant at early times (de Sitter regime) and decays at late
times as Agg(t) o« (ct) 2. These features arise without invoking dark energy, fine-tuned equations of
state, or additional degrees of freedom.

Within this framework, general relativity emerges as an effective, local description of the intrin-
sic geometry of the hypersurface. The Einstein—Friedmann equations appear not as fundamental
dynamical laws, but as geometric identities that become meaningful once the induced curvature is rein-
terpreted in a form familiar from relativistic cosmology [3]. The associated continuity equation follows
directly from the contracted Bianchi identity, ensuring local consistency of the effective description
even when the vacuum-like curvature term varies in time.
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