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A Thermodynamically Consistent Resolution to the Dark Energy Problem
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! Department of Chemistry and Physics, Prairie View A&M University, Prairie View, TX 77446, USA

(Dated: October 27, 2026)

The cosmological constant problem and the late-time accelerated expansion of the universe are re-
examined from the perspective of non-equilibrium continuum mechanics and horizon thermodynamics.
Rather than postulating an ad hoc vacuum energy density A or an empirical scalar field, we formulate
cosmic expansion within a scale-space boundary framework where the irreversible conversion of
coherent hydrodynamic work into boundary entropy generates an effective dissipative enthalpy drag.
While standard relativistic viscous approaches typically introduce empirical constitutive power laws
that result in severe cosmological age deficits (to < 13.8 Gyr) and suppress linear perturbation growth
(fos), our framework derives dissipative pressure from a first-principles scale-space action principle.
The resulting dynamical system possesses a stable fixed-point attractor governed by dimensionless
parameters (7, xo) that naturally preserves the radiation and dust-dominated epochs before locking
into a late-time de Sitter asymptotic phase. We perform complete numerical quadratures verifying
that the expansion trajectory yields an age of the universe ¢ty = 13.78 Gyr and transition redshift
zt ~ 0.62, in strict agreement with observational constraints, while the restriction of dissipation to

boundary horizon scales guarantees standard sub-horizon Jeans gravitational collapse.

I. INTRODUCTION

The standard cosmological paradigm, ACDM, provides
an exquisitely accurate phenomenological description of
modern cosmological observations, including the cosmic
microwave background (CMB) anisotropies [1], baryon
acoustic oscillations (BAO) [2], and type Ia supernovae
(SNeIa) [3, 4]. Despite its observational triumphs, ACDM
faces deep theoretical crises. Foremost is the cosmological
constant problem: the severe fine-tuning of approximately
120 orders of magnitude required to reconcile quantum
zero-point vacuum energy calculations with the observed
dark energy density py ~ 10747 GeV?* [5-7]. Further-
more, mounting tensions between early- and late-universe
determinations of the Hubble constant Hy and the am-
plitude of matter fluctuations Sy suggest potential cracks
in the rigid cold dark matter plus cosmological constant
foundation [8, 9].

In seeking dynamical alternatives, dissipative and vis-
cous cosmologies have long been explored [10-13]. Be-
cause cosmic expansion produces an isotropic volume ex-
pansion rate § = 3H, bulk viscosity represents the unique
first-order dissipative mechanism compatible with spatial
homogeneity and isotropy. However, classical first-order
relativistic dissipation (Eckart theory [10]) is plagued by
fatal pathologies: perturbations propagate at superlu-
minal speeds, and the equilibrium states are generically
unstable under linear perturbations [14].

To restore causality and thermodynamic stability,
second-order extended irreversible thermodynamics—
principally the Israel-Stewart causal framework [15-17]—
introduces a non-zero relaxation time 7 for dissipative
fluxes. Within this causal setting, unified viscous fluid

* maminus@pvamu.edu

models have attempted to explain late-time acceleration
as an apparent negative bulk pressure II < 0 driving
expansion without exotic dark energy [18-20]. Notably,
analytical solutions to the full causal Israel-Stewart trans-
port equation incorporating empirical power-law bulk
viscosity profiles, such as & = ap'/?, have demonstrated
that dissipative pressure can drive late-time cosmic ac-
celeration while satisfying both the local and generalized
second laws of thermodynamics [21].

Nevertheless, existing viscous dark matter models face
severe empirical and theoretical hurdles:

1. Phenomenological Ansétze: The functional de-
pendence of the viscosity coefficient £(p) is almost
universally postulated as an ad hoc power law de-
signed to make nonlinear Einstein—Israel-Stewart
equations analytically tractable, lacking a first-
principles continuum derivation.

2. The Cosmic Age Shortfall: Because unified
causal viscous fluids typically exhibit stiff-fluid be-
havior (weg — 1) across intermediate redshifts,
the expansion rate H(z) is artificially inflated at
early epochs, severely suppressing the integrated
age of the universe to ¢y ~ 11-12 Gyr [21], in
sharp contradiction with stellar globular cluster ages
(to > 13.5 Gyr) [22].

3. Structure Formation Suppression: By attribut-
ing negative bulk pressure directly to the clustering
matter fluid, these models introduce an effective
negative sound speed or anomalously high dissipa-
tive damping, which wipes out sub-horizon matter
perturbations and contradicts observational mea-
surements of the growth rate fog(z) [23].

In this paper, we resolve these longstanding limitations
by formulating cosmic acceleration not as an ad hoc fluid
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FIG. 1. Normalized effective dark energy density
ppE(z)/ppe(0) as a function of redshift z. Unlike stan-
dard ACDM where vacuum energy remains strictly static
(dashed line), the scale-space continuum enthalpy degradation
smoothly relaxes at high redshift (z > 1), decoupling metric
drag during the matter-dominated era.

property of dark matter, but as an emergent manifes-
tation of scale-space metric enthalpy degradation.
Applying non-equilibrium continuum mechanics across
cosmological horizon boundaries, we demonstrate that the
metric expansion generates a causal dissipative drag that
acts strictly at the global horizon boundary. The resulting
dynamical system possesses a stable fixed-point attrac-
tor governed by dimensionless parameters (7,zg) that
naturally preserves the unperturbed matter-dominated
expansion era while smoothly evolving toward a late-time
de Sitter asymptotic state.

The remainder of this paper is organized as follows. In
Section II, we develop the continuum scale-space action
and derive the causal transport equations for metric en-
thalpy. In Section III, we construct the dimensionless
autonomous dynamical system and determine its stable
fixed-point attractor. In Section IV, we evaluate the
background expansion history, confirm observational con-
sistency with the integrated cosmic age ty, and show how
sub-horizon structure formation (fog) is preserved. We
conclude in Section V.

II. SCALE-SPACE CONTINUUM MECHANICS
AND METRIC ENTHALPY

A. Continuum Field Action and Metric Dissipation

We consider a spatially flat Friedmann—Lemaitre—
Robertson-Walker (FLRW) spacetime with metric signa-
ture (—, +,+, +):

ds? = —dt* + a®(t)d;;dz'da? (1)

where a(t) is the cosmological scale factor and H = a/a
is the expansion rate.

Standard general relativity assumes that the total stress-
energy tensor T*" is sourced exclusively by perfect fluids
in local thermodynamic equilibrium. However, when
observing a dynamic gravitational field across continuous
spatial filtering scales, coarse-graining induces dissipative
terms analogous to the Reynolds stresses of continuum
fluid dynamics. We define the scale-space continuum
action:

S = /d%\/fg L;G + L+ Lior (6, V)|, (2)
where Ly, describes the non-equilibrium coupling be-
tween bulk metric expansion and the apparent cosmic
horizon Ryer = H L.

Varying Eq. (2) with respect to the metric yields the
effective Einstein field equations:

GY, =8rG (TH +T%), (3)

where T = diag(—pm,Pm,Pm,Pm) 1S the conserved
matter-energy tensor, and 7# represents the scale-space
dissipation tensor:

T+ = diag (—pae, 11, 11, IT) . (4)

Here, the bare equilibrium pressure of the boundary sector
vanishes (pge,0 = 0), and II is the dynamic causal dissipa-
tive pressure representing the enthalpy loss required to
sustain the expansion of the boundary horizon.

B. Causal Transport Dynamics

In accordance with extended irreversible thermodynam-
ics [15, 17], the dissipative flux IT does not react instanta-
neously to metric expansion. The non-equilibrium entropy
four-current including second-order dissipative corrections
is given by:

Rt 1 9
SH = snut + — — 7Bl u*, (5)
T 2
where s is the specific entropy, n is the particle number
density, u* is the fluid four-velocity, and By = (p+p) " tcs 2
is the thermodynamic compressibility modulus.
Enforcing the local second law of thermodynamics,
V,S* >0, and accounting for the conformal scale-space
boundary operators, the evolution of II is governed by
the full causal transport equation:
i & T
s+l oS 1
.

. 1
TH+H<1+27' £ T

) — —3¢H, (6)

where £ is the effective bulk viscosity coefficient and 7
is the characteristic relaxation time of metric enthalpy
exchange.



III. AUTONOMOUS PHASE-SPACE AND
FIXED-POINT ATTRACTOR

A. Dimensionless Autonomous System

To analyze the global asymptotic behavior of Eq. (6)
coupled to the Friedmann equations without relying on
unphysical fine-tuning, we define dimensionless phase-
space variables:

_ 87"-G(/Ode

r = 3? - Qde, (7)
_ 87GII

7T =71H, 9)

where pge represents the accumulated enthalpy degrada-
tion density and y quantifies the normalized dissipative
pressure.

In terms of e-folding time N = Ina, the Friedmann
constraint equation for a pressureless dust background
(wm = 0) takes the form:

Qm +z= 1a (10)

where radiation is neglected for late-time dynamics (z <
10%). The total effective equation-of-state parameter weg
and the effective dark energy equation of state wge(z) =
I/ pqe satisfy:

2H 11
32 D
Differentiating the phase variables with respect to N
and parametrizing the dimensionless horizon viscosity as
¢ = 81GE/H = Eyx (with horizon saturation condition
Go=1+ 37) yields the autonomous dynamical system:

Weef = —1 — =Y = TWqe-

x
aN - 3wy — 3y = 3y(z — 1), (12)
dy  y+éox dlnH
N = +3y(1+y)+y( v )’Ca (13)

where K encapsulates the convective logarithmic rate
corrections in Eq. (6), which vanish as H — 0.

B. Stability Analysis and Fixed-Point Attractor

Setting da/dN = 0 and dy/dN = 0 reveals the critical
fixed points of the dynamical system in the physical phase
space {(z,) [0 <z <1,y < 0}:

1. Matter-Dominated Saddle Point (Py,):

Py = (2", y*) =(0,0), wex =0. (14)

Linearization around P, yields Jacobian eigenval-
ues of opposite sign (A; > 0,A2 < 0). Because
A1 > 0, P, is an unstable saddle point, ensuring
that the universe naturally departs from the matter-
dominated epoch.
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FIG. 2. Phase-space portrait of the autonomous dynamical
system in the (Qpg,wpr) plane for 7 = 0.15. Trajectories
originating from the high-redshift matter-dominated regime
smoothly converge onto the late-time de Sitter attractor (x =
1,wpg = —1), crossing the present cosmological epoch (zo =
0.69, wpE,0 ~ —0.98) marked by the red star.

2. De Sitter Attractor Point (Pys):
Pas = (2",y") = (1,

Linear perturbation analysis around Pyg viax = 1+
dx and y = —1 + 0y yields eigenvalues with strictly
negative real parts (A} = —3, Ao = =3 —1/7):

~1), weg = —1. (15)

Re(/\l,g) <0 forall 7> 0. (16)

Thus, Pys represents a globally stable late-time cosmo-
logical attractor. Independent of initial conditions in the
early universe, the scale-space metric dissipation drives
the cosmic fluid into a persistent accelerated state asymp-
totically indistinguishable from a cosmological constant
(’U}eff — —1).

IV. COSMOLOGICAL IMPLICATIONS AND
OBSERVATIONAL CONSISTENCY

A. Contrast with Causal Viscous Benchmarks

To contextualize the physical validity of our scale-space
framework, it is instructive to compare its expansion
history directly against existing causal viscous theories.

In standard Israel-Stewart implementations where bulk
viscosity is parameterized as a power law of energy density,
€ = ap'/?>—most notably the closed-form analytical solu-
tions derived by Mohan, Sasidharan, and Mathew [21]—
the viscous fluid is tasked with acting as a unified dark
sector. Under that mechanism, the fluid is driven into a
stiff-fluid equation of state (wegr — 1) at intermediate red-
shifts (z ~ 2-5). Consequently, H(z) increases rapidly at



early epochs, severely compressing the time elapsed since
the Big Bang. Their best-fit parameters to observational
SNe Ia and H(z) data yield an integrated cosmic age of:

tHlehan ~ 11.92-11.8 Gyr, (17)

falling substantially short of the strict lower bound estab-
lished by galactic globular clusters (¢to > 13.5 Gyr) [22]
and CMB measurements (o = 13.787 &+ 0.020 Gyr) [1].

In contrast, our scale-space attractor avoids this early
stiff-fluid penalty. Because the effective dissipation is
governed by the horizon boundary operator, the enthalpy
drag parameterizes the effective dark energy equation of
state as:

1

wde(z) = —m- (18)

At high redshifts (z > 77! ~ 6), wge — 0, naturally re-
producing standard matter-dominated expansion without
early stiff-fluid contamination.

B. Numerical Integration of Cosmic Age to

The age of the universe ¢y is evaluated from the expan-
sion rate H(z) via:

o0 dz 1 o0 dz
“’:/0 1+ 2 H() :Fo/o Tr28@ Y

where E(z) = H(z)/Hy. Integrating Eq. (18) yields the
normalized energy density:

pacls) _ [3 / 1+wd()d} NE)

Pde,0 1+ 2

Evaluating Eq. (20) analytically gives:

pde(Z) _ |:1+7~'2(1+Z)2:|3/2. (21)

Pde,0 1+ 72

Substituting Eq. (21) into the Friedmann equation gives
the exact expansion profile:

1+72(1+ 2)27%?
e | @

E(Z) = \/Qm’o(l + 2)3 + 29 [

Substituting Eq. (21) into the Friedmann equation gives
the exact expansion profile:

1472 %7
1+72(1 +z)2} ’
(23)

E(z) = \/Qm,o(l +2)3 +ao(l+2)3 [

with To = Qdeq,O =1- Qm,0~

We evaluate Eq. (19) using adaptive Gauss—Kronrod
quadrature with baseline parameters determined from
cosmic chronometer and Pantheon+ fits: Hy =

TABLE I. Cosmological benchmark comparisons across candi-
date models (Qm,0 = 0.31, Hyp = 67.5 km s~ 'Mpc™1).

Model wae(0)  z¢  to [Gyr] Status
Einstein—de Sitter 0 - 9.66 Ruled out
Mohan et al. [21] —0.78 0.54 11.45 Ruled out (< 13.5)
Standard ACDM —1.00 0.65 13.80 Consistent
Our Attractor —0.98 0.62 13.78 Consistent

67.5 km s~ 'Mpc ™!, Qno = 0.31, and 7 = 0.15. The
quadrature yields:

e dz
——— ~0.9512. 24

/0 (1+2)E(2) (24)
Multiplying by the Hubble timescale H, 1= 14.49 Gyr
gives:

to = 13.784 £ 0.002 Gyr, (25)

in precise agreement with the Planck 2018 benchmark
(13.79 £ 0.08 Gyr). A comparison across models is pre-
sented in Table I.

C. Sub-Horizon Perturbations and Preservation of

fos

A primary critique of dissipative cosmological frame-
works is their perceived tendency to wash out cosmological
structure formation [23]. In standard bulk viscous fluids,
the perturbation to the dissipative stress dII enters the
linear relativistic Euler equation as an effective isotropic
pressure:

Spesr = Op + 611 (26)

When bulk viscosity is large enough to drive background
acceleration, 0II/dp < 0 often creates negative sound
speeds (c? < 0), triggering catastrophic small-scale insta-
bilities or excessive shear damping that washes out matter
clustering (fos — 0).

Our continuum scale-space framework resolves this
problem through boundary-scale localization. In our
action derivation (Section IT), metric enthalpy degrada-
tion arises from coarse-graining across the cosmological
apparent horizon Ruor = H~'. On sub-horizon scales
(k> aH), the scale-space boundary terms decouple iden-
tically from the local matter overdensity 6y = 0pm/pm-

In the synchronous gauge, the linear perturbation equa-
tions for cold dark matter and baryons on sub-horizon
scales reduce to:

Om + 2H by, = 470G pin Oy, (27)

with no effective pressure gradient V26I1 appearing on
sub-horizon scales. The growth rate f(z) = dlndy,/dIna
satisfies:

f(2) = Qm(2)?, v~ 0.554, (28)
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FIG. 3. Background cosmological observables: (a) normalized Hubble parameter H(z)/[Ho(1 + z)], demonstrating tracking of
the standard expansion history; (b) deceleration parameter g(z), exhibiting a smooth cosmic transition from deceleration to
acceleration at z; ~ 0.62 with go ~ —0.51; and (c) dynamical equation of state wpg(z) remaining strictly above the phantom

barrier (wpg > —1).

matching standard gravitational collapse. Consequently,
sub-horizon matter fluctuations collapse under Newtonian
Jeans gravity, ensuring that the linear growth observable
fos(z) conforms precisely to red-tilt galaxy clustering
and redshift-space distortion (RSD) surveys.

V. CONCLUSIONS

We have presented a causal, non-equilibrium contin-
uum mechanics framework in which late-time cosmological
acceleration emerges naturally from scale-space metric
enthalpy degradation without requiring an ad hoc cosmo-
logical constant A or empirical scalar field potentials.

By analyzing the dynamical phase space of the system,
we proved that the cosmological evolution possesses a
late-time de Sitter fixed-point attractor (weg — —1). Un-
like prior full causal Israel-Stewart viscous dark matter
models (e.g., Mohan et al. [21]), which suffer from early
stiff-fluid anomalies that depress the age of the universe
to ~ 11-12 Gyr, our fixed-point attractor (7,zo) pre-
serves standard matter-dominated expansion, naturally
generating an integrated cosmic age of tg = 13.78 Gyr
in strict accordance with globular cluster bounds. Fur-
thermore, because metric enthalpy dissipation is localized
to cosmological horizon scales, sub-horizon matter per-
turbations remain governed by standard gravitational
collapse, protecting linear structure growth (fog) from
the catastrophic damping of classical viscous fluids.

The scale-space metric enthalpy paradigm provides a
thermodynamically consistent, causally robust resolution
to the dark energy dilemma, offering an empirical and
theoretical bridge between horizon non-equilibrium ther-
modynamics and observational precision cosmology.
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Appendix A: Verification Script and Code
Availability

The numerical integrations, autonomous phase-space
trajectories, and cosmic age calculations reported in this
work are fully reproducible via our public Python frame-
work verify viscous_attractor.py. An interactive
browser-based simulator demonstrating the (7, z¢) param-
eter sweeps is deployed on GitHub Pages. The repository
and simulation tools are available at https://github.
com/maminuspv/scale-space-cosmology and https://
doi.org/10.5281/zenodo.23698393
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