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Rhythm

Abstract

We propose that cosmic acceleration originates not from a fundamental vacuum
energy or a new dynamical field, but from the plastic memory of spacetime itself.
We postulate that General Relativity describes spacetime as an elastic medium only
up to a covariant yield threshold (K > Kc). When local curvature invariants exceed
this limit—as occurs during stellar collapse, neutron-star mergers, and black-hole
formation—spacetime enters a plastic regime, generating a persistent residual defor-
mation encoded in a macroscopic scalar memory field, χ.

We construct an effective field theory in which this fossil curvature contributes a
saturating energy density,

ρf (χ) ∝
(
1− e−χ/χ∗

)
,

providing a dynamical stability mechanism that naturally mimics a cosmological con-
stant at late times. By coarse-graining the production of fossil curvature over the
cosmic history of strong-field events, we derive a Plasticity Sign Law for the effective
equation of state,

w(z) + 1 ∝ − (S(z)− χ/τ) .

This relation predicts a generic crossing of the phantom divide, characterized by a
phantom-like phase (w < −1) during the epoch of net fossil creation, followed by
a quintessence-like phase (w > −1) during relaxation. Crucially, we demonstrate
that this phantom behavior arises effectively from open-system energy exchange with
the strong-field source sector and does not require negative kinetic energy or ghost
degrees of freedom.

Finally, we establish a novel multi-messenger test by identifying the fossil source
rate S(z) with the compact-object merger rate inferred from gravitational-wave cat-
alogs. This rigid coupling implies that the redshift of the phantom crossing, z×, is
constrained by the peak of the cosmic merger history, rendering the mechanism fal-
sifiable by future Stage IV dark energy surveys and gravitational-wave population
data.

1 I. INTRODUCTION
The theoretical origin of cosmic acceleration remains one of the most persistent fine-tuning
problems in fundamental physics. The standard ΛCDM model fits current observations
of Type Ia supernovae (SNe Ia), the cosmic microwave background (CMB), and large-
scale structure (LSS) with remarkable precision, yet it relies on a cosmological constant
Λ that is theoretically unnatural. Quantum field theory estimates of the vacuum energy
density exceed the observed value by many orders of magnitude, and no known symmetry
protects Λ at the milli–electron–volt scale. Alternative approaches—such as quintessence
or modified gravity—typically address this issue by introducing new dynamical degrees of
freedom. However, such models often rely on ad hoc potentials or scalar fields that lack a
clear microphysical origin or a direct connection to the known high-energy history of the
universe.
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In standard General Relativity (GR), the gravitational field is conservative in the ther-
modynamic sense. The Einstein–Hilbert action implies that curvature responds instanta-
neously to stress–energy and returns to its vacuum configuration once sources are removed
(modulo gravitational radiation). There is no intrinsic hysteresis or long-lived “memory”
in the local metric response that persists as a background stress after the source has
vanished. Nevertheless, several theoretical developments—including gravitational mem-
ory, backreaction, and non-equilibrium thermodynamics of spacetime—suggest that the
nonlinear dynamics of gravity may possess richer accumulation properties. In particu-
lar, the Bondi–Metzner–Sachs (BMS) symmetry group implies that gravitational waves
generate a permanent displacement memory at null infinity, while effective field theory
(EFT) treatments of gravity often yield dissipative terms, analogous to bulk viscosity,
when high-energy degrees of freedom are integrated out.

In this work, we propose that spacetime dynamics admits a plastic response regime.
We construct a minimal Effective Field Theory (EFT) in which General Relativity is
extended by a fossilization sector exhibiting hysteresis: when local curvature invariants—
specifically the Kretschmann scalar,

K = RµνρσR
µνρσ,

exceed a critical covariant yield threshold, spacetime undergoes a residual deformation.
Such conditions naturally arise in extreme environments including stellar collapse, black
hole formation, and neutron star mergers. We postulate that this residual deformation
persists as a fossil curvature that remains gravitationally active even after the compact
object has settled or merged.

To describe this phenomenon on cosmological scales, we introduce a macroscopic scalar
state variable χ(x), which serves as an order parameter for the integrated density of
residual curvature. We emphasize that χ is not a fundamental new field, but a coarse-
grained effective degree of freedom encoding the accumulated memory of past strong-field
events—strictly analogous to viscoelastic parameters in condensed matter systems or to
bulk viscosity in hydrodynamics. Although the production of fossil curvature is local
and highly anisotropic, occurring at point-like astrophysical sources, we show that in the
large-scale averaging limit relevant for cosmology the effective fossil stress–energy tensor,
T
(f)
µν , isotropizes and is compatible with the symmetries of the Friedmann–Lemaître–

Robertson–Walker (FLRW) metric.
We assume that the fossil sector contributes an effective potential energy density

ρf (χ) that saturates at a critical scale χ∗. This saturation mechanism ensures that the
energy density asymptotes to a Λ-like constant at late times, providing a dynamical
stability mechanism that prevents unbounded growth of vacuum energy. The evolution of
the memory field is governed by the competition between an astrophysical source term,
S(z), derived from the cosmic history of yield-violating events, and a relaxation term
characterized by a timescale τ .

This framework leads to a specific and falsifiable prediction for the dark energy equa-
tion of state, w(z). We derive a Plasticity Sign Law demonstrating that the effective
equation of state is controlled by the balance between fossil creation and relaxation.
Generically, the model predicts a crossing of the phantom divide (w = −1): a phantom-
like phase (weff < −1) arises during the epoch of peak fossil production, followed by a
quintessence-like relaxation phase (weff > −1). Crucially, this phantom behavior is an
effective phenomenon driven by source terms in the coarse-grained equations of motion—
analogous to effective phantom regimes in bulk-viscous cosmologies—and does not require
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a fundamental field with negative kinetic energy (ghosts), thereby avoiding the instabili-
ties typically associated with w < −1 models.

Finally, this framework establishes a direct multi-messenger connection between cos-
mology and strong-field astrophysics. By identifying the fossilization source term with
the compact-object merger rate, we show that the redshift evolution of the dark energy
equation of state is constrained by the merger history inferred from gravitational-wave
catalogs.

The paper is organized as follows. In Sec. II, we define the EFT framework and the
modified Einstein equations. In Sec. III, we formalize the curvature yield trigger and
the coarse-graining procedure leading to the source history S(z). In Sec. IV, we present
quantitative forecasts for the phantom-crossing redshift z×. In Sec. V, we demonstrate the
linear stability of the scalar sector and the absence of ghosts. Observational falsifiability
is discussed in Sec. VI, and we conclude in Sec. VII.

2 II. THEORETICAL FRAMEWORK
We formulate the Plastic Spacetime Fossil (PSF) model as a scalar–tensor effective
field theory. To capture the dissipative character of plastic deformation within a covariant
framework, we model the fossilization variable χ as a canonical scalar degree of freedom
coupled to spacetime curvature, subject to strong self-interaction or environmental friction
that drives overdamped dynamics on cosmological scales.

2.1 A. The Action and Conservative Sector
The gravitational sector is described by the Einstein–Hilbert action coupled to a canonical
scalar field χ and a matter sector Ψm. The total action is

S =

∫
d4x

√
−g

[
R

16πG
− 1

2
(∇χ)2 − V (χ)

]
+ Ssource + Sm, (1)

where (∇χ)2 ≡ gµν∇µχ∇νχ. The potential V (χ) represents the stored energy density
associated with fossil deformation. To ensure stability and avoid runaway behavior, we
adopt a saturating form motivated by finite-capacity memory systems,

V (χ) ≡ ρΛ

(
1− e−χ/χ∗

)
. (2)

The term Ssource encodes the non-minimal interaction between the scalar field and the
curvature sector responsible for triggering fossilization. In the effective field theory (EFT)
limit, this interaction is represented by a source current J derived from high-curvature
operators,

Ssource =

∫
d4x

√
−g χ J(gµν ,Ψm). (3)

Varying the action with respect to the metric gµν yields the Einstein equations,

Gµν = 8πG
(
T (m)
µν + T (χ)

µν

)
,

where the scalar stress–energy tensor is

T (χ)
µν = ∇µχ∇νχ− 1

2
gµν

[
(∇χ)2 + 2V (χ)

]
. (4)
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In the homogeneous cosmological limit, where spatial gradients vanish, this reduces to
the standard perfect-fluid form with energy density

ρχ =
1

2
χ̇2 + V (χ),

and pressure
pχ =

1

2
χ̇2 − V (χ).

2.2 B. The Overdamped Limit: Deriving the Memory Equation
Varying the action with respect to χ yields the covariant Klein–Gordon equation sourced
by the interaction term,

□χ− V ′(χ) = −J. (5)
In a Friedmann–Lemaître–Robertson–Walker (FLRW) background, this equation becomes

χ̈+ 3Hχ̇+ V ′(χ) = J, (6)

where H is the Hubble parameter.
Fossilization, however, is physically distinct from standard scalar field evolution: it

represents a plastic deformation accompanied by dissipation. In macroscopic effective the-
ories, such dissipation manifests as a friction term proportional to the rate of change of the
order parameter. We therefore augment the equation of motion with a phenomenological
friction term Γχ̇, representing energy transfer to integrated-out microscopic degrees of
freedom (analogous to friction in reheating or bulk-viscous cosmologies),

χ̈+ (3H + Γ)χ̇+ V ′(χ) = J. (7)

We now focus on the overdamped regime relevant for late-time cosmology, characterized
by two conditions:

1. Strong friction: Γ ≫ H and Γχ̇ ≫ χ̈.

2. Linear response: the restoring force V ′(χ) and the source term J dominate over
inertial effects.

Under these conditions, the acceleration term χ̈ is negligible, and Eq. (7) reduces to the
first-order slow-roll equation,

Γχ̇ ≃ J − V ′(χ). (8)
Defining the effective relaxation timescale

τ ≡ Γχ∗
ρΛ

,

(assuming the linear regime V ′(χ) ∼ ρΛ/χ∗) and the effective source rate S(t) ≡ J/Γ,
Eq. (8) simplifies to the memory equation employed in our phenomenological analysis,

χ̇ = S(t)− χ

τ
. (9)

Here we have linearized the restoring force as V ′(χ) ≈ χ(ρΛ/χ
2
∗) for analytical trans-

parency, while retaining the exact potential derivative in the numerical analysis.
This derivation resolves the apparent tension between the conservative action and the

dissipative dynamics: Eq. (9) is the valid effective description of the scalar field in the
strong-friction, overdamped limit.
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2.3 C. Consistency and Energy Exchange
Because the scalar equation of motion (7) includes both friction and external sourcing,
the scalar stress–energy tensor T (χ)

µν is not independently conserved. Taking the covariant
divergence of Eq. (4) and using Eq. (7) yields

∇µT (χ)
µν = −

(
Γχ̇2 − χ̇J

)
uν . (10)

This expression explicitly quantifies the energy exchange: the term χ̇J represents work
done by the strong-field source sector during fossil creation, while Γχ̇2 corresponds to
energy dissipated during relaxation.

The Bianchi identity for the full system,

∇µ
(
T (m)
µν + T (χ)

µν

)
= 0,

is satisfied by requiring that the energy gained or lost by the fossil sector is balanced
by an equal and opposite exchange with the source sector (compact objects). Since
the integrated fossil energy density is many orders of magnitude smaller than the local
baryonic density of the sources (ρDE ≪ ρmatter), we work in the probe limit, neglecting
backreaction on source trajectories when computing the background expansion.

Under this approximation, the fossil sector may be treated as an effective fluid with
equation of state

weff ≡ pχ
ρχ

=
1
2 χ̇

2 − V (χ)
1
2 χ̇

2 + V (χ)
. (11)

In the overdamped regime where χ̇2 ≪ V (χ)—corresponding to evolution on timescales
τ ∼ H−1

0 —this reduces to weff ≃ −1, with deviations governed by the source–relaxation
balance derived in Sec. IV.

3 III. THE YIELD TRIGGER AND COSMIC SOURCE
HISTORY

The central hypothesis of the PSF framework is that the vacuum possesses a finite elastic
range. To formulate this idea covariantly, we identify a scalar invariant that character-
izes local curvature intensity and define a threshold condition for the onset of plastic
deformation.

3.1 A. The Covariant Yield Criterion
We quantify the local curvature strength using the Kretschmann scalar K, defined by the
full contraction of the Riemann tensor,

K ≡ RµνρσR
µνρσ. (12)

This scalar provides a natural order parameter for strong-field vacuum gravity. For a
Schwarzschild black hole of mass M , the invariant scales as K(r) = 48G2M2/r6. Evalu-
ated at the event horizon rs = 2GM , this yields a characteristic horizon curvature

Khor =
3

4G4M4
.
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We postulate the existence of a critical yield scale Kc, intrinsic to the quantum vacuum.
When the local curvature exceeds this threshold, spacetime enters the plastic regime. We
define the dimensionless yield function

Y(x) ≡ Θ(K(x)−Kc)

[
K(x)

Kc
− 1

]n
, (13)

where Θ is the Heaviside step function and n ≥ 1 parametrizes the nonlinearity of the
material response. While the sharp step function formally represents a phase transition,
in a realistic EFT it should be interpreted as the steep limit of a smooth sigmoid; we
assume that the transition width is negligible compared to cosmological scales.

Magnitude estimates. For a solar-mass black hole (M ∼ 2× 1030 kg), the horizon
curvature is Khor ∼ 10−17 m−4. In contrast, within the Solar System (e.g., at Earth’s
orbit), K ∼ 10−59 m−4. To ensure that plasticity is triggered exclusively in strong-gravity
environments—such as collapse and mergers—but remains inactive in weak-field settings,
we require

10−58 ≪ Kc ≲ 10−17 m−4.

We treat Kc as a free parameter of the high-energy theory, noting that identifying it with
the curvature scale of neutron-star cores (∼ 10−18 m−4) provides a natural astrophysical
benchmark.

3.2 B. Local Covariant Production
We model the production of the fossil field χ as a local covariant process. In the rest frame
of the yielding matter—such as a collapsing stellar fluid element or a merger remnant—the
production rate is governed by the local yield excess. The constitutive relation is

uµ∇µχ = αY(x), (14)

where uµ is the four-velocity of the source fluid and α is a dimensional coupling constant
with units [L−1]. This equation states that the memory field accumulates along the
worldlines of matter undergoing yield-violating curvature.

3.3 C. Coarse-Graining and the Homogeneous Source S(t)

Cosmological evolution is governed by the homogeneous background metric and the zero
mode of the scalar field. To obtain the effective source term S(t), we coarse-grain the
local production over a spatial hypersurface Σt of constant cosmic time t, with induced
metric γij .

The macroscopic source is defined as the spatial average of the local production rate
(Eq. 14) over a comoving volume V ,

S(t) ≡ ⟨χ̇⟩V =
1

V

∫
V
d3x

√
γ (αY(t, x⃗)) . (15)

Here we have aligned the cosmic rest frame with the source frame on average, uµ ≈ δµ0 , an
approximation valid for the non-relativistic bulk motion of galaxies. High-velocity merger
recoils introduce only negligible second-order corrections to this averaging.
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3.4 D. Multi-Messenger Connection: Dimensional Mapping
Equation (15) represents a spatial integral over discrete, highly localized events. It is
therefore natural to rewrite S(t) in terms of the number density of such events. If R(z)
denotes the comoving merger rate density (events per unit comoving volume per unit
source time), the effective source may be approximated as

S(z) ≃ χ̄event ⟨Vyield⟩R(z). (16)

We define the effective yield coefficient

β ≡ χ̄event⟨Vyield⟩,

which encapsulates the microscopic physics of fossilization:

• ⟨Vyield⟩ is the effective spacetime volume over which K > Kc during a merger event,

• χ̄event is the average integrated field amplitude produced per event.

The phenomenological link then takes the compact form S(z) = βR(z). Since R has units
[L−3T−1] and β has units of volume, the source term S correctly carries units of [T−1],
consistent with the memory equation χ̇ = S − χ/τ .

3.5 E. Benchmark Source History
To generate quantitative forecasts, a functional form for the merger rate R(z) must be
specified. While the cosmic star-formation rate is well described by a Madau–Dickinson
profile, compact-object merger rates are convolved with a delay-time distribution P (td) ∝
t−1
d .

For this initial study, we adopt a parameterized merger-rate model commonly used in
gravitational-wave population analyses,

R(z) = R0(1 + z)κ, z < zpeak, (17)

with a turnover at higher redshift. Current constraints on binary black hole merger rates
suggest R0 ∼ 17–45 Gpc−3yr−1 and κ ∼ 2.9.

For our benchmark model, we adopt a smoothed broken power-law that reproduces
the observed low-z slope and peaks at zp ≃ 2.0, consistent with standard time-delayed
star-formation scenarios,

S(z) = Snorm
(1 + z)κ

1 + [(1 + z)/(1 + zp)]
κ+Γ

. (18)

Here Γ controls the high-redshift decline. We fix κ = 2.9 based on observational con-
straints, leaving the memory timescale τ and the normalization Snorm as the only free
parameters of the model.
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IV. QUANTITATIVE FORECASTS
We now derive the observable cosmological consequences of the Plastic Spacetime Fossil (PSF)
mechanism. By integrating the memory equation (Eq. 9) with the astrophysical source history
(Eq. 16), we obtain the redshift evolution of the dark energy density and its effective equation
of state.

A. The Plasticity Sign Law
In standard General Relativity, the equation-of-state parameter (w) for a single canonical scalar
field is bounded from below by (w ≥ −1), corresponding to quintessence. The fossil sector, how-
ever, is an open system that exchanges energy with the strong-field source sector. Consequently,
the effective equation of state (weff), inferred from the background expansion history, is deter-
mined by the time evolution of the energy density rather than by the scalar Lagrangian alone.

From the Friedmann equations, the effective equation of state for any fluid component with
energy density (ρf ) is defined through the continuity equation,

ρ̇f + 3H(1 + weff)ρf = 0 =⇒ weff = −1−
ρ̇f

3Hρf
. (19)

For the saturating fossil potential

ρf (χ) = ρΛ

(
1− e−χ/χ∗

)
,

the time derivative is
ρ̇f =

dρf
dχ

χ̇ =
ρΛ
χ∗

e−χ/χ∗χ̇. (20)

Substituting the overdamped memory equation,

χ̇ = S(t)− χ

τ
,

into Eq. (20) and then into Eq. (19), we obtain the exact Plasticity Sign Law,

weff(z) = −1− Υ(z)

3H(z)

[
S(z)− χ(z)

τ

]
, (21)

where
Υ(z) ≡ ρΛ

ρfχ∗
e−χ/χ∗

is a strictly positive, dimensionless saturation factor.
This relation dictates the phenomenology of dark energy entirely through the competition

between fossil creation and relaxation:

– Phantom phase (S > χ/τ ⇒ weff < −1). When the universe is dominated by yield-
violating events—during epochs of high merger activity—the fossil field accumulates (χ̇ > 0).
The dark energy density increases with time, mimicking a phantom fluid. Crucially, this is
a growth-driven phantom phase that does not involve negative kinetic energy and therefore
avoids ghost instabilities.

– Quintessence phase (S < χ/τ ⇒ weff > −1). When the source rate drops below the
relaxation rate, the fossil field decays (χ̇ < 0). The energy density decreases, producing
behavior analogous to a thawing quintessence field.

– The crossing (S = χ/τ ⇒ weff = −1). The phantom divide is crossed precisely when fossil
production and relaxation are in balance.
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B. Numerical Results: The Forecasts
We numerically integrate the coupled Friedmann equation and memory equation using the
LVK-motivated source history (Eq. 18) with (κ = 2.9). We explore the parameter range

τ ∈ [0.1H−1
0 , 10H−1

0 ],

fixing the normalization (Snorm) such that (ΩDE ≃ 0.7) at the present epoch.

1. Buildup of Dark Energy (Fig. 1)

The source history (S(z)) peaks at (z ≃ 2), coincident with the peak of cosmic star formation
and compact-object merger activity. The fossil field (χ(z)) acts as an integrator, accumulating
memory rapidly during the interval (1 ≲ z ≲ 3). As the merger rate declines toward (z = 0),
the field enters the saturation regime.

Unlike ΛCDM, where ρDE is constant by construction, the PSF model predicts an energy
density that rises sharply at (z ≳ 1) and asymptotes to a constant only at late times.

2. Equation-of-State Evolution (Fig. 2)

Figure 2 shows the evolution of weff(z). In agreement with the Plasticity Sign Law, we find:

– At high redshift (z ≳ 1.5), where S(z) is maximal, the equation of state is strongly phantom
(weff ≃ −1.1 to −1.2), driven by rapid fossil accumulation.

– At intermediate redshifts (z ≲ 1), as the source term declines, the system evolves toward the
phantom divide.

– At low redshift, a crossing of w = −1 occurs. For memory times comparable to the Hubble
time (τ ∼ H−1

0 ), this crossing lies in the observable window (0 < z < 0.5).

C. The Crossing Map and Falsifiability
The redshift of the phantom crossing, z×, constitutes a robust observational fingerprint of the
theory. It is not a tunable fitting parameter but is structurally determined by the lag between
the peak of the astrophysical source history (zpeak ≃ 2) and the memory timescale (τ).

Figure 3 (robustness heatmap) illustrates the dependence of z× on τ and on the width of
the source history:

– Fast relaxation (τ ≪ H−1
0 ): The fossil field closely tracks the source. The crossing occurs

early, near the peak of merger activity (z× ∼ 1.5).

– Slow relaxation (τ ≳ H−1
0 ): The system exhibits long memory. Fossil accumulation persists,

pushing the crossing to late times (z× < 0.3) or into the future.

This defines a clear falsifiability window. Detection of a phantom-to-quintessence crossing
at z ∼ 0.1–0.5 would strongly favor a memory time (τ ∼ H−1

0 ). Conversely, an equation of state
consistent with w(z) = −1 at the percent level across all redshifts would imply τ → ∞—the
limit in which plasticity vanishes and spacetime remains purely elastic—thereby ruling out the
PSF mechanism as the dominant driver of cosmic acceleration.
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V. STABILITY AND GHOST ANALYSIS
A central concern for any dark energy model predicting w < −1 is the potential appearance
of ghost instabilities (negative kinetic-energy states) or gradient instabilities (imaginary sound
speeds). We demonstrate explicitly that the PSF framework is free of these pathologies. The
apparent “phantom” behavior arises as an effective phenomenon due to the open-system
nature of the fossil sector, rather than from a violation of the Null Energy Condition (NEC) at
the level of the fundamental action.

A. Linear Stability of the Scalar Sector
The stability properties of the theory are determined by the action in Eq. (1), prior to taking
the overdamped limit. We consider linear perturbations of the scalar field,

χ(t, x⃗) = χ̄(t) + δχ(t, x⃗),

together with metric perturbations.
The scalar Lagrangian density is canonical,

Lχ = −1

2
gµν∇µχ∇νχ− V (χ). (22)

Expanding the action to second order in perturbations, the kinetic term for scalar fluctu-
ations is proportional to the coefficient of ( ˙δχ

2
). For the metric signature ((−,+,+,+)), this

coefficient is (+1/2). As a result, the Hamiltonian is bounded from below, and the theory is
manifestly ghost-free.

The sound speed of scalar perturbations is defined as the ratio of pressure perturbations to
energy-density perturbations in the rest frame. For a minimally coupled canonical scalar field,

c2s ≡
δp

δρ
= 1. (23)

Since c2s > 0, the scalar sector is stable against gradient instabilities on sub-horizon scales.
Unlike k-essence or clustering dark energy models—which often require c2s ≪ 1 to fit observations—
the PSF framework retains c2s = 1, ensuring that dark energy remains smooth on cluster scales
and consistent with observational constraints on structure growth.

B. The “Phantom Without Ghosts” Mechanism
Standard no-go theorems assert that a single scalar field cannot realize w < −1 without vio-
lating the NEC and introducing ghosts. The PSF model evades this conclusion because it is
fundamentally an effective open system.

The inferred equation of state,

weff = −1−
ρ̇f

3Hρf
,

depends on the time evolution of the background energy density. In a closed system, ρ̇ is
determined solely by cosmological expansion. In the PSF framework, however, the density
evolution includes an explicit source term,

ρ̇f = −3H(ρf + pf ) + T , (24)

where T ∝ S(t) represents energy injection from the strong-field source sector.
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During the fossil-creation phase (S > χ/τ), the injection term dominates, leading to ρ̇f > 0.
An observer interpreting this evolution under the assumption of energy conservation would infer
an effective equation of state

weff ≃ −1− T
3Hρf

< −1. (25)

Crucially, this phantom-like behavior does not originate from negative kinetic energy—the
scalar field remains canonical and stable—but instead reflects energy transfer between sectors.
This mechanism is physically analogous to bulk viscosity or reheating, where effective equations
of state can transiently violate standard bounds due to entropy production or external energy
exchange. The PSF framework therefore provides a consistent and stable realization of phantom
crossing without ghosts.

C. Tensor Sector and Gravitational Waves
Modifications to scalar dynamics can sometimes propagate into the tensor sector, leading to
deviations in the gravitational-wave propagation speed (cGW ̸= c). In the PSF framework, this
does not occur.

The gravitational sector is governed strictly by the Einstein–Hilbert action, and the scalar
field is minimally coupled to the metric. In particular, there are no derivative couplings of the
form Gµν∇µχ∇νχ or other higher-curvature operators affecting tensor dynamics.

As a result, the equation of motion for tensor perturbations (hij) remains

ḧij + 3Hḣij +
k2

a2
hij = 0. (26)

This dispersion relation implies a propagation speed

cGW = 1

(in units where c = 1). The model is therefore automatically consistent with stringent observa-
tional bounds on the gravitational-wave speed, such as those inferred from binary neutron star
mergers.

VI. DISCUSSION AND OBSERVATIONAL TESTS
The Plastic Spacetime Fossil framework provides a distinct physical narrative for cosmic acceler-
ation. In this picture, acceleration is not an intrinsic property of the vacuum state, but a histor-
ical consequence of the universe’s violent astrophysical evolution. Unlike standard quintessence
models—which fit w(z) by tuning a potential V (ϕ)—or (K)-essence models—which tune a ki-
netic function—the PSF model is structurally constrained by the Plasticity Sign Law (Eq.
21). This rigidity sharply limits the allowed phenomenology and enables decisive falsification
tests.

A. The Crossing Fingerprint
The most robust prediction of the theory is a generic evolution of the dark energy equation
of state from a phantom-like regime (w < −1) at high redshift (z ≳ 1) to a quintessence-like
regime (w > −1) at late times, provided the relaxation timescale is comparable to the Hubble
time (τ ∼ H−1

0 ).
Current Stage IV cosmological surveys will tightly constrain the time dependence of dark

energy, often parameterized as
w(a) = w0 + wa(1− a).
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– Consistency. The PSF model naturally occupies the region w0 ≳ −1 and wa < 0, corre-
sponding to a thawing evolution from a phantom phase. This quadrant is currently compatible
with mild tensions observed in combined supernova and baryon acoustic oscillation datasets.

– Falsifiability. If future precision measurements establish that w(z) = −1 to within ∼ 1%
accuracy over the full range 0 < z < 2, the PSF mechanism would be effectively ruled out
as the primary driver of cosmic acceleration. While the formal limit τ → ∞ reproduces a
pure cosmological constant (perfect memory), this limit corresponds to purely elastic General
Relativity and renders the plasticity hypothesis observationally irrelevant.

B. The Multi-Messenger Consistency Test
The most distinctive application of the PSF framework is the rigid coupling between the dark
energy source term S(z) and the compact-object merger rate RGW(z). In standard cosmology,
the evolution of dark energy and the history of black hole mergers are independent. In the PSF
framework, they are causally linked:

ρDE(z) ∝
∫ t

−∞
RGW(t′) e−(t−t′)/τ dt′. (27)

This relation implies a multi-messenger consistency condition. Any revision to the
inferred merger history—such as changes in the peak redshift zp or in the high-redshift slope of
RGW(z)—must induce a corresponding shift in the predicted evolution of w(z).

For example, if future gravitational-wave observations were to show that the binary black
hole merger rate peaks at significantly lower redshift (zp ∼ 0.5 instead of zp ∼ 2), the PSF model
would necessarily shift the phantom crossing redshift z× to later times. This creates a testing
capability unavailable to conventional scalar-field models: astrophysical data can be used to
generate an external prior on the cosmological expansion history. A mismatch between the
merger-rate–derived source history and the expansion history inferred from supernovae would
directly falsify the model.

C. Perturbations and Large-Scale Structure
Although the background evolution of the PSF model mimics phantom and quintessence phases,
its perturbative behavior clearly distinguishes it from clustering dark energy scenarios.

As shown in Sec. V, the scalar sector is canonical and therefore has a sound speed

c2s = 1.

This implies that the fossil field possesses a sound horizon comparable to the particle horizon.

– No clustering on cluster scales. Unlike cold dark matter (c2s ≈ 0), the fossil energy density
does not cluster on galaxy or cluster scales (k ≫ H0). It remains a smooth background
component.

– Integrated Sachs–Wolfe effect. The primary perturbative signature arises from the time
variation of weff(z). This induces a late-time decay of the gravitational potential, generating
an Integrated Sachs–Wolfe (ISW) signal in the cosmic microwave background. Because the
PSF framework predicts a specific transition profile for w(z), cross-correlations between the
CMB and large-scale structure provide a complementary observational probe.
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D. Resolution of the Coincidence Problem
The standard ΛCDM model suffers from the well-known “Why now?” coincidence problem:
why are ρΛ and ρm comparable only at the present epoch? The PSF framework replaces this
coincidence with a causal delay mechanism.

In this model, dark energy becomes dynamically relevant only after the universe has expe-
rienced a prolonged era of structure formation. Star formation and compact-object production
peak at z ∼ 2, while cosmic acceleration emerges later, around z ∼ 0.5, following a delay set by
the memory timescale τ .

If τ ∼ H−1
0 , the onset of cosmic acceleration is no longer an accident of initial conditions,

but a natural response of spacetime to the maturation of the universe’s stellar and black hole
population.

VII. CONCLUSION
The nature of cosmic acceleration is commonly framed as a choice between introducing a new
fundamental substance—dark energy—or modifying gravity on infrared scales. In this work,
we have proposed a third possibility: that cosmic acceleration is a macroscopic manifestation
of the memory of spacetime itself—a fossil record of the universe’s history of strong-field
curvature.

We introduced the Plastic Spacetime Fossil (PSF) framework, an effective field theory
in which General Relativity describes spacetime as an elastic medium only up to a critical
covariant yield threshold (K > Kc). When this threshold is exceeded—during stellar collapse,
black hole formation, and compact-object mergers—spacetime undergoes plastic deformation,
generating a residual scalar memory field (χ). We showed that the energy density associated
with this accumulated memory, ρf (χ), naturally saturates to a constant value, providing a
dynamical resolution of the cosmological constant fine-tuning problem.

Key Theoretical Results
– Stability. We demonstrated that the phantom-like behavior (weff < −1) predicted by the

model does not require negative kinetic energy or violation of the Null Energy Condition
at the level of the fundamental action. Instead, it emerges effectively from the open-system
thermodynamics of the fossil sector, driven by energy injection from strong-field astrophysical
sources. The underlying scalar theory is canonical and ghost-free, with sound speed c2s = 1,
ensuring stability against gradient and clustering instabilities.

– The Plasticity Sign Law. We derived a rigid phenomenological relation,

weff(z) + 1 ∝ −
[
S(z)− χ

τ

]
,

which fixes the evolution of the equation of state through the competition between fossil cre-
ation and memory relaxation. This structure forbids arbitrary choices of w(z) and generically
predicts a phantom-to-quintessence transition.

Key Observational Predictions
The most distinctive feature of the PSF framework is the Multi-Messenger Consistency
Condition. Unlike conventional dark energy models—where the expansion history is decoupled
from astrophysical processes—the PSF model links the evolution of dark energy directly to the
cosmic history of compact-object mergers. We showed that if the memory timescale is of order
the Hubble time (τ ∼ H−1

0 ), the model predicts a crossing of the phantom divide (w = −1) at a
redshift z× that is constrained by the peak of the gravitational-wave merger rate. This renders
the mechanism directly testable with combined cosmological and gravitational-wave data.
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Future Directions
This work serves as Paper I, establishing the macroscopic mechanism and its cosmological
consequences. Future studies will investigate the microphysical origin of the yield threshold
Kc within candidate quantum gravity frameworks—for example, as a phase transition in loop
quantum gravity or string compactifications—and will perform a full Markov Chain Monte Carlo
analysis using current SNe Ia (Pantheon+), BAO, and CMB datasets to place quantitative
constraints on the memory timescale (τ).

In summary, the Plastic Spacetime Fossil hypothesis reframes dark energy from a static vac-
uum anomaly into a dynamic geometric echo of the universe’s violent past. Cosmic acceleration
becomes historically contingent, theoretically stable, and—most importantly—falsifiable by the
next generation of multi-messenger observations.
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APPENDIX A: NUMERICAL IMPLEMENTATION AND
SELF-CONSISTENT SOLUTION

The cosmological evolution of the Plastic Spacetime Fossil (PSF) model requires solving a
coupled system in which the background expansion rate (H(z)) determines the integration
measure for the scalar memory field (χ(z)), while χ(z) in turn fixes the dark energy density
(ρf (χ)) that sources H(z). This feedback renders the problem nonlinear. We solve it using a
self-consistent shooting method.

1. The Coupled System in Redshift Space
The fundamental memory evolution equation in cosmic time (t) is given by Eq. (9),

χ̇+
χ

τ
= S(t). (A1)

To integrate this equation alongside standard cosmological background solvers, we transform
to redshift space using

dt = − dz

H(z)(1 + z)
.

The memory equation becomes a first-order ordinary differential equation for χ(z),

dχ

dz
= − 1

H(z)(1 + z)

[
S(z)− χ(z)

τ

]
. (A2)

The Hubble parameter is determined by the Friedmann equation, including radiation, pres-
sureless matter, and the evolving fossil dark energy density,

H(z) = H0

√
Ωm(1 + z)3 +Ωr(1 + z)4 +

ρf (χ(z))

ρcrit,0
. (A3)

The fossil energy density is specified by the saturating potential,

ρf (z) = ρΛ

(
1− e−χ(z)/χ∗

)
, (A4)

where ρΛ sets the asymptotic energy scale.

2. Boundary Conditions and the Shooting Method
The system defined by Eqs. (A2)–(A4) constitutes a boundary value problem.

Initial condition. We integrate from deep in the matter-dominated era, choosing zini = 10.
The initial condition

χ(zini) = 0

reflects the assumption that the integrated fossil memory is negligible prior to the onset of
significant nonlinear structure formation, including star formation and compact-object mergers.

Boundary constraint. The solution must reproduce the observed present-day dark energy
density,

ρf (z = 0) = ΩDE,0ρcrit,0 ≃ 0.69ρcrit,0. (A5)

Because the source history S(z) (Eq. 18) contains an overall normalization Snorm, which
encapsulates the effective yield volume (β), this normalization is not a free parameter but an
eigenvalue of the coupled system. We determine it iteratively via a shooting procedure:

1. Choose an initial guess for Snorm.
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2. Integrate the coupled ODE (A2) from zini to z = 0 using a stiff, adaptive solver (e.g.,
LSODA), which is required when τ ≪ H−1

0 .

3. Compute the residual
∆ = ρf (z = 0)calc − ΩDE,0ρcrit,0.

4. Update Snorm using a Newton–Raphson root-finding algorithm.

5. Iterate until convergence is achieved, defined by |∆| < 10−5.

3. Computing the Effective Equation of State
Once a converged solution for χ(z) and H(z) is obtained, the effective equation of state weff(z)
is computed directly from the continuity equation, avoiding numerical differentiation of noisy
data.

Using the relation
weff = −1 +

1 + z

3ρf

dρf
dz

,

and substituting dχ/dz from Eq. (A2), we obtain the numerically stable expression used for
the forecasts in Sec. IV,

weff(z) = −1− Υ(z)

3H(z)ρf (z)

[
S(z)− χ(z)

τ

]
, (A6)

where
Υ(z) ≡ ρΛ

χ∗
e−χ(z)/χ∗

is the analytic derivative of the saturating potential.
This formulation guarantees that the sign of 1 + weff is numerically exact and is controlled

entirely by the sign of the balance term [S − χ/τ ], directly reflecting the underlying Plasticity
Sign Law.

APPENDIX B: MULTI-MESSENGER DIMENSIONAL
ANALYSIS AND YIELD SCALING

In Sec. III, we introduced the phenomenological identification

S(z) = βRGW(z),

which links the coarse-grained fossil source rate to the compact binary merger rate density.
In this appendix, we demonstrate the dimensional consistency of this mapping and derive the
expected scaling of the effective coupling parameter β from Schwarzschild geometry.

1. Dimensional Consistency
The evolution of the memory field is governed by Eq. (9),

χ̇ = S − χ

τ
.

We adopt a normalized field definition in which χ is dimensionless, measuring the accumu-
lated deformation relative to the saturation scale χ∗. The source term S(t) therefore must carry
units of inverse time,

[S] = T−1. (B1)
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The gravitational-wave merger rate density RGW is defined as the number of merger events
per unit comoving volume per unit source-frame time, with dimensions

[RGW] = L−3T−1. (B2)
Consistency of the linear mapping S = βRGW then requires the coupling constant β to have

dimensions of volume,
[β] = L3. (B3)

Physically, β represents the effective spacetime yield volume associated with a single merger
event, weighted by the efficiency of fossilization.

2. Microphysical Scaling of the Yield Volume
We may estimate the magnitude of β by examining the geometry of the yield region surrounding
a compact-object merger. Plasticity is triggered when the local curvature invariant

K = RµνρσR
µνρσ

exceeds the critical threshold Kc.
For a Schwarzschild black hole of mass M , the Kretschmann scalar scales as

K(r) =
48G2M2

c4r6
= Khor

(rs
r

)6
, (B4)

where rs = 2GM/c2 is the Schwarzschild radius and Khor ∝ r−4
s is the curvature evaluated at

the horizon.
The boundary of the plastic region is defined by the condition K(ryield) = Kc, which yields

ryield = rs

(
Khor

Kc

)1/6

. (B5)

The proper volume of the yielding region then scales as

Vyield ∼ 4π

3
r3yield ∝ r3s

(
Khor

Kc

)1/2

, (B6)

where we have assumed either ryield ≫ rs so that the geometry is approximately Euclidean, or
equivalently that the full relativistic volume element √

γ has been integrated.
The effective macroscopic coupling β is therefore related to the microscopic physics via

β ≃ ⟨∆χevent⟩Vyield, (B7)
where ⟨∆χevent⟩ is the average dimensionless strain (memory increment) produced per merger
event.

3. Renormalization and Constraints
While Eq. (B6) provides the expected microphysical scaling of the yield volume, the precise val-
ues of the critical curvature Kc and the fossilization efficiency ∆χevent depend on the ultraviolet
completion of the theory—namely, the detailed microphysics governing spacetime plasticity.

Within the Effective Field Theory framework, we therefore treat β as a renormalized cou-
pling parameter to be fixed by observation rather than derived ab initio. In practice, β is not
chosen arbitrarily but is determined by the requirement that the integrated fossil energy density
reproduces the observed dark energy abundance,

ρDE,0 ≃ ρΛ

∫ t0

−∞

(
βRGW(t′)

)
e−(t0−t′)/τ dt′. (B8)

This condition anchors the overall amplitude of dark energy to observation, while the shape
of its evolution—encoded in w(z)—is dictated by the redshift dependence of the merger rate
RGW(z) and the memory timescale τ .
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APPENDIX C: ROBUSTNESS OF THE SIGN LAW
The central prediction of this work—the Plasticity Sign Law governing the crossing of
w = −1—was derived in the main text using a specific benchmark realization: a Heaviside
yield trigger, an exponential saturation potential, and a parameterized source history. In this
appendix, we demonstrate that the qualitative features of the dark energy evolution—most im-
portantly the phantom-to-quintessence transition—are structural consequences of the plas-
ticity framework and remain robust under variations of these modeling choices.

1. Smoothing the Yield Trigger
In Sec. III, we modeled the onset of plasticity using a sharp Heaviside activation,

Y ∝ Θ(K −Kc).

While convenient, physical phase transitions generally exhibit finite width. Consider instead
a smooth sigmoid trigger,

Ysmooth(K) =
1

2

[
1 + tanh

(
K −Kc

∆K

)](
K

Kc

)n

, (C1)

where ∆K characterizes the transition width.
The cosmological source term S(t) is obtained by averaging this local production over the

cosmic volume. Because this averaging samples a broad statistical distribution of curvature
values—arising from mergers with varying masses, spins, and impact parameters—the detailed
shape of the activation edge is effectively smoothed even before cosmological integration.

Moreover, the memory equation,
χ̇ = S − χ

τ
,

acts as a low-pass filter on the source term. Sharp features or high-frequency variations in S(t)
are exponentially suppressed by the kernel e−(t−t′)/τ . As a result, replacing a sharp Heaviside
trigger with a smooth sigmoid alters only the overall normalization β required to match ΩDE,
while leaving the time dependence of S(z)—and hence the evolution of w(z)—unchanged.

2. Universality with Respect to the Potential Choice
The main text adopts a specific saturating potential,

V (χ) = ρΛ

(
1− e−χ/χ∗

)
.

Here we show that the Plasticity Sign Law holds for any potential V (χ) satisfying two
physically motivated conditions:

1. Monotonicity: V ′(χ) > 0 (energy increases with deformation),

2. Boundedness / Concavity: V ′′(χ) < 0 (saturation or diminishing returns).

Recall the definition of the effective equation of state (Eq. 19),

weff = −1−
ρ̇f

3Hρf
= −1− V ′(χ)

3HV (χ)
χ̇. (C2)

Substituting the memory equation χ̇ = S − χ/τ , we obtain

weff + 1 = −
[

V ′(χ)

3HV (χ)

](
S(t)− χ

τ

)
. (C3)
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The prefactor in brackets is strictly positive for any potential with V > 0 and V ′ > 0 in an
expanding universe (H > 0). Consequently, the sign of weff + 1 is determined exclusively by
the sign of the balance term (S − χ/τ).

Conclusion. The prediction that w < −1 during the creation phase (S > χ/τ) and
w > −1 during relaxation (S < χ/τ) is independent of the detailed functional form of V (χ).
It is a kinematic consequence of open-system thermodynamics rather than a model-dependent
artifact.

3. Topological Guarantee of the Crossing
Finally, we examine the dependence of the phantom crossing on the source history S(z). We
assume only that the astrophysical source rate of strong-field events is unimodal: it rises from
zero, peaks at some redshift zp, and decays toward zero as t → ∞.

– Early times (t ≪ tpeak): The source term S(t) is increasing. Since χ is the time-integral of
S and χ(0) = 0, initially

S >
χ

τ
⇒ w < −1 (phantom phase).

– Late times (t → ∞): Astrophysical activity shuts off as star formation and mergers decline,
implying S → 0. A residual memory field remains (χ > 0), so eventually

S <
χ

τ
⇒ w > −1 (quintessence phase).

Define the continuous function

∆(t) ≡ S(t)− χ(t)

τ
.

Since ∆(t) evolves continuously from positive to negative values, the Intermediate Value
Theorem guarantees the existence of a time t× such that ∆(t×) = 0. At this moment,

w(t×) = −1.

Crossing Theorem. The existence of a phantom divide crossing is not an artifact of
any specific parameterization of S(z) (e.g., Madau–Dickinson or LVK-inspired fits). It is a
topological inevitability for any universe in which dark energy emerges from a finite, transient
epoch of astrophysical activity.
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