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This work proposes and analyzes the Dynamic Compactification Selection Theory (TSDC),
an effective model for studying the time evolution of geometric degrees of freedom in
string compactifications with α ′ corrections included. Motivated by curvature-squared
(Gauss–Bonnet) terms and dilaton stabilization, we construct an effective potential whose
gradient flow governs the coupled dynamics of a dominant geometric modulus and
the dilaton. Using methods from dynamical systems theory—stability analysis, a global
Lyapunov function, and LaSalle’s invariance theorem—we show that the reduced two-
dimensional model possesses a single stable attractor, while the toroidal configuration
serves as a dynamical repulsor. Numerical simulations demonstrate robust convergence
to the attractor across a wide range of initial conditions and indicate that the dissipative
structure persists in preliminary higher-dimensional extensions. These results establish
Phase I of TSDC as a coherent and mathematically well-posed proof of concept, suggesting
that α ′ corrections may induce non-trivial selection mechanisms within the moduli space.
The paper concludes by outlining the limitations of the effective model and presenting a
research program to extend the framework toward realistic Calabi–Yau compactifications,
including fluxes, branes, and full moduli dynamics.
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I. INTRODUCTION

The compactification problem in string theories remains one of the central issues in contemporary
theoretical physics. The multiplicity of admissible geometric solutions for the six-dimensional
internal space—the so-called Landscape—leads to an extremely large number of possible vacua,
estimated to be around 10500 in flux compactifications1,2. The absence of a universal dynamic
principle that selects a specific internal geometry limits both the predictive power and the physical
interpretation of the theory in terms of vacuum selection mechanisms.

Over the last few decades, various scenarios have been proposed to stabilize moduli and generate
phenomenologically acceptable vacua, including the Giddings–Kachru–Polchinski (GKP) construc-
tion3, the Kachru–Kallosh–Linde–Trivedi (KKLT) mechanism4, and Large Volume Scenarios (LVS)5.
While well-established, these schemes rely on specific choices of fluxes, branes, and non-perturbative
corrections, and typically lead to families of solutions parameterized by discrete and continuous data.
Crucially, they do not, in their usual form, provide a single dynamic principle that deterministically
selects a specific compactification in the moduli space starting from generic initial conditions.

In this context, the present work investigates a conceptually distinct hypothesis: that compactifi-
cation selection may emerge, at least in an effective regime, from an intrinsic dissipative dynamics
associated with α ′ corrections in higher-curvature terms, such as the Gauss–Bonnet term and R2 and
R4-type invariants6–8. Instead of postulating a particular set of fluxes or non-perturbative potentials,
we ask whether the very structure of the α ′ corrections can induce a dynamic selection mechanism
that acts on effective geometric degrees of freedom.

The central question guiding this work can be formulated as follows: given an effective family of
internal geometries parameterized by moduli, can α ′-order corrections, by themselves, generate a
dissipative dynamics that forces the evolution towards a unique stable geometric attractor, starting
from generic initial conditions?

As a first step to address this question, we present here Phase I of a research program based on
the Dynamic Compactification Selection Theory (TSDC). We work with a reduced effective model
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involving two degrees of freedom: a collective geometric mode X , representing an unstable direction
associated with the internal space’s mean curvature, and the dilaton φ . Starting from an effective
action motivated by α ′-order curvature terms, we construct a geometric potential of the form

Veff(X ,φ) = e−2φ
(
−aX2 +bX4)+ 1

2 M2(φ −φ0)
2, (1)

and study the associated gradient flow in a dissipative regime.
The subsequent analysis shows that, under clearly specified hypotheses of dimensional reduction

and effective truncation, the resulting two-dimensional model admits a single stable attractor and
a toroidal flat point that behaves as a dynamical repulsor. Using dynamical systems techniques —
including linear stability analysis, a global Lyapunov function, and LaSalle’s Invariance Principle9,10

— we demonstrate that all trajectories within a wide class of initial conditions asymptotically converge
to the attractor. Numerical simulations corroborate these results and indicate that the dissipative
structure persists in preliminary higher-dimensional extensions.

It is crucial to emphasize that we do not claim here to resolve the Landscape nor to derive a realistic
compactification with all the necessary ingredients (fluxes, branes, non-perturbative corrections, and
full moduli space). The objective of this Phase I is more modest and well-defined: to establish, in
a controlled manner, that a dynamic mechanism motivated by α ′ corrections can, in an explicitly
specified effective model, produce the dynamic selection of a single stable state. This constitutes
a mathematical proof of concept, whose physical relevance will depend on future extensions in
concrete Calabi–Yau compactifications.

Section II describes in detail the structure of the effective theory and the motivation for the reduced
model, including the operational definition of mode X and the spectral justification for dimensional
reduction. The following sections analyze the local and global dynamics of the system, discuss the
role of the geometric attractor, examine conceptual implications, and present numerical simulations.
Structural limitations of the model and a systematic extension program—including fluxes, multiple
moduli, and connections to Swampland conjectures11–13—are discussed in the final sections and
appendices.

II. STRUCTURE OF THE EFFECTIVE THEORY AND MOTIVATION FOR THE REDUCED
MODEL

In this section, we present the conceptual and mathematical foundations of the effective model
used throughout this work. The objective is to clearly describe how α ′-order corrections motivate
the introduction of an effective geometric potential, and to justify, on controlled formal grounds, the
reduction to two degrees of freedom: a collective geometric mode X and the dilaton φ .

The following subsections present: (i) the effective action motivated by curvature corrections; (ii)
the operational definition of the mode X ; (iii) a systematic justification of the dimensional reduction
via modal analysis; and (iv) the limits of validity of this approximation.

A. Effective Action Motivated by α ′ Order Corrections

The starting point is the heterotic (or Type II) supergravity action corrected by α ′-order terms,
whose structure is well established in the foundational literature on higher-derivative corrections6–8.
In ten dimensions, the effective action in the Einstein frame can be schematically written as:

S =
1

2κ2

∫
d10x

√
−g
[

R− 1
2
(∂φ)2 +α

′L1(Rabcd)+α
′2L2(Rabcd ,∇R, . . .)+ . . .

]
, (2)

where L1 and L2 denote quadratic and quartic curvature invariants. A central component is the
Gauss–Bonnet term

LGB = E4 = RabcdRabcd −4RabRab +R2, (3)

while the quartic R4 corrections were explicitly derived in the heterotic and Type II theories by
Gross–Sloan7 and Metsaev–Tseytlin8. These higher-derivative contributions are known to:
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• destabilize flat internal geometries,

• generate curvature-driven transitions,

• induce non-trivial effective potentials in the moduli sector.

The qualitative structure of the geometric potential employed in this work—involving quadratic and
quartic curvature contributions—follows from the expansion around a product metric M4 ×K and
the projection of the curvature perturbations of the internal space onto a single dominant mode.

B. Operational Definition of the Geometric Mode X

Consider an internal manifold K with metric gmn. We define the collective geometric mode X
as the projection of the internal scalar curvature R[g] onto the dominant homogeneous mode of the
linearized Lichnerowicz operator14,15. Operationally:

X ≡ 1
Vol(K)

∫
K

d6y
√

gR[g] f (y), (4)

where f (y) is chosen as the leading eigenfunction associated with curvature deformations. In
compactifications on deformed tori or near-Ricci-flat manifolds, this mode dominates:

• uniform scalar curvature perturbations,

• global rescalings of the internal metric,

• instabilities generated by α ′ corrections6.

The mode X may be interpreted as a mean-curvature analogue of the volume modulus familiar from
Calabi–Yau Kähler moduli, but its dynamics is directly influenced by higher-order corrections that
break classical Ricci-flatness.

C. Structural Origin of the Potential as a Function of X

Upon inserting the modal decomposition into the corrected action (2), the quadratic and quartic
curvature contributions generate an effective potential of the form:

Vgeom(X ,φ) ∝ e−2φ

[
−aX2 +bX4 +O(X6)

]
, (5)

where:

• a > 0 arises from curvature instabilities (e.g. projections of R2, RabRab),

• b > 0 is induced by stabilizing R4-type interactions7,8.

This quartic structure is generic whenever: (i) an unstable direction exists in the geometric sector,
and (ii) higher-order corrections provide a saturating stabilization.

Terms of order X6 and higher are suppressed, as they arise only from α ′2 or higher corrections;
thus the truncation to X4 is consistent for small and moderate curvature perturbations.

The resulting effective potential employed in this work,

Veff(X ,φ) = e−2φ
(
−aX2 +bX4)+ 1

2
M2(φ −φ0)

2, (6)

represents the leading projection of the α ′-corrected geometric sector onto the collective mode X .
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D. Operational Justification for Reduction to the Collective Mode X

The dimensional reduction used in this work relies on the assumption that a dominant unsta-
ble geometric mode X exists. We do not claim universality of such a mode across Calabi–Yau
compactifications16; rather:

• we do not prove that the moduli space of a general CY contains a mode aligned with global
mean curvature,

• we do not demonstrate that this mode dynamically dominates the remaining geometric defor-
mations,

• we do not argue that the projection onto X constitutes a consistent truncation in the strict
supergravity sense.

Our approach is instead operational: X is defined as the direction along which the α ′-corrected
potential displays the largest instability. This is consistent with simple examples such as small
deformations of T 6 (see Appendix A), where the homogeneous curvature mode carries the dominant
negative eigenvalue of the geometric Hessian.

The model should therefore be viewed as an effective toy model, whose purpose is to explore
whether α ′ corrections can induce dissipative selection under minimal controlled assumptions. The
analysis in Appendix A shows only that:

• an analogue of the collective mode X may exist in simple geometries,

• the projection onto X is mathematically consistent as an adiabatic truncation,

• no guarantee exists that analogous behavior holds in realistic Calabi–Yau spaces16.

Extending this analysis to explicit compact Calabi–Yau families—including full Hessian com-
putation, eigenmode identification, and cross-coupling estimates—is a task left for future work
(Section XIV).

E. Scope and Limitations of the Effective Model

In accordance with good modeling practice in theoretical physics, we explicitly list the limitations
of the effective model:

• The potential is not derived from a specific Calabi–Yau manifold, but represents a qualitative
projection onto a collective mode.

• RR/NS fluxes, branes, and non-perturbative effects are not included at this stage; a full
compactification would require ingredients such as those in GKP3, KKLT4, or LVS5.

• Higher-order α ′ corrections are neglected, consistent with the assumption that the relevant
regime does not excite large amplitudes of X .

• The model is not intended to describe the complete moduli space, but only to investigate
whether α ′ corrections alone can produce dissipative geometric selection.

These limitations will be addressed in subsequent phases of the research program.

III. DYNAMICAL FORMULATION OF THE EFFECTIVE MODEL

Building upon the structure presented in Section II, we now formulate the dynamics of the reduced
system (X ,φ) in explicit terms. The aim is to show, in a mathematically controlled manner, that the
model admits a gradient-flow description in phase space, naturally leading to dissipative behavior.
This structure will serve as the basis for the stability analysis and numerical validation carried out in
subsequent sections.
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A. Effective Potential Structure

The effective potential derived from curvature corrections and dilaton-stabilizing contributions
takes the form

Veff(X ,φ) = e−2φ
(
−aX2 +bX4)+ 1

2
M2(φ −φ0)

2, (7)

where:

• a > 0 originates from curvature instabilities associated with quadratic invariants,

• b > 0 is induced by stabilizing R4-type contributions characteristic of α ′ corrections7,8,

• M2 > 0 controls the quadratic dilaton potential around φ0.

The overall factor e−2φ reflects the standard coupling of geometric sectors in string effective actions15.

B. Dissipative Dynamics: Equations of Motion

Assuming a static FRW metric in the external spacetime and neglecting gravitational backreaction—
valid when curvature scales of the internal sector lie well below MPl—the reduced system follows
the first-order equations:

Ẋ =− ∂Veff

∂X
, (8)

φ̇ =− ∂Veff

∂φ
. (9)

Explicit differentiation yields:

Ẋ = e−2φ
(
2aX −4bX3) , (10)

φ̇ = 2e−2φ
(
−aX2 +bX4)−M2(φ −φ0). (11)

The structure of these terms shows that:

• the linear term destabilizes X = 0,

• the cubic term −4bX3 regulates large-amplitude growth,

• the dilaton evolves under a competition between geometric energy and quadratic stabilization.

C. Gradient Flow Structure

Equations (10)–(11) may be expressed compactly as

Ψ̇ =−∇Veff(Ψ), Ψ ≡ (X ,φ), (12)

revealing that the reduced system is a gradient flow in R2. Classical results in dynamical systems
theory10 imply that:

• Veff acts as a global Lyapunov function,

• deterministic chaos cannot occur in finite-dimensional gradient flows,

• the system admits no limit cycles (absence of rotational components),

• trajectories monotonically decrease the potential except at stationary points.
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D. Critical Points and Linear Stability Analysis

Critical points satisfy ∂XVeff = 0 and ∂φVeff = 0. The first condition yields two geometric branches:

X = 0, (unstable toroidal configuration), (13)

X2 = a/2b, (geometric attractor). (14)

The second condition provides an implicit equation determining the dilaton at the attractor:

φ
∗−φ0 =− 1

M2 e−2φ∗[−a(X∗)2 +b(X∗)4] , (15)

Substituting (X∗)2 = a/2b, we obtain:

φ
∗−φ0 =− 1

M2 e−2φ∗
(
− a2

4b

)
=

a2

4bM2 e−2φ∗
> 0, (16)

which shows that the attractor sits at a slightly stronger coupling than φ0. For φ0 in the perturbative
regime (gs = eφ ≪ 1), the supergravity approximation remains valid.

Local stability follows from analyzing the Hessian matrix. One finds:

• X = 0 is unstable, since the curvature along the X direction is negative;

• X =±
√

a/2b correspond to stable minima with positive eigenvalues for generic parameter
choices.

Hence the potential admits a unique physically relevant attractor.

E. Global Monotonicity: LaSalle’s Invariance Principle

Along any trajectory of the system,

dVeff

dt
=

∂Veff

∂X
Ẋ +

∂Veff

∂φ
φ̇ =−∥∇Veff∥2 ≤ 0, (17)

so that Veff is strictly decreasing except at equilibrium points. Because the system is dissipative and
trajectories remain confined within a compact region of phase space, LaSalle’s Invariance Principle9

implies that all solutions converge asymptotically to the unique stable attractor (X∗,φ ∗).

F. Scope of Validity and Consistency of the Reduced Model

The formalism developed here is valid under the following assumptions:

• the collective geometric mode X dominates the internal-space dynamics (Section II D),

• higher-order α ′ corrections remain subdominant (moderate amplitudes of X),

• fluxes, branes, and non-perturbative effects are either constant or integrated into effective
parameters,

• the dilaton remains in the perturbative regime,

• the four-dimensional expansion is decoupled from the internal dynamics (adiabatic approxima-
tion).

Thus, the model should be understood as a low-dimensional effective toy model aimed at exploring
dynamic selection mechanisms rather than describing fully realistic compactifications.
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IV. CRITICAL POINT ANALYSIS AND STABILITY STRUCTURE

The purpose of this section is to rigorously determine the critical points of the effective potential
Veff, characterize their linear stability, and establish their nature as either minimizers or unstable
stationary points. This analysis is essential for demonstrating the existence of the geometric attractor
and for justifying the dynamical interpretation of the system developed in Section III. Our treatment
follows standard methods in stability theory for smooth dynamical systems9,10.

A. Critical Point Conditions

The critical points are defined by the stationary conditions

∂Veff

∂X
= 0,

∂Veff

∂φ
= 0, (18)

where the potential, as derived from the leading α ′ corrections and the dilaton stabilization term6–8,
is given by

Veff(X ,φ) = e−2φ
(
−aX2 +bX4)+ 1

2
M2(φ −φ0)

2. (19)

Differentiating, we obtain

∂Veff

∂X
= e−2φ

(
−2aX +4bX3) , (20)

∂Veff

∂φ
=−2e−2φ

(
−aX2 +bX4)+M2(φ −φ0). (21)

The geometric equation reduces to

X(−2a+4bX2) = 0,

yielding the branches:

1. X = 0 (trivial toroidal configuration),

2. X2 = a/2b (non-trivial geometric solutions).

The dilaton equation gives the implicit condition

M2(φ −φ0) = 2e−2φ (aX2 −bX4).

For the trivial solution X = 0, one simply obtains φ = φ0. For the non-trivial solutions X∗ =
±
√

a/2b, substitution yields

φ
∗−φ0 =

1
M2 e−2φ∗

(
a2

4b

)
> 0. (22)

The right-hand side is a strictly decreasing function of φ ∗, guaranteeing the existence of a unique
solution.

Thus, the system possesses exactly three critical points:

• one trivial point: (0, φ0);

• two symmetric non-trivial points: (±
√

a/2b, φ ∗).
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B. Hessian Matrix and Linear Stability

Local stability is determined by the Hessian matrix

H =


∂ 2V
∂X2

∂ 2V
∂X∂φ

∂ 2V
∂φ∂X

∂ 2V
∂φ 2

 . (23)

The second derivatives are

∂ 2V
∂X2 = e−2φ (−2a+12bX2), (24)

∂ 2V
∂X∂φ

=−2e−2φ (−2aX +4bX3) =−2
∂V
∂X

, (vanishes at critical points), (25)

∂ 2V
∂φ 2 = 4e−2φ

(
−aX2 +bX4)+M2. (26)

1. Stability at X = 0

At (X ,φ) = (0,φ0),

∂ 2V
∂X2

∣∣∣∣
(0,φ0)

=−2ae−2φ0 < 0. (27)

The geometric direction is therefore unstable, although the dilaton direction is stabilized by the
positive mass term. Hence X = 0 is a saddle point—a result consistent with the known instability of
flat compactifications under α ′ corrections6.

2. Stability at X =±
√

a/2b

At X2 = a/2b,

∂ 2V
∂X2

∣∣∣∣
(X∗,φ∗)

= e−2φ∗
(
−2a+12b

a
2b

)
= 4ae−2φ∗

> 0. (28)

For the dilaton:

∂ 2V
∂φ 2

∣∣∣∣
(X∗,φ∗)

=− a2

b
e−2φ∗

+M2. (29)

Since the Hessian is diagonal at critical points, stability requires only ∂ 2V/∂φ 2 > 0. This holds
whenever the stabilizing mass M2 dominates the negative geometric contribution, which is generically
true in the effective regime considered.

Thus:

• (±X∗,φ ∗) are strict local minima,

• quartic growth of the potential implies these are global minima,

• the system has a unique physical attractor modulo the symmetry X →−X .
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C. Qualitative Structure of the Gradient Flow

Because the dynamics is governed by the gradient system Ψ̇ =−∇Veff, several qualitative proper-
ties follow immediately10:

• no rotational terms appear, hence no limit cycles exist;

• all trajectories decrease Veff monotonically except at stationary points;

• since X = 0 is unstable, almost all trajectories escape its neighborhood and flow toward
(X∗,φ ∗).

D. Geometric Interpretation of the Dissipative Attractor

The two-dimensional flow shows that the attractor (X∗,φ ∗) corresponds to the dynamically
preferred configuration of the mean-curvature mode. The negative quadratic term initially drives an
instability, while the quartic term stabilizes the evolution at finite amplitude. Additional geometric
modes, being generically heavy, decay rapidly along the flow and become subdominant on dynamical
timescales. This hierarchy between a slowly evolving collective mode and fast-damped heavy modes
naturally yields a dissipative relaxation process.

In this sense, the attractor (X∗,φ ∗) represents a dynamically selected geometric state, replacing the
coarse degeneracy of possible configurations with a trajectory-driven mechanism of selection. Within
the reduced model, this provides a mathematically controlled demonstration that α ′ corrections alone
can induce deterministic geometric selection. Extending this conclusion to full Calabi–Yau com-
pactifications requires explicit inclusion of fluxes, torsion, additional moduli, and non-perturbative
ingredients.

V. REDUCED SYSTEM DYNAMICS AND GLOBAL TRAJECTORY STRUCTURE

Having analytically characterized the critical points of the effective potential Veff, we now study
the global dynamics induced by the gradient flow

Ψ̇ =−∇Veff(Ψ), Ψ = (X ,φ), (30)

with the goal of establishing that all generic trajectories converge monotonically toward the global
minimizers identified in Section IV. The discussion follows the general theory of dissipative dynami-
cal systems and gradient flows9,10.

A. Global Dissipativity and Absence of Cyclic Structures

The gradient flow inherits two key structural properties:
a. (i) Energy Monotonicity. Along any solution Ψ(t),

d
dt

Veff(Ψ(t)) = ∇Veff · Ψ̇ =−∥∇Veff∥2 ≤ 0. (31)

Hence:

• Veff decreases strictly along non-stationary trajectories;

• constant energy occurs only at the critical points;

• periodic orbits, limit cycles, and chaotic attractors are forbidden in two-dimensional gradient
systems.
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b. (ii) Coercivity and Boundedness of Trajectories. Because17 Veff(X ,φ)→+∞ as ∥(X ,φ)∥→
∞, all trajectories remain in compact subsets of the phase space. The combination of coercivity and
monotonicity ensures that every trajectory approaches the set of global minimizers.

B. Application of LaSalle’s Invariance Principle

LaSalle’s Invariance Principle9 states that every trajectory of a dissipative system converges to the
largest invariant subset of {Ψ : V̇eff = 0}. Since

V̇eff =−∥∇Veff∥2,

we have:

V̇eff = 0 ⇐⇒ ∇Veff = 0,

so the invariant set is precisely the set of critical points obtained in Section IV. Because:

• (0,φ0) is a saddle point with a measure-zero stable manifold,

• (±X∗,φ ∗) are strict global minimizers,

almost all initial conditions converge to the attractor (X∗,φ ∗), establishing dynamic selection of the
geometric configuration.

C. Qualitative Phase Diagram

The global structure of the flow may be summarized qualitatively:

• Regions near X = 0 exhibit rapid departure due to the linear instability identified in Sec-
tion IV B 1.

• Regions with |X |> X∗ experience a restoring force from the quartic potential term.

• Trajectories funnel monotonically toward (X∗,φ ∗), with no oscillations or overshoot.

The phase portrait therefore contains two symmetric basins of attraction (for X > 0 and X < 0),
separated by the stable manifold of the saddle. The symmetry X →−X represents an orientation
reversal of the collective mode and does not correspond to physically distinct geometries.

D. Asymptotic Time Analysis

Linearizing about the attractor Ψ∗ = (X∗,φ ∗) gives

Ψ̇ =−H ∗(Ψ−Ψ
∗)+O

(
∥Ψ−Ψ

∗∥2) , (32)

where H ∗ is the positive-definite Hessian computed in Section IV. This implies:

• Local Exponential Convergence: ∥Ψ(t)−Ψ∗∥ ∼ e−λ t , where λ is the smallest eigenvalue
of H ∗.

• Overdamped Behavior: Since the Hessian is diagonal at the equilibrium, the flow exhibits no
oscillatory components.

• Finite Relaxation Time: The convergence timescale is controlled by the parameters a, b, and
M, allowing for potential phenomenological interpretations.
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E. Physical Interpretation as a “Geometric Selection Mechanism”

Although the system is reduced and does not capture the full spectrum of moduli, several general
features emerge:

• the intrinsic instability of flat or toroidal geometries under α ′ curvature corrections6–8;

• the dynamical preference for configurations with non-zero mean curvature;

• the existence of a stable geometric configuration determined solely by the coefficients of the
effective potential.

Within the domain of validity of the reduced model, this behavior constitutes a mathematically
explicit instance of dynamic geometric selection driven only by α ′ corrections.

F. Scope and Limitations of the Dynamic Analysis

The results of this section must be interpreted within the constraints of the simplified framework:

• the system does not include individual Kähler or complex-structure moduli;

• RR/NS fluxes, torsion, and D-brane sources are omitted and treated as effectively constant;

• the dynamics represents only the projection of the full geometric Hessian onto a dominant
collective mode.

Thus, the present analysis should be viewed as a controlled proof of concept that α ′ corrections can,
in principle, induce dissipative dynamics and selection of stable geometric configurations. Extending
this mechanism to full Calabi–Yau compactifications remains an open challenge requiring additional
ingredients beyond the two-dimensional model.

sectionPhysical Interpretation of the Selection Mechanism and Model Scope
The dynamical analysis developed in the previous sections establishes that, within the reduced

two-dimensional effective model defined by the variables (X ,φ), the temporal evolution generically
converges to the global minimum of the potential Veff. In this section we interpret this behavior in
physical terms and delineate the conceptual and phenomenological scope of the geometric selection
mechanism that emerges from the dynamics. The discussion integrates known results on curvature
corrections6–8 and on moduli stabilization scenarios2,4,5.

subsectionThe Role of X as an Effective Collective Mode
The geometric variable X was introduced as a collective mode representing the projection of the in-

ternal scalar curvature onto the dominant homogeneous deformation of the internal metric. Heterotic
and Type II compactifications often feature hierarchical mass spectra in the moduli space, where a
small set of light modes captures the leading-order response of the geometry to perturbations16,18.
Collective modes analogous to X can arise when:

• α ′ corrections couple predominantly to global curvature,

• Gauss–Bonnet-type instabilities affect nearly flat internal metrics,

• the Hessian spectrum contains one direction with substantially smaller eigenvalue, dominating
the evolution.

However, the model does not claim that X is the dominant eigenmode in realistic Calabi–Yau
compactifications. Rather, the analysis demonstrates that if such a collective mode exists, its dynamics
under curvature corrections behaves dissipatively and selects a unique geometric configuration.
Extending this identification to actual Calabi–Yau manifolds requires a full spectral analysis of the
moduli space, which is postponed to future work.

subsectionDynamic Selection as a Mechanism for Breaking Landscape Degeneracy
Within the reduced model, the dynamics distinguishes sharply between two geometric regimes:
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• the flat configuration (X = 0) is dynamically unstable, consistently with earlier analyses
showing that Ricci-flat tori become unstable under curvature-squared corrections6;

• configurations with non-zero mean curvature (X =±X∗) emerge as dynamically stable.

This constitutes a proof of principle that α ′ corrections can break the degeneracy associated
with flat or nearly flat compactifications. The selection arises dynamically rather than through
discrete choices of fluxes or non-perturbative superpotentials, which usually generate large families
of vacua1,2.

It must be emphasized that the full landscape of flux compactifications, especially in scenarios
such as KKLT4 or LVS5, includes moduli interactions, non-perturbative effects, and flux-induced
potentials that are absent in the reduced model. The present result does not replace these mechanisms;
rather, it shows that curvature corrections alone can generate non-trivial dynamical selection in
simplified settings.

subsectionConceptual Comparison with Existing Mechanisms
The TSDC mechanism shares important qualitative features with dynamical relaxation models,

in which moduli descend a dissipative gradient flow until stabilization. However, TSDC differs
conceptually from widely studied mechanisms:

• In KKLT and LVS scenarios4,5, stabilization crucially relies on non-perturbative superpotentials
and, for de Sitter vacua, explicit uplift ingredients such as anti-D3 branes.

• In contrast, the selection mechanism observed in TSDC operates at the level of perturbative α ′

corrections in the reduced model, without invoking non-perturbative effects or flux-induced
potentials.

• The attractor in TSDC arises from the interplay between a curvature-induced instability and
stabilizing quartic terms, producing convergence that is insensitive to initial conditions.

Thus, TSDC should not be interpreted as a competing stabilization framework, but rather as a
complementary mechanism that may become relevant in curvature-dominated regions of moduli
space.

subsectionRegimes of Validity of the Approximation
The theoretical conclusions drawn from the model hold under several assumptions:

• Perturbative regime: the analysis presupposes the validity of the effective supergravity
description, requiring weak coupling and small curvature compared with the string scale.

• Dominance of α ′ corrections: higher-order terms in the expansion are neglected, and the
truncation to quartic order in X is assumed to capture the relevant structure of the effective
potential.

• Weak mixing with other moduli: cross-couplings between X and heavier moduli are assumed
to be small enough to justify the reduced description.

The approximation breaks down when fluxes, localized sources, or non-perturbative contributions
become dominant. In such regimes, the structure of Veff may change qualitatively, potentially
generating additional vacua or modifying the stability of the attractor.

subsectionPhysical Implications of the Attractor for Internal Geometry
If the reduced model captures essential features of the dynamics of curvature-sensitive modes,

then the following qualitative implications may hold:

• Flat or toroidal geometries are not dynamically stable once α ′ corrections are properly included.

• Geometries with moderate positive curvature, encoded by X∗ ̸= 0, are dynamically preferred.

• Temporal evolution acts as an implicit “physical criterion” for selecting internal geometries,
supplementing the combinatorial vacuum counting typical of landscape arguments1,19.
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Such behavior, if validated in higher-dimensional and fully consistent models, would offer a
non-anthropic mechanism for reducing the effective size of the landscape.

subsectionSynthesis and Scope of Conclusions
The results presented in this section clarify both the potential significance and the limitations of the

TSDC mechanism. The existence of a unique global attractor in the reduced model is mathematically
rigorous and provides an explicit example of dynamic geometric selection driven solely by α ′

corrections. However, we do not claim that this mechanism automatically extends to full Calabi–Yau
compactifications, where fluxes, torsion, additional moduli, and non-perturbative effects must be
incorporated.

Thus, the findings should be regarded as a controlled proof of concept that sets the stage for
the numerical analyses of Section 8, the phenomenological considerations of Section 9, and the
extensions outlined in later sections.

sectionReduced System Dynamics and Global Trajectory Structure
Having analytically characterized the critical points of the effective potential Veff, we now study

the global dynamics induced by the gradient flow

Ψ̇ =−∇Veff(Ψ), Ψ = (X ,φ), (33)

with the goal of establishing that all generic trajectories converge monotonically toward the global
minimizers identified in Section IV. The discussion follows the general theory of dissipative dynami-
cal systems and gradient flows9,10.

subsectionGlobal Dissipativity and Absence of Cyclic Structures
The gradient flow inherits two key structural properties:
a. (i) Energy Monotonicity. Along any solution Ψ(t),

d
dt

Veff(Ψ(t)) = ∇Veff(Ψ(t)) · Ψ̇(t) =−∥∇Veff(Ψ(t))∥2 ≤ 0. (34)

Hence:

• Veff decreases strictly along non-stationary trajectories;

• constant energy occurs only at the critical points;

• periodic orbits, limit cycles, and chaotic attractors are forbidden in two-dimensional gradient
systems.

b. (ii) Coercivity and Boundedness of Trajectories. Because the quartic term in X and the
quadratic stabilizing term in φ imply

Veff(X ,φ) −→ +∞ as ∥(X ,φ)∥ −→ ∞, (35)

all trajectories remain in compact subsets of phase space. The combination of coercivity and
monotonicity ensures that every trajectory approaches the set of global minimizers.

subsectionApplication of LaSalle’s Invariance Principle
LaSalle’s Invariance Principle9 states that every trajectory of a dissipative system converges to the

largest invariant subset of {
Ψ : V̇eff(Ψ) = 0

}
.

Since

V̇eff(Ψ) =−∥∇Veff(Ψ)∥2,

we have

V̇eff(Ψ) = 0 ⇐⇒ ∇Veff(Ψ) = 0,

so the invariant set is precisely the set of critical points obtained in Section IV. Because:
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• (0,φ0) is a saddle point with a measure-zero stable manifold,

• (±X∗,φ ∗) are strict global minimizers,

almost all initial conditions converge to the attractor (X∗,φ ∗), establishing dynamic selection of the
geometric configuration.

subsectionQualitative Phase Diagram
The global structure of the flow may be summarized qualitatively:

• Regions near X = 0 exhibit rapid departure due to the linear instability identified in Sec-
tion IV B 1.

• Regions with |X | > X∗ experience a restoring force from the quartic potential term, which
suppresses large excursions in X .

• Trajectories funnel monotonically toward (X∗,φ ∗), with no oscillations or overshoot, as
expected in an overdamped gradient system.

The phase portrait therefore contains two symmetric basins of attraction (for X > 0 and X < 0),
separated by the stable manifold of the saddle. The symmetry X →−X represents an orientation
reversal of the collective mode and does not correspond to physically distinct geometries.

G. Asymptotic Time Analysis

Linearizing about the attractor Ψ∗ = (X∗,φ ∗) gives

Ψ̇ =−H ∗(Ψ−Ψ
∗)+O

(
∥Ψ−Ψ

∗∥2) , (36)

where H ∗ is the positive-definite Hessian computed in Section IV. This implies:

• Local exponential convergence: ∥Ψ(t)−Ψ∗∥ ∼ e−λ t for large t, where λ is the smallest
positive eigenvalue of H ∗.

• Overdamped behavior: Since the Hessian is diagonal at the equilibrium, the flow exhibits no
oscillatory components in the linear regime.

• Finite relaxation time: The convergence timescale is controlled by the parameters a, b, and
M, allowing for potential phenomenological interpretations.

subsectionPhysical Interpretation as a “Geometric Selection Mechanism”
Although the system is reduced and does not capture the full spectrum of moduli, several general

features emerge:

• the intrinsic instability of flat or toroidal geometries under α ′ curvature corrections6–8;

• the dynamical preference for configurations with non-zero mean curvature;

• the existence of a stable geometric configuration determined solely by the coefficients of the
effective potential.

Within the domain of validity of the reduced model, this behavior constitutes a mathematically
explicit instance of dynamic geometric selection driven only by α ′ corrections.

ubsectionScope and Limitations of the Dynamic Analysis
The results of this section must be interpreted within the constraints of the simplified framework:

• the system does not include individual Kähler or complex-structure moduli;

• RR/NS fluxes, torsion, and D-brane sources are omitted and treated as effectively constant;

• the dynamics represents only the projection of the full geometric Hessian onto a dominant
collective mode.

Thus, the present analysis should be viewed as a controlled proof of concept that α ′ corrections can,
in principle, induce dissipative dynamics and selection of stable geometric configurations. Extending
this mechanism to full Calabi–Yau compactifications remains an open challenge requiring additional
ingredients beyond the two-dimensional model.



Relaxation Dynamics in Moduli Space 15

VI. PHYSICAL INTERPRETATION OF THE SELECTION MECHANISM AND MODEL SCOPE

The dynamical analysis developed in the previous sections establishes that, within the reduced
two-dimensional effective model defined by the variables (X ,φ), the temporal evolution generically
converges to the global minimum of the potential Veff. In this section we interpret this behavior in
physical terms and delineate the conceptual and phenomenological scope of the geometric selection
mechanism that emerges from the dynamics. The discussion integrates known results on curvature
corrections6–8 and on moduli stabilization scenarios2,4,5.

A. The Role of X as an Effective Collective Mode

The geometric variable X was introduced as a collective mode representing the projection of the in-
ternal scalar curvature onto the dominant homogeneous deformation of the internal metric. Heterotic
and Type II compactifications often feature hierarchical mass spectra in the moduli space, where a
small set of light modes captures the leading-order response of the geometry to perturbations16,18.
Collective modes analogous to X can arise when:

• α ′ corrections couple predominantly to global curvature,

• Gauss–Bonnet-type instabilities affect nearly flat internal metrics,

• the Hessian spectrum contains one direction with substantially smaller eigenvalue, dominating
the evolution.

However, the model does not claim that X is the dominant eigenmode in realistic Calabi–Yau
compactifications. Rather, the analysis demonstrates that if such a collective mode exists, its dynamics
under curvature corrections behaves dissipatively and selects a unique geometric configuration.
Extending this identification to actual Calabi–Yau manifolds requires a full spectral analysis of the
moduli space, which is postponed to future work.

B. Dynamic Selection as a Mechanism for Breaking Landscape Degeneracy

Within the reduced model, the dynamics distinguishes sharply between two geometric regimes:

• the flat configuration (X = 0) is dynamically unstable, consistently with earlier analyses
showing that Ricci-flat tori become unstable under curvature-squared corrections6;

• configurations with non-zero mean curvature (X =±X∗) emerge as dynamically stable.

This constitutes a proof of principle that α ′ corrections can break the degeneracy associated
with flat or nearly flat compactifications. The selection arises dynamically rather than through
discrete choices of fluxes or non-perturbative superpotentials, which usually generate large families
of vacua1,2.

It must be emphasized that the full landscape of flux compactifications, especially in scenarios
such as KKLT4 or LVS5, includes moduli interactions, non-perturbative effects, and flux-induced
potentials that are absent in the reduced model. The present result does not replace these mechanisms;
rather, it shows that curvature corrections alone can generate non-trivial dynamical selection in
simplified settings.

C. Conceptual Comparison with Existing Mechanisms

The TSDC mechanism shares important qualitative features with dynamical relaxation models,
in which moduli descend a dissipative gradient flow until stabilization. However, TSDC differs
conceptually from widely studied mechanisms:
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• In KKLT and LVS scenarios4,5, stabilization crucially relies on non-perturbative superpotentials
and, for de Sitter vacua, explicit uplift ingredients such as anti-D3 branes.

• In contrast, the selection mechanism observed in TSDC operates at the level of perturbative α ′

corrections in the reduced model, without invoking non-perturbative effects or flux-induced
potentials.

• The attractor in TSDC arises from the interplay between a curvature-induced instability and
stabilizing quartic terms, producing convergence that is insensitive to initial conditions.

Thus, TSDC should not be interpreted as a competing stabilization framework, but rather as a
complementary mechanism that may become relevant in curvature-dominated regions of moduli
space.

D. Regimes of Validity of the Approximation

The theoretical conclusions drawn from the model hold under several assumptions:

• Perturbative regime: the analysis presupposes the validity of the effective supergravity
description, requiring weak coupling and small curvature compared with the string scale.

• Dominance of α ′ corrections: higher-order terms in the expansion are neglected, and the
truncation to quartic order in X is assumed to capture the relevant structure of the effective
potential.

• Weak mixing with other moduli: cross-couplings between X and heavier moduli are assumed
to be small enough to justify the reduced description.

The approximation breaks down when fluxes, localized sources, or non-perturbative contributions
become dominant. In such regimes, the structure of Veff may change qualitatively, potentially
generating additional vacua or modifying the stability of the attractor.

E. Physical Implications of the Attractor for Internal Geometry

If the reduced model captures essential features of the dynamics of curvature-sensitive modes,
then the following qualitative implications may hold:

• Flat or toroidal geometries are not dynamically stable once α ′ corrections are properly included.

• Geometries with moderate positive curvature, encoded by X∗ ̸= 0, are dynamically preferred.

• Temporal evolution acts as an implicit “physical criterion” for selecting internal geometries,
supplementing the combinatorial vacuum counting typical of landscape arguments1,19.

Such behavior, if validated in higher-dimensional and fully consistent models, would offer a
non-anthropic mechanism for reducing the effective size of the landscape.

F. Synthesis and Scope of Conclusions

The results presented in this section clarify both the potential significance and the limitations of the
TSDC mechanism. The existence of a unique global attractor in the reduced model is mathematically
rigorous and provides an explicit example of dynamic geometric selection driven solely by α ′

corrections. However, we do not claim that this mechanism automatically extends to full Calabi–Yau
compactifications, where fluxes, torsion, additional moduli, and non-perturbative effects must be
incorporated.

Thus, the findings should be regarded as a controlled proof of concept that prepares the ground
for subsequent numerical analyses, phenomenological considerations, and the extended program
developed in later sections.
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VII. CONCEPTUAL CONSEQUENCES OF THE DYNAMIC SELECTION MECHANISM

The dynamical structure analyzed in the previous sections establishes that, within the reduced
effective model, the evolution of the variables (X ,φ) inevitably approaches the global minimum
of the potential Veff. In this section we discuss the conceptual implications of this behavior for the
structure of the compactification space, while emphasizing that these conclusions apply only to the
simplified model and do not represent universal claims about the full string Landscape1,19.

A. Dynamic Selection as Degeneracy Breaking

In combinatorial or static approaches to the Landscape, compactifications with different geometric
profiles—flat, weakly curved, or strongly curved—can appear a priori as equally admissible solutions.
However, once α ′ corrections are incorporated, explicit curvature-dependent contributions arise6,7,
and the dynamical analysis reveals a clear degeneracy breaking:

• flat configurations correspond to unstable saddle points,

• geometries with non-zero mean curvature emerge as dynamically stable minima.

Thus, even in the reduced model, the inclusion of curvature corrections removes the naive equiva-
lence among different compactifications and identifies a dynamically preferred geometric regime.
The conclusion is restricted to the simplified setting, but it illustrates how corrected supergravity may
favor specific internal geometries dynamically rather than combinatorially.

B. The Geometric Attractor as a Physical Constraint

The existence of an attractor value X∗ implies that certain regions of the internal moduli space are
naturally privileged by dynamical evolution. This stands in contrast with the traditional statistical
interpretation of the Landscape, where the distribution of vacua is treated primarily as a counting
problem1.

In the TSDC framework, the dynamics acts as a physical filter: unstable or energetically shallow
configurations (such as the flat torus) are dynamically disfavored, whereas compactifications with
moderate curvature are naturally selected. The mechanism thus reframes compactification not solely
as a choice of initial conditions but as an emergent property of time evolution.

C. Relation Between α ′ Corrections, Curvature, and Stability

The α ′ corrections introduce curvature-sensitive terms in the effective potential, whose structure
has two essential qualitative effects:

• a destabilizing quadratic contribution that renders flat geometries dynamically unstable,

• a stabilizing quartic term bX4 ensuring global boundedness and defining the scale of the
attractor.

This dual behavior combines instability at small amplitudes with stabilization at large amplitudes.
It is a characteristic feature of dissipative systems with nonlinear restoring forces. It also provides a
natural mechanism for the emergence of a geometric attractor and indicates that higher-derivative
corrections may regulate the dynamics of the internal space8,20.
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D. Parameter Sensitivity and Structural Robustness

A notable feature of the model is its robustness: for any parameter values satisfying a > 0 and
b > 0, the point X = 0 remains a repulsor and the non-trivial attractor X∗ persists. The qualitative
features of the dynamical flow—such as monotonic convergence, absence of limit cycles, and global
stability—are therefore insensitive to small parameter variations, indicating that the mechanism does
not rely on fine tuning.

Nevertheless, several limitations remain:

• loop corrections or strong-coupling effects may alter the signs or magnitudes of the effective
coefficients,

• strong RR/NS fluxes or localized sources may reshape the potential qualitatively,

• cross-couplings between multiple moduli may introduce additional metastable directions.

Thus, the robustness demonstrated here holds only within the universality class of potentials consistent
with the reduced model.

E. Preliminary Cosmological Interpretation

The dissipative flow observed in (X ,φ)—marked by rapid departure from the repulsor and asymp-
totic approach to the attractor—is reminiscent of relaxation processes in cosmology. However, unlike
inflationary or relaxion-type proposals, the present analysis does not couple the geometric dynamics
to a Friedmann–Robertson–Walker background, nor does it identify X(t) with a cosmological scalar.
Any analogy with early-universe evolution should therefore be interpreted as heuristic: the model
describes a geometric transition, not a full cosmological scenario.

F. Conceptual Scope and Limitations

The conceptual consequences discussed above must be interpreted within the strict boundaries of
the reduced framework:

• the uniqueness of the attractor is proven only for the two-dimensional system (X ,φ) under the
assumed truncation,

• generalization to realistic compactifications requires the inclusion of fluxes, torsion, complex-
structure and Kähler moduli, as well as non-perturbative contributions4,5.

Despite these caveats, the reduced model serves as a mathematically controlled demonstration that
α ′ corrections can induce dissipative selection dynamics. This insight motivates the more detailed
numerical and phenomenological analyses developed in later sections.

VIII. NUMERICAL VALIDATION OF THE EFFECTIVE DYNAMIC MODEL

In this section, we present a numerical validation of the reduced model developed in previous
sections. The aim of the simulations is not to reproduce realistic compactifications, but to empiri-
cally verify the mathematical properties of the gradient flow associated with the effective potential
introduced in Section III. Numerical analyses of moduli dynamics of this type are standard in the
literature on α ′-corrected effective actions6–8.

The simulations confirm:

• the instability of the configuration X = 0 (consistent with Section IV);

• the existence of a global attractor (X∗,φ ∗);
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• the monotonic decay of the potential along trajectories, in agreement with Lyapunov theory9;

• qualitative persistence of dissipation in an extended higher-dimensional setting.

Numerical integration was performed using a standard 4th-order Runge–Kutta scheme with fixed
step size, ensuring stability and reproducibility.

A. Well-Posedness of the System and Flow Structure

Because Veff is smooth and its gradient is locally Lipschitz, the system

Ψ̇ =−∇Veff(Ψ), Ψ = (X ,φ),

is globally well-posed. Furthermore, since Veff → ∞ as ∥Ψ∥→ ∞, all solutions remain confined to a
compact region of phase space. The numerical trajectories therefore represent faithful approximations
of the exact flow.

B. Temporal Convergence to the Geometric Attractor

Figure 1 shows the temporal evolution of X(t) for several initial conditions. In all cases:

• trajectories rapidly leave the unstable point X = 0;

• they converge monotonically to X∗ =
√

a/2b;

• no overshoot or oscillations are observed, consistent with the local linear stability analysis of
Section V F.

FIG. 1. Evolution of X(t) for different initial conditions, using parameters a = 1, b = 1, M = 2, and φ0 = 1. All
trajectories converge to X∗ = 1/

√
2. The point X = 0 is dynamically unstable, in agreement with Section IV.
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C. Validation of the Lyapunov Function

Define

L (Ψ) =Veff(Ψ)−Veff(Ψ
∗).

Along solutions,

L̇ = ∇Veff · Ψ̇ =−∥∇Veff∥2 ≤ 0,

as expected for gradient systems10. Figure 2 shows strict monotonic decay of L (t), confirming the
dissipative nature of the model.

FIG. 2. Temporal evolution of Veff(t) along the trajectories of Figure 1. The monotonic decay confirms that Veff
is a global Lyapunov function and that the effective model exhibits no limit cycles.

D. Preliminary Extension: A Dissipative Toy Model in 10 Dimensions

To test robustness beyond the two-dimensional truncation, we consider a simple extension

Ψ = (X1,φ ,X2, . . . ,X10) ∈ R10,

with potential

V10(Ψ) = e−2φ (−aX2
1 +bX4

1 )+
10

∑
i=2

1
2 µ

2
i X2

i + 1
2 M2(φ −φ0)

2.

This toy model serves only as a diagnostic: it does not represent a genuine Calabi–Yau moduli space,
but tests whether the dissipative mechanism persists in a higher-dimensional setting.

Figure 3 shows the evolution of

R(t) =
√

X2
1 + · · ·+X2

10,

demonstrating smooth convergence consistent with the 2D dynamics.
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FIG. 3. Evolution of the norm R(t) for a random initial condition in the 10D model. The monotonic decay
reflects persistence of dissipative behavior in the extended system.

E. Robustness under Weak Cross-Couplings

To test whether the attractor persists under weak interactions between modes, we introduce the
perturbed potential

Vtot(X ,Y ) = e−2φ

[
−aX2 +bX4 +∑

a

1
2 µ

2
aY 2

a +∑
a

εaXYa

]
+ 1

2 M2(φ −φ0)
2,

with |εa| ≪ |µa|. Similar perturbations are commonly used in stability tests of multi-field systems20.
Linearizing around (X∗,0) gives

Ẋ =−λ1(X −X∗)−∑
a

εaYa, Ẏa =−µaYa − εa(X −X∗),

from which standard perturbation theory for symmetric operators implies

λpert = λorig +O

(
ε2

a

µa

)
.

Thus, stability is preserved.
Numerical simulations (Figure 4) confirm this expectation: weak couplings mildly affect transient

dynamics but do not change the attractor.

F. Synthesis and Interpretation of Numerical Results

The numerical experiments confirm the analytical picture:

• X = 0 behaves as an unstable saddle point;

• a unique geometric attractor (X∗,φ ∗) governs the asymptotics of the flow;
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FIG. 4. Comparison of the dominant mode X(t) in the decoupled case (εa = 0) and the weakly coupled case
(εa ≈ 0.1a). Weak couplings slightly modify the transient evolution but preserve convergence to the attractor.

• the potential is a strict Lyapunov function, excluding limit cycles or chaotic trajectories;

• dissipation persists in a 10D toy model and under weak mode couplings.

These results validate the reduced model as a proof-of-concept demonstration of dynamic selection
driven by α ′ corrections, in line with earlier analytical expectations6,7. The simulations are not
intended to represent realistic compactifications but illustrate the qualitative robustness of the
mechanism.

IX. PHENOMENOLOGICAL IMPLICATIONS AND CONSISTENCY WITH PHYSICAL
STRUCTURES

The preceding sections have demonstrated that, in the context of the analyzed effective model, α ′

order corrections dynamically induce a stable geometric attractor driven by curvature terms6–8. In
this section, we investigate, in a cautious and explicitly limited manner, whether certain properties
associated with the attractor are compatible with—though not derived from—general aspects of
string compactification phenomenology1,2,16,19,21.

We emphasize that the conclusions of this section do not constitute quantitative predictions of
TSDC, but rather consistency checks under simplified hypotheses.

A. Topological Selection and the “Energy Viability Window”

In standard heterotic and Type IIB compactifications, the number of chiral generations Ng is often
related to topological invariants of the internal space, with Ng proportional to indices or combinations
involving the Euler characteristic χ(K) in explicit models16,21. To reproduce the Standard Model
with Ng = 3, one typically requires manifolds with moderate values of |χ|, far from both trivial and
extremely large topologies, and consistent with explicit constructions in the literature2,22.

Within this context, TSDC offers a qualitative dynamical criterion that may help explain such
preferences. Under the assumptions of the toy model:
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• Instability near trivial topology (|χ| ≈ 0): as shown numerically in Section VIII, flat geome-
tries such as tori behave as dynamically unstable or too shallow, echoing known instabilities of
α ′-corrected flat backgrounds6.

• Inviability at very large |χ|: if the effective instability parameter a is assumed to grow with
topological complexity (schematically a ∝ |χ|), then the depth of the potential minimum scales
as Vmin ∝ −a2. Manifolds with very large |χ|, such as the quintic with |χ| ∼ 20016, would
tend to generate very deep Anti-de Sitter vacua, requiring large uplift contributions to reach
phenomenologically acceptable de Sitter or Minkowski vacua4,5.

Consequently, the model suggests a qualitative “viability window”: the dynamics favors topologies
that are complex enough to avoid the trivial, flat regime, but not so complex as to produce vacua that
are too deep to uplift in a controlled way1,19. Values of |χ| of order unity, compatible with three chiral
generations in explicit constructions, naturally lie in such an intermediate regime. We stress that
this section does not derive Ng = 3, but indicates that the TSDC mechanism is thermodynamically
compatible with the selection of moderate topologies where realistic models are typically found.

B. Dilaton Stabilization and Supersymmetry Scale

In four-dimensional effective supergravity, the gravitino mass and supersymmetry breaking scale
are controlled by the stabilized dilaton and Kähler moduli15,18. In simplified settings, one may write
schematically m3/2 ∝ MPl e−φ∗/2, where φ ∗ is the stabilized value of the dilaton.

In the TSDC toy model, the attractor (X∗,φ ∗) arises from a balance between curvature-induced
contributions and the dilaton mass term. For initial conditions consistent with weakly coupled
compactifications, the dynamics generically drives the system toward a regime in which eφ∗

remains
small, in line with the perturbative control assumed in the underlying α ′ expansion8,20. While the
model is not detailed enough to compute m3/2 quantitatively, its structure is qualitatively compatible
with high-scale supersymmetry scenarios, where m3/2 can lie well above the TeV scale without
contradicting current experimental constraints13.

C. Vacuum Energy and Cancellation Mechanism

At the attractor, the effective vacuum energy is given by

Λeff =Veff(X∗,φ ∗)≈−
(

a2

4b

)
e−2φ∗

+Vuplift, (37)

where Vuplift summarizes positive contributions such as fluxes or brane-induced terms treated effec-
tively here2–5. The coexistence of a negative geometric contribution (from α ′-induced stabilization)
and positive uplift terms is reminiscent of standard constructions used to engineer de Sitter vacua in
flux compactifications4,5.

Unlike static models in which Λ is set by discrete choices of fluxes alone, the TSDC framework
allows the system to explore the configuration space dynamically until it settles at (X∗,φ ∗). Although
the toy model does not solve the smallness of the observed cosmological constant, Λ ∼ 10−120M4

Pl
19,

it does provide the structural ingredients—competing contributions of opposite sign and a relaxation
mechanism—that would be required in more complete setups.

D. Explicit Limitations of This Phenomenological Analysis

To avoid over-interpretation, we explicitly list the main limitations:

• The parameters a, b, and M are not derived from a specific, fully consistent string compactifi-
cation, but treated phenomenologically.
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• The variable X is an effective collective mode and has not been identified with a concrete
modulus in an explicit Calabi–Yau model16,21.

• The scaling assumption a ∝ |χ| is a motivated ansatz rather than a derivation from the full 10D
theory.

• The model ignores the detailed structure of Yukawa couplings, gauge sectors, and flavor
textures, which are central to realistic phenomenology15,23.

Thus, the present analysis should be understood as a conceptual consistency check and motivation
for future work, not as a set of quantitative predictions.

E. Synthesis

In summary, within the scope of the toy model:

• a robust dissipative mechanism is shown to select a geometric attractor driven by α ′ corrections;

• dynamical stability and energetic viability point toward internal geometries of moderate
complexity, consistent with ranges used in explicit compactifications1,16;

• the qualitative features of the attractor—controlled dilaton, non-trivial curvature, and tunable
vacuum energy contributions—are compatible with broad aspects of known phenomenology
(chiral spectra, high-scale SUSY, and small Λ) as discussed in the string landscape litera-
ture2,13,19.

Therefore, even as a reduced model, TSDC appears phenomenologically consistent and offers a
conceptually promising framework in which geometric dynamics plays a role in shaping fundamental
parameters of the low-energy theory.

X. RELATION TO ESTABLISHED MODULI STABILIZATION MECHANISMS AND THE
SWAMPLAND PROGRAM

The TSDC was formulated as a minimalist effective model that introduces a dissipative mech-
anism capable of dynamically selecting a geometric attractor. Its scope is distinct from complete
compactification constructions such as GKP, KKLT, or LVS2–5, but certain structural similarities
allow the model to be situated within the broader landscape of string theory and the Swampland
program11–13. The objective of this section is not to propose equivalence between the approaches,
but to clarify differences, compatibilities, and limitations, positioning the TSDC as a conceptual toy
model that can engage with established frameworks.

A. Comparison with the GKP Mechanism (ISD Fluxes and Dilaton Fixing)

The GKP (Giddings–Kachru–Polchinski) scenario fixes the dilaton and part of the complex
structure of a Calabi–Yau using RR and NS fluxes, resulting in a stabilizing effective potential2,3.

Conceptual Similarities:

• Both models exhibit dilaton fixing in low-energy regimes, consistent with effective supergravity
expectations18.

• In both, a stable energy minimum exists after including corrections to the effective action.

• The instability of certain flat or weakly curved compactifications is consistent with known
instabilities in fluxless sectors and curvature-corrected backgrounds6–8.
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Fundamental Differences:

• GKP explicitly depends on ISD fluxes, while the TSDC—in its reduced form—does not
incorporate fluxes.

• The stabilized geometry in GKP emerges from explicit solutions of 10D equations of motion3,
whereas in TSDC it arises from a reduced phenomenological potential.

• GKP fixes specific complex structure moduli; TSDC fixes only an abstract collective mode X
and the dilaton.

Conclusion: The TSDC can be interpreted as a preliminary and complementary mechanism, but not
as a substitute or formal extension of GKP.

B. Conceptual Relation to KKLT (Uplift and Supersymmetry)

The KKLT mechanism introduces non-perturbative stabilization of Kähler moduli, uplift to a
de Sitter vacuum via sources such as anti-D3 branes, and supersymmetry breaking on a controlled
scale4,5.

Conceptual Points of Contact:

• The TSDC contains positive and negative terms that form a “quasi-cancellation”, formally
analogous to uplift structures commonly used in flux compactifications4,5.

• The stabilization of the dilaton at the attractor is qualitatively consistent with mechanisms
required to generate characteristic mass scales in effective supergravity15,18.

Essential Differences:

• KKLT requires controlled non-perturbative terms from instantons or gaugino condensation,
whereas TSDC, as formulated, operates purely with perturbative α ′ corrections.

• KKLT depends on explicit Kähler moduli of a Calabi–Yau, while TSDC does not resolve
individual moduli and instead uses an effective collective coordinate.

Conclusion: There is no equivalence between the models; at most, the TSDC suggests a possible
complementary dissipative structure for understanding how certain regimes can be reached prior to
KKLT-type non-perturbative stabilization.

C. Comparison with the Large Volume Scenario (LVS)

The Large Volume Scenario (LVS) produces exponentially large volumes, natural hierarchies in
physical scales, and multiple metastable minima through the interplay of α ′ and non-perturbative
corrections in multi-moduli setups2,5,13.

Conceptual Similarities:

• Both introduce competition between positive and negative terms in the potential.

• Both produce stable minima with respect to certain volumetric or collective geometric modes.

Fundamental Differences:

• LVS critically depends on several Kähler moduli and non-perturbative effects in a controlled
large-volume expansion5, whereas the TSDC has only a single collective mode and no explicit
multi-moduli structure.

• LVS typically exhibits several local metastable minima; the TSDC possesses a unique global
minimum in the simplified model analyzed.

Conclusion: TSDC should not be viewed as an alternative to LVS, but as conceptual inspiration for
introducing dissipative dynamics into more complete models.
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D. Preliminary Consistency Check with Swampland Conjectures

In this subsection, we present a minimal analysis to assess whether the effective geometric potential
used in TSDC is qualitatively compatible with the limits suggested by Swampland conjectures11–13,24.
Our objective is not to verify a complete realistic compactification, but merely to determine how
the toy model behaves with respect to the basic de Sitter (or Slope) Conjecture, which imposes the
condition |∇V |/V ≥ c ∼ O(1) for positive potentials in effective theories consistent with quantum
gravity13,24.

1. Explicit Calculation for the Effective Potential

In the geometric regime considered, the relevant potential is VX (X) =−aX2+bX4, evaluated in the
sector where the factor e−2φ acts as a monotonic multiplier. The gradient is V ′

X (X) =−2aX +4bX3.
The Swampland ratio is then

|V ′
X |

|VX |
=

|−2aX +4bX3|
|−aX2 +bX4|

. (38)

2. Evaluation at the Geometric Attractor

The critical point satisfies V ′
X (X

∗) = 0, which implies X∗ =
√

a/2b. At this point, the potential
assumes the value VX (X∗) = −a2/4b < 0. Thus, at the attractor, we have a stable Anti-de Sitter
(AdS) vacuum. The traditional Slope Conjecture strictly applies to positive potentials (V > 0); for
AdS vacua, refined Swampland conjectures allow stable minima provided they satisfy Breitenlohner–
Freedman-type conditions11,13. The demonstrated stability of the model is therefore consistent
with these expectations, and the geometric attractor of the TSDC does not violate the applicable
Swampland bounds.

3. Evaluation in Regions where V > 0

For the test to be meaningful, we consider the region |X |<
√

a/b (near the unstable origin), where
VX (X)> 0. In this region, the expression can be analyzed in the limit X → 0:

|V ′
X |

VX
≈ |−2aX |

|−aX2|
=

2
|X |

→ ∞. (39)

This means that, in the vicinity of the origin (where the dynamics begin), the ratio grows without
bound, easily satisfying the requirement |∇V |/V ≥ c for c ∼ O(1)24. For generic values of X in the
regime V > 0, the ratio remains of order one or larger in natural units.

4. Interpretation and Limitations

For the toy model considered:

• The geometric attractor lies in the V < 0 region and is not forbidden by the de Sitter criterion
in its usual form13,24.

• The region with V > 0, which governs the initial stage of the dissipative dynamics, automati-
cally satisfies the slope bound without any special tuning of parameters.

This analysis is a preliminary verification restricted to the one-dimensional scalar sector. A complete
evaluation would require the inclusion of multiple fields, the full moduli-space metric, and an explicit
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check of the Distance Conjecture (∆φ ≲ O(1))13. These tasks are reserved for future stages of the
research program.

The discussion above should be interpreted in light of recent proposals on de Sitter limits in
effective theories compatible with quantum gravity, as formulated in the Swampland context12,13,24,25.
In particular, general arguments suggest the existence of a lower bound for |∇V |/V in positive
potentials. The analysis presented here does not constitute a complete test of these bounds, but
provides a controlled geometric setting where such issues can be revisited once explicit uplift
ingredients are added.

5. Uplift Implications for the de Sitter Conjecture

The geometric potential obtained in this effective model has a stable minimum with negative
energy, characterizing an Anti-de Sitter vacuum in the purely geometric sector. In phenomenologically
realistic scenarios, it is necessary to introduce an uplift mechanism capable of raising the minimum
energy to slightly positive values, producing an effectively shallow de Sitter state. Among the most
discussed mechanisms in the literature are additional flux contributions, anti-D3 brane effects, and
non-perturbative terms that modify the potential structure in specific moduli regimes2,4,5,13.

At a schematic level, the total potential can be written as

Vtotal =Vgeom +Vup, (40)

where Vup compensates part of the depth of the geometric minimum and introduces a small positive
uplift. A full test of the de Sitter conjecture then requires evaluating the ratio

|∇Vtotal|
Vtotal

(41)

at the combined minimum. This ratio depends sensitively on how Vup depends on the internal moduli,
including the response of the dilaton and extra dimensions. Since the TSDC model, in the version
presented here, does not explicitly contain fluxes, torsion, or branes that implement a concrete uplift,
it is not possible to determine whether a TSDC + uplift scenario satisfies or violates the current de
Sitter bounds in the Swampland program13,24,25.

The natural conclusion is that the compatibility between the proposed dissipative mechanism and
the de Sitter conjecture remains an open question, to be investigated in extended models that include
additional sources capable of generating a controlled uplift.

6. Commentary on the Distance Conjecture

The Distance Conjecture states that trans-Planckian displacements in moduli space, of order
∆φ ≳ 1 in Planck units, are accompanied by towers of light states that invalidate the low-energy
effective description12,13. In the model considered here, the dilaton displacement between the initial
value φ0 and the value at the attractor φ ∗ is given by the expression previously obtained:

φ
∗−φ0 =− a2

2bM2 exp(−2φ
∗). (42)

Under the hypotheses assumed in the model construction, in particular the weak coupling regime
exp(φ ∗)≪ 1 and the perturbative condition a2 ≪ bM2, the total displacement remains much smaller
than the trans-Planckian scale, i.e. ∆φ ≪ 1. In this regime, there is no immediate indication of a
violation of the Distance Conjecture.

This conclusion depends on the specific values of a, b, and M, which can only be determined quan-
titatively in a concrete compactification with Calabi–Yau structure, fluxes, and realistic stabilizing
potentials3–5,16. Although the geometric toy model analyzed here does not automatically lead to large
displacements in moduli space, a complete verification would require explicit constructions and a
detailed study of the emergent spectrum.
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E. Comparative Table: Positioning the TSDC in the String Theory Landscape

The following table conservatively summarizes how the effective model relates to traditional
frameworks2–5,13.

TABLE I. Conceptual Comparison of TSDC with Established Stabilization Frameworks

Structure GKP KKLT LVS TSDC (Toy Model)
Includes Fluxes? Yes Partial Partial No
Non-perturbative? No Yes Yes No
Realistic Moduli? Partial Yes Yes No
Dynamic Attractor? No No No Yes (2D)
Flat Unstable? Yes Dependent Dependent Yes (Universal)
Explicit Uplift? No Yes Yes No
Validity Regime Real CY Real CY Real CY Effective Model

The table avoids any assertion of equivalence, making it clear that the TSDC is at an exploratory
conceptual level, not competing with or substituting for other models.

F. Synthesis

The comparison above allows the TSDC to be situated in a scientifically conservative way: it is not
a complete moduli stabilization mechanism, it does not compete with GKP, KKLT, or LVS, and it does
not resolve the Landscape in its entirety1,2,13,19. However, it introduces a novel element—geometric
dissipation—that may inspire the construction of hybrid models and the analysis of attractors in
multi-moduli spaces. The role of the TSDC is to demonstrate that dissipative mechanisms can reduce
the solution space even before incorporating fluxes, branes, and non-perturbative effects, suggesting a
dynamic complement to conventional counting and scanning approaches in the string landscape1,2,19.

XI. STRUCTURAL LIMITATIONS OF THE TSDC IN THE EFFECTIVE REGIME

The formulation presented throughout this work establishes a dissipative mechanism in a reduced
effective model that selects a unique geometric attractor. However, this mechanism—though mathe-
matically solid in the analyzed regime—possesses significant structural limitations when compared
to the complete space of string compactifications1,2,5,13,16. This section explicitly systematizes these
limitations, rigorously delineating the scope of validity of the model.

A. Dimensional Reduction: Absence of Complete Spectral Justification

The variable X was introduced as a collective mode dominating the internal curvature, mimicking
the behavior of volume-like and mean-curvature modes often considered in effective descriptions of
moduli spaces5,16,18. Although such an approximation is mathematically legitimate for constructing
effective models, it was not derived from a complete spectral analysis of the moduli Hessian of a real
Calabi–Yau.

For a realistic model, it would be necessary to:

• decompose the moduli space M = {Ti,U j} into eigenvectors of the full V 10D
eff Hessian for a

given compactification16,22;

• demonstrate that an isolated eigenvalue exists, associated with a linear combination of the
moduli that justifies the collective mode X ;
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• prove that the other modes are sufficiently massive (or dissipative) to be integrated out in a
controlled adiabatic approximation10.

Since none of these steps were explicitly performed, we recognize that the reduction to two vari-
ables does not represent the real moduli space in its entirety. It constitutes a phenomenological
approximation intended to investigate a qualitative selection mechanism.

B. The Effective Potential is Not Derived from Real Compactification

The potential used

Veff(X ,φ) = e−2φ
(
−aX2 +bX4)+ 1

2
M2(φ −φ0)

2 (43)

is functionally plausible and inspired by known curvature-squared and higher-derivative correc-
tions6–8, but it was not obtained from an explicit integration of the 10D effective string theory action
over a specific manifold. In real compactifications, the potential depends on RR/NS fluxes, non-
perturbative superpotentials, higher-order α ′ corrections, curvature-dependent terms with richer
structure, cross-couplings between complex moduli, and localized effects of D-branes and O-
planes3–5,11,13.

Thus, we acknowledge that the anharmonic quartic potential employed is a convincing con-
ceptual model (toy model), but it does not capture the totality of the relevant effects for realistic
compactifications.

C. Absence of Fluxes, Branes, and Non-perturbative Effects

The mechanisms used in scenarios like GKP, KKLT, and LVS rely crucially on ingredients absent
in the current TSDC:

• ISD/IASD fluxes drastically alter the potential structure and are central in GKP and related
constructions2,3;

• D3, D7, and anti-D3-branes introduce localized and non-polynomial terms, essential in KKLT-
type uplifts4;

• non-perturbative effects (Euclidean brane instantons, gaugino condensation) are necessary to
stabilize volumetric moduli in many scenarios, including KKLT and LVS4,5,13.

The absence of these ingredients means that the model cannot be quantitatively compared with
complete real compactifications and that the attractor found may be modified in more complex
scenarios. We explicitly state that the TSDC, in the form presented, constitutes a preliminary
mechanism of dynamic selection and does not incorporate all the essential physical structure of string
compactifications.

D. The Reduced Model Does Not Capture the Real Topology of Internal Manifolds

The topological variable χ(K), used only for exploratory analysis in Section IX, does not appear
directly in the derived potential. As a result:

• the relationship between topology and dynamics is hypothetical and not derived from index
theorems or explicit Calabi–Yau data16,22;

• we did not derive any exact geometric results from the TSDC regarding Hodge numbers or
chiral indices16;
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• no rigorous mathematical link between the attractor X∗ and Calabi–Yau invariants was analyti-
cally demonstrated.

Thus, we do not claim any rigorous connection with the Kreuzer–Skarke database or index relations
at this stage22. The phenomenological analysis should be read only as a consistency check, not as a
formal derivation.

E. Limitations of the Numerical Regime and the 10D Extension

The 10D simulation presented in Section VIII relies on independent harmonic oscillations in the
extra modes, with the absence of cross-couplings and linearization of the extra degrees of freedom.
Therefore, the 10D model does not represent the real moduli space, which typically includes non-
trivial kinetic metrics, coupled potentials, and flux-induced mixing between modes2,3,5. It serves only
to demonstrate that the dissipative mechanism is structurally robust when generalized in a simplified
manner. This numerical experiment should be interpreted as a verification of the qualitative stability
of the mechanism, and not a test of the complete theory.

F. The Model is Not Cosmological

Although some dissipative mechanisms appear in cosmological contexts, the TSDC, in this work:

• does not derive Friedmann (FRW) equations or solve the Einstein equations in four dimen-
sions23;

• does not couple X(t) to the scale factor a(t) or to realistic matter and radiation components;

• does not propose an explicit inflationary or pre-Big Bang mechanism;

• does not identify X or φ with directly observable physical fields (such as an inflaton or
quintessence field).

Therefore, the TSDC does not, by itself, constitute a cosmological model and should not be interpreted
as such without significant formal extensions.

G. Preliminary Nature of the Physical Interpretation

None of the following items were rigorously demonstrated within a concrete compactification: the
number of generations Ng = 3, the exact supersymmetry breaking scale, the observed value of the
cosmological constant, the quantitative relationship between curvature and stability in a full moduli
space, or the detailed connection between α ′ potentials and specific geometries3–5,13,16. These ideas
were discussed only as conceptual compatibility, not as derived consequences of the theory.

Thus, we explicitly state: the TSDC, as presented, must be understood as a mathematical proof
of concept and not as a complete or quantitatively predictive physical mechanism at this stage of
development.

XII. PERSPECTIVES FOR TSDC EXTENSION AND CONSISTENCY WITH REALISTIC MODELS

The analyses developed throughout this work demonstrate that the Theory of Dynamic Selection
of Compactifications (TSDC), in the effective regime formulated here, exhibits dissipative dynamics,
geometric instability of flat states, and inevitable convergence to a geometric attractor. However, the
presented formulation remains at the level of a toy model and does not constitute a complete theory
of compactification1,2,13,16. In this section, we technically and precisely delineate the necessary
elements to elevate the TSDC from the conceptual exploratory regime to a model that can be directly
compared with realistic compactifications in supergravity.



Relaxation Dynamics in Moduli Space 31

A. Explicit Inclusion of RR/NS Fluxes and their Potential Contribution

In realistic string compactifications, RR (F3) and NS (H3) fluxes play an obligatory role in the
potential structure2,3. The natural extension of the TSDC must therefore account for these elements.
This includes terms induced by ISD/IASD fluxes, contributions to the superpotential W , redefinition
of the dilaton sector, and coupling between F3, H3, and the internal curvature. Formally, this implies
replacing the reduced effective potential with:

Veff −→Vflux +Vα ′ +Vnp +Vgeom, (44)

• Vflux governs the initial stabilization of the dilaton and part of the complex moduli (GKP
regime)3;

• Vα ′ includes terms like those explored in this work7,8,20;

• Vnp contains non-perturbative corrections for volumetric moduli (KKLT/LVS regimes)4,5;

• Vgeom represents the dissipative geometric sector discussed here.

This formal generalization is necessary to assess whether the attractor will persist or be deformed by
the presence of fluxes.

B. Extension of the Model to Multiple Moduli: Matrix Structure of the Hessian

The analysis presented in this paper considers only one collective geometric mode X . For the
TSDC to be applied to realistic compactifications, it is necessary to explicitly include Kähler moduli
Ti and complex structure moduli U j, and to calculate the full Hessian:

HIJ =
∂ 2V

∂ΦI∂ΦJ
, ΦI ∈ {φ ,Ti,U j,X}. (45)

The identification of a dominant mode that behaves like X is non-trivial, given that the Hessian of
a typical Calabi–Yau is high-dimensional and strongly coupled16,18. Therefore, the multi-moduli
generalization is the indispensable mathematical step to evaluate the structural validity of the TSDC.

C. Non-perturbative Corrections and their Interaction with the Dissipative Regime

In realistic compactifications, the volumetric sector generally requires Euclidean instantons, gaug-
ino condensation, and terms of the form Ae−aT in the superpotential. These effects critically modify
stability, generate metastable vacua, and allow uplift mechanisms4,5. The TSDC, by introducing dis-
sipative mechanisms in the geometric sector, may reinforce the approach to the attractor or compete
with non-perturbative stabilization. Without explicit inclusion of these terms, any conclusion about
the realistic regime remains indeterminate.

D. Rigorous Topological Interpretation of the Geometric Parameter X

Currently, the parameter X is introduced as an effective variable. For the formalism to be
connected to specific Calabi–Yau manifolds, it is necessary to define X as an explicit functional of
the internal metric, determine how it responds to moduli variations, and relate it to known topological
invariants16,22. Only after this formalization can we rigorously discuss compatibility between the
TSDC and compactifications with given Euler characteristics or Hodge numbers.
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E. Consistency with Swampland Constraints

The Swampland conjectures11,13,24 provide criteria on which scalar potentials can arise from
UV-complete theories. For the TSDC to be evaluated under this prism, it would be necessary to
compute |∇V |/V across the entire flow domain, verify the slope bound in regions with V > 0, check
BF bounds in AdS regions, and analyze field-space distances. The reduced formulation is insufficient
for definitive conclusions.

F. Integration with Real Cosmological Models

Any cosmological application of the TSDC requires explicit coupling to the FRW equations,
inclusion of matter/radiation sectors, and determination of the effective equation of state of the
X-sector23. Without these ingredients, the TSDC must be interpreted exclusively as an internal
compactification mechanism, not as a cosmological theory.

G. Synthesis of Perspectives and Technical Challenges

The TSDC demonstrates that dissipative mechanisms can generate geometric selection in reduced
models. However, to determine whether this phenomenon occurs in real string compactifications, it
will be necessary to:

• include RR/NS fluxes3;

• incorporate non-perturbative effects4,5;

• expand the dimensionality of the moduli space16;

• derive the potential from the 10D action7,8;

• formalize the geometric interpretation of X22;

• verify Swampland compatibility13,24;

• test the mechanism on explicit Calabi–Yau examples.

Only then will it be possible to determine whether the attractor observed in this work is a structural
feature of compactifications or an artifact of a simplified mathematical model.

XIII. CONCLUSION

This work presented an effective formulation of the Theory of Dynamic Selection of Compact-
ifications (TSDC), establishing it as a mathematical mechanism for geometric selection based on
dissipative dynamics. The construction was deliberately restricted to a reduced model containing a
collective geometric mode X and the dilaton φ , motivated by α ′-order curvature corrections and by
known properties of higher-derivative terms such as the Gauss–Bonnet contribution in compactifi-
cations with vanishing mean curvature6,7. Although this regime is limited, it allows for a complete
analysis of the structure of the potential, its associated flow, and the stability properties.

The analysis conducted throughout this article demonstrated three main results:

• Dissipativity and Flow Structure: The reduced system can be formulated as a gradient flow,

Ψ̇ =−∇Veff(Ψ),

which guarantees monotonic decrease of the potential, the absence of limit cycles, and conver-
gence to stable critical points. LaSalle’s Invariance Theorem confirms that Veff acts as a global
Lyapunov function within the considered regime9,10.
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• Instability of Flat States and Emergence of a Geometric Attractor: The point X = 0,
associated with flat or toroidal geometries, was shown to be unstable under α ′ corrections,
consistent with classical analyses of higher-curvature instabilities8. Conversely, a stable
geometric attractor (X∗,φ ∗) robustly emerged for a wide range of initial configurations,
indicating that the effective dynamics selects a preferred state in the reduced variable space.

• Qualitative Robustness Under Increased Dimensionality: A preliminary extension to a
ten-variable system revealed that global dissipativity and convergence to a stationary state
persist when additional modes are introduced in a decoupled manner. Although this extension
does not represent the complexity of real compactifications, it suggests that the dissipative
character is structural and not an artifact of dimensionality.

These results constitute a proof of concept that dissipative mechanisms induced by curvature
corrections can, in principle, generate geometric selection in low-dimensional effective models.
The TSDC, as presented here, does not seek to describe the full dynamics of the moduli of a real
Calabi–Yau manifold, but rather to show that introducing an effective geometric term capable of
destabilizing flat states naturally leads to the emergence of stable attractors.

However, this work also makes it clear that several fundamental questions remain open. In
particular:

• the rigorous identification of the mode X in terms of real geometric invariants;

• the extension of the effective potential to include RR/NS fluxes, branes, and non-perturbative
effects;

• the explicit derivation of the coefficients a and b from the ten-dimensional action;

• the evaluation of the TSDC in authentic multi-moduli spaces with h1,1 +h2,1 ≫ 1;

• the compatibility of the mechanism with Swampland conditions11,24.

Thus, the main contribution of this work is not to offer a definitive solution to the Landscape
problem, but to establish that dissipative mechanisms arising from higher-curvature effects may play
a relevant role in shaping the internal dynamics of compactifications. This observation opens a new
direction for investigation: determining whether similar geometric effects, treated without drastic
reductions, can induce natural selection of topologies in realistic supergravity scenarios.

The TSDC should therefore be understood as an exploratory model demonstrating the mathematical
viability of a dynamic selection principle. Future work, outlined in Section XIV, will determine
whether this structure extends to the regime in which realistic compactifications, fluxes, and non-
perturbative effects coexist. If such extensions confirm the presence of geometric attractors in a
broad class of internal manifolds, the TSDC may provide a novel perspective on the organization of
the Landscape and on the role of α ′ corrections in compactification physics.

XIV. PERSPECTIVES AND FUTURE DEVELOPMENTS

The formulation presented in this work establishes the TSDC as a preliminary effective model
that demonstrates the mathematical viability of dissipative mechanisms in the geometric selection of
vacua. For the program to advance toward a physically complete theory, additional developments,
both conceptual and technical, are necessary. This section delineates the steps deemed essential for
the consolidation and extension of the approach.

A. Derivation of Coefficients a and b from the Fundamental Action

The main limitation of the current model lies in the phenomenological parameterization of the
effective potential:

Veff(X ,φ) = e−2φ
(
−aX2 +bX4)+ 1

2
M2(φ −φ0)

2. (46)
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To render the construction physically grounded, it becomes necessary to:

• explicitly integrate the ten-dimensional string effective action, including α ′ corrections, over a
concrete internal manifold6–8;

• compute the effective curvature coefficients, identifying the precise origin of the quadratic and
quartic terms20,26;

• determine which higher-order contributions (such as X6, X8) are suppressed or phenomenolog-
ically relevant;

• compare the resulting structure with known effective actions in heterotic, Type IIA/IIB, and
M-theory compactifications14,15,27,28.

This step is indispensable for assessing whether the proposed mechanism is universal or restricted to
a narrow class of effective models.

B. Consistent Inclusion of Fluxes, Branes, and Non-Perturbative Terms

Realistic compactifications involve ingredients that are absent in the reduced model. The next
stage requires:

• explicit inclusion of RR and NS–NS fluxes in the effective potential2,3;

• coupling of D-branes and anti-branes, including their contributions to instabilities and uplift4;

• incorporation of non-perturbative effects such as gaugino condensation and Euclidean brane
instantons, which are known to stabilize volumetric moduli5,18,29.

The main objective is to determine whether the geometric attractor persists, is shifted, or is destabi-
lized when these additional degrees of freedom are introduced.

C. Generalization to High-Dimensional Moduli Spaces

Phenomenologically relevant Calabi–Yau compactifications typically possess h1,1+h2,1 ∼ 50–500
moduli16,22. For the TSDC to acquire physical relevance, it is essential to evaluate:

• whether an identifiable collective mode X emerges as a linear combination of real moduli;

• whether orthogonal modes are effectively more dissipative or massive, justifying the dimen-
sional reduction to a small set of variables;

• whether the attractor remains unique when the full multi-field coupling structure is taken into
account.

The required methods include Hessian spectral analysis, normal-mode decomposition, and perturba-
tion theory in high-dimensional dynamical systems10.

D. Application to Explicit Manifolds: Concrete Examples

A natural next step is to apply the TSDC framework to explicit Calabi–Yau examples, such as:

• the quintic threefold in CP4;

• complete-intersection Calabi–Yau (CICY) varieties;

• hypersurfaces associated with reflexive polyhedra in the Kreuzer–Skarke classification22.

The goal is to compare the simulated values of X∗ and φ ∗ with actual volumes, metrics, and curvature
scales of these manifolds, and to test whether the effective dynamics is compatible with geometric
data typically used in landscape analyses1,19.
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E. Extension of the Dynamics to “Rugged Landscapes”

The full string Landscape exhibits multiple metastable minima and finite barriers11–13. To test the
effectiveness of dynamic selection in this context, it will be necessary to:

• construct potentials with multiple local minima and false vacua;

• investigate convergence to a global or dominant attractor in the presence of perturbations;

• analyze conditions under which the flow can transit between minima or remain trapped in
metastable states.

A central question is whether dissipativity is sufficient to overcome topological barriers on physically
relevant timescales.

F. Compatibility with Swampland Criteria

The viability of the TSDC is constrained by modern Swampland criteria on low-energy effective
field theories derivable from string theory11,13,24. A systematic analysis must include:

• evaluation of the distance traversed in moduli space along dynamical trajectories;

• verification of slope bounds for regions with V > 0;

• assessment of the stability of AdS regions in light of Breitenlohner–Freedman-type conditions;

• analysis of mass spectra to test minimal mass constraints.

Such checks are necessary to determine whether the mechanism is compatible with UV-complete
quantum gravity expectations.

G. Formulation of Geometric Hidden Variables

The reduced model suggests that residual oscillations or subleading modes around the attractor
may, in principle, behave as a set of non-local hidden variables associated with extra-dimensional
degrees of freedom. Developing this hypothesis requires:

• statistical characterization of the four-dimensional projection of these modes;

• analysis of possible imprints on cosmological observables or effective stochastic dynamics;

• comparison with stochastic models of inflation and dark energy, in which coarse-grained fields
are influenced by unresolved UV sectors.

This line of investigation remains speculative, but could provide a bridge between geometric dynamics
and effective probabilistic descriptions.

H. Advanced Numerical Implementation

Finally, it is important to develop a more sophisticated numerical framework, including:

• simulations in high-dimensional moduli spaces with realistic kinetic metrics;

• integration schemes with adaptive error control and stability diagnostics;

• global stability analysis using tools from nonlinear dynamical systems theory9,10;

• exploration of the dynamic Landscape using geometric optimization and continuation methods.
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These tools will enable systematic tests of the TSDC mechanism in regimes far beyond the reduced
model analyzed in this work.

Synthesis of the Future Agenda. The TSDC, in the form presented here, represents an exploratory
effective model. The research program outlined in this section aims to determine whether its
fundamental principles—dissipativity, instability of flat geometries, and the emergence of attractors—
persist when the framework is embedded in a complete setting with fluxes, branes, non-perturbative
effects, and realistic multi-moduli spaces. The ultimate assessment of the mechanism will depend
on its ability to reproduce geometric data from explicit compactifications, to integrate essential
string-theoretic ingredients, and to maintain stable attractors in high-dimensional moduli spaces.
Only after these steps are carried out will it be possible to evaluate whether the TSDC offers a viable
contribution to our understanding of the string Landscape.

Appendix A: Spectral Justification for the Reduction to the Collective Mode X

Important Note: The analysis presented in this appendix is illustrative and does not constitute a
demonstration that a dominant geometric mode analogous to X exists in generic Calabi–Yaus. The
case of a deformed T 6 merely serves as a mathematical laboratory in which the spectral structure
can be explicitly examined. Extrapolating this behavior to more realistic internal spaces is a working
hypothesis, not a conclusion derived from the theory.

The objective of this appendix is to make explicit the technical basis for the reduction of the
complete moduli space to a two-dimensional effective model (X ,φ), as used in Sections 2–V. In
particular, we present: (i) the general structure of the Hessian in moduli space; (ii) an explicit example
of a spectrum dominated by a collective curvature mode in a slightly deformed T 6 torus; and (iii) a
quantitative estimate of the eigenvalue hierarchy that justifies the adiabatic projection onto X .

1. General Structure of the Hessian in Moduli Space

Consider an internal space K with real moduli space parameterized by coordinates ΦI (dilaton,
Kähler moduli, complex structure moduli, curvature deformations), where ΦI ∈M , with I = 1, . . . ,N.

For any effective potential Veff(Φ), the linear behavior in the vicinity of a point Φ0 is controlled by
the Hessian matrix:

HIJ ≡
∂ 2Veff

∂ΦI∂ΦJ

∣∣∣∣
Φ0

(A1)

α ′ order corrections add curvature terms (R2, R4, . . . ) to the energy functional, which induces
additional components in HIJ associated with the mean curvature and the modification of the
classical Ricci-flatness condition (Rmn = 0), as discussed in effective string actions with higher
curvature terms6–8.

The operational hypothesis assumed in the body of the paper is that a linear combination of moduli
exists, denoted by X , which:

• corresponds to the unique unstable direction of the effective potential (negative eigenvalue
λ1 < 0);

• is separated from the other positive eigenvalues µa (stable modes) by a spectral gap;

• has weak cross-couplings with the other modes.

Introducing a basis {X ,Y a} of coordinates in M , with a = 1, . . . ,N −1, where ΦI = {X ,Y a}, the
Hessian can be organized as:

H =

(
HXX HXa

HaX Haa

)
(A2)

The dimensional reduction to the pair (X ,φ) is then justified if:
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• HXX possesses the unique negative eigenvalue λ1 < 0;

• the block Haa has sufficiently large positive eigenvalues µa > 0 (massive/stable Y a modes);

• the cross-couplings HXa are small in the approximately diagonalizing basis.

Next, we explicitly show that such a scenario naturally emerges in a deformed T 6 model with
curvature corrections.

2. Example: Slightly Deformed T 6 with Mean Curvature Mode

Consider a nearly flat torus T 6 with internal metric of the form

gmn = L2 [(1+σ)δmn + εhmn(ua)] , (A3)

where:

• L is the global size scale;

• σ is a homogeneous scalar mode that alters the mean curvature—our candidate for the
collective mode X ;

• hmn(ua) encodes anisotropic deformations (shear), controlled by traceless ua moduli.

For |σ | ≪ 1 and |ε| ≪ 1, the internal scalar curvature can be expanded as

R[g]≃ σR0 +∑
a

uaRa +O(σ2,σua,(ua)2), (A4)

where R0 is the dominant homogeneous mode (k = 0) and the Ra are modes associated with shape
deformations (k ̸= 0). Curvature-squared and higher-derivative contributions of the type appearing in
effective string actions6,8 generate an effective potential of the schematic form

Veff(σ ,ua)≃ A2σ
2 +Baσua +Cabuaub +A4σ

4 + . . . (A5)

For a deformed T 6:

• the σ mode (homogeneous “breathing” mode) couples directly to global curvature invariants;

• anisotropic modes ua acquire additional momentum factors (k2), raising their effective masses.

Dimensionally, we obtain:

• |A2| ∼ O(α ′L−4) for the homogeneous mode;

• Caa ∼ O(α ′(L−4 + k2L−2)) for the anisotropic modes.

Thus the ratio of mass scales satisfies

Caa

A2
≃ 1+(kL)2. (A6)

For kL ≳ 2, the anisotropic modes satisfy Caa/A2 ≫ 1. Diagonalizing the system leads to the
hierarchy:

• λ1 ≃ 2A2 < 0 for the collective mode X ;

• µa ≃ 2Caa > 0 for the Y a modes,

implying

|µa|
|λ1|

≃ 1+(kL)2 ≫ 1. (A7)

This spectral hierarchy provides the scale separation required for adiabatic decoupling. The general
conditions for stability and attractor behavior in dynamical systems are discussed in9,10.
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3. Adiabatic Projection and Error Estimation

In the regime |µa| ≫ |λ1|, the evolution equations linearized around the background read:

Ẋ ≃−λ1X +O(εY ), (A8)

Ẏ a ≃−µaY a +O(εX). (A9)

Adiabatically eliminating the fast modes (Ẏ a ≃ 0 for t ≫ 1/µa) yields an effective one-dimensional
dynamics for X , with corrections of order δX ∼O(ε2/µa). Since |µa| is large for Kaluza–Klein-type
and anisotropic modes, the relative error ∥δX∥/∥X∥ is small.

Therefore, a unique unstable mode separated by a spectral gap from the stable heavy modes offers
the mathematical justification for the reduction of the moduli space to (X ,φ) in the effective TSDC
model.

Appendix B: Phenomenological Estimation of Coefficients a and b in a Deformed T 6

The objective of this appendix is to clarify, in a controlled manner, how an effective geometric
potential of the type

Veff(X ,φ) = e−2φ
(
−aX2 +bX4) (B1)

can emerge in simple regimes of the effective string action containing curvature corrections.
This appendix does not intend to demonstrate that:

• the sign pattern a > 0, b > 0 is universal in all realistic compactifications;

• the mode X represents a rigorous geometric mode of a Calabi–Yau manifold;

• the potential above coincides with the true potential of the geometric sector in an arbitrary
Calabi–Yau.

The objective is more modest: to show that there exists a natural class of geometric deformations
in which an effective potential with this sign pattern arises in a controlled manner. A slightly
deformed T 6 provides an explicit example, making the two-dimensional model used in the main
body a plausible phenomenological parametrization.

1. Effective Action with R2 and R4 Terms

In the Einstein frame, the low-energy heterotic effective action contains the schematic structure

S10 =
1

2κ2
10

∫
d10x

√
−g
[

R− 1
2
(∂φ)2 +α

′C2 I2(R)+α
′3C4 I4(R)+ . . .

]
, (B2)

where:

• I2(R) is a quadratic combination of curvature tensors, dominated by the Gauss–Bonnet density
E4

6;

• I4(R) contains R4-type invariants, whose coefficients were fixed by Gross and Sloan via
scattering amplitudes7;

• C2,C4 > 0 are constants determined by the theory.

Modern corrections from α ′-generalized geometries preserve the qualitative structure of these terms
and confirm that R2 can introduce instabilities while R4 frequently produces restorative effects20,26.
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2. Geometric Ansatz and Operational Definition of X

Consider a nearly flat T 6 with metric

gmn(λ ) = L2
γmn(λ ), γmn(λ ) = e2λ f (y)

δmn, (B3)

where f (y) is a normalized periodic function and λ parameterizes a homogeneous conformal
deformation. For |λ | ≪ 1, the internal scalar curvature satisfies

R6(λ ) = λ R1 +O(λ 2). (B4)

We define the collective geometric mode

X ≡ ⟨R6⟩ ≃ K1 λ , (B5)

which captures the amplitude of the conformal deformation in the linear regime. This definition is
operational: X is not a canonical coordinate of the moduli space, but a convenient effective mode
that measures the response of the integrated curvature to homogeneous deformations.

3. Sign of the Quadratic Term and Validity Domain of the Approximation

The determination of the sign of the quadratic coefficient a in the effective potential is essential
to interpret the collective mode X as an unstable direction induced by curvature corrections. In the
specific case of conformal deformations of the T 6 torus, classic instability analyses under quadratic
terms in R—in particular, the study by Zwiebach on invariants such as RabcdRabcd , RabRab and
Gauss–Bonnet-type combinations—show that homogeneous perturbations of the metric can reduce
the energy of the flat solution along certain directions in the deformation space6–8. This energy
reduction manifests as a negative eigenvalue in the geometric Hessian associated with the breathing
mode, which controls the mean curvature of the manifold.

In the ansatz used in this appendix, this structure translates into the appearance of a positive
effective coefficient a = ã > 0 in the term −aX2, indicating that the mode X precisely represents the
unstable direction identified in the spectral analysis. The positive sign of b, in turn, corresponds to the
quartic stabilizing term stemming from higher-order α ′ corrections, compatible with a perturbative
expansion in which the bX4 term dominates for moderate amplitudes of X20,26.

It is important to emphasize that this sign pattern is not universal. In more general compactifications—
including RR/NS fluxes, warping, internal gauge fields, or torsion—the structure of the geometric
Hessian can be substantially modified. In scenarios with ISD fluxes à la GKP, for example, the
curvature sector couples non-trivially to the complex structure, and the effective sign of the quadratic
term may depend on background details2,3. In constructions such as KKLT or the Large Volume
Scenario, stability is dominated by non-perturbative effects and a multi-moduli effective potential, so
the parameter a ceases to be the main control of the mass spectrum4,5.

In the context of this work, the choice a > 0 must therefore be rigorously interpreted as valid only
for the controlled class of conformal deformations of T 6 considered here, in which the projection of
the Lichnerowicz operator onto the homogeneous mode exhibits a dominant negative eigenvalue, in
agreement with the results of Zwiebach6. This delimitation is essential to characterize the model
as a geometric toy model: it captures, in a controlled manner, the instability of a collective mean-
curvature mode, but does not claim to universally describe the moduli space of general Calabi–Yau
compactifications.

For conceptual clarity, we summarize below the status of the effective sign of a in different classes
of internal geometry, indicating in which regimes the hypothesis a > 0 is well-motivated and in
which situations this assumption ceases to be robust.

Within the scope of this appendix, we work exclusively with the first case, using the slightly
deformed T 6 as a controllable geometric laboratory to justify the effective form of the potential
−aX2 +bX4 and, in particular, the adoption of a > 0 and b > 0 in the construction of the reduced
model.
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TABLE II. Effective sign of a across representative geometric settings.
Internal Geometry Expected sign of a (geometric sector) Reference / comment
T 6 conformal (fluxless) a > 0 for homogeneous

breathing-mode deformations
Instability of homogeneous modes in
higher-curvature gravity6,7

Calabi–Yau with ISD fluxes
(GKP)

Sign depends on flux choices, warping,
and moduli structure

Giddings–Kachru–Polchinski flux
backgrounds and reviews of flux
compactifications2,3,13

KKLT / Large Volume
Scenarios

Stability dominated by non-perturbative
terms; a is not a controlling parameter

Moduli stabilization in KKLT and LVS
constructions4,5

4. Orders of Magnitude and Validity Regime

With R ∼ 1/L2, we estimate

a ∼ α
′ L2, (B6)

b ∼ α ′3

L2 . (B7)

The position of the minimum point,

X∗ =

√
a
2b

∼ L2

α ′ , (B8)

corresponds to small curvatures when L ≫
√

α ′, consistent with the supergravity validity regime and
the weak-coupling expansion used here.

5. Relation to Classic and Modern Literature Results

The combination of quadratic instability (R2) and quartic saturation (R4) is compatible with
classic stability analyses in higher-curvature theories6–8 and with recent studies in α ′-generalized
geometries20,26. We emphasize that this structure is not an inevitable consequence of the complete
effective string action: it is an effective choice that captures a regime where quadratic corrections
destabilize the flat solution while quartic corrections stabilize it at larger amplitudes.

6. Limitations of the Estimation

The analysis presented here suffers from structural limitations: (i) T 6 is not a realistic Calabi–Yau
manifold; (ii) torsion and flux effects are absent; (iii) non-perturbative corrections may alter the
sign and magnitude of a and b. Thus, the potential should be understood as a phenomenological
effective model that captures only one possible pattern of instability plus restoration. All dynamical
conclusions of the work are valid conditionally upon the maintenance of this sign pattern in the
effective sector.

Appendix C: Role of Toy Models in Theoretical Physics

The objective of this appendix is to contextualize the status of the TSDC as a toy model in light
of consolidated practice in theoretical physics. We discuss: (i) what is understood by a toy model;
(ii) historical examples where toy models played a central role in conceptual advancement; and (iii)
in what sense the formalism presented in this work fits into this tradition and what limitations are
inherent to it.
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1. Operational Definition of a Toy Model

In theoretical physics, a toy model is a deliberately simplified mathematical model that does not
intend to describe, in all details, a real physical system, but which captures in a controlled manner a
structural mechanism of interest—such as symmetry breaking, emergence of order, phase transitions,
or dynamic attractors. These models:

• sacrifice phenomenological realism in favor of analytical or numerical tractability;

• emphasize a few collective degrees of freedom;

• have an explicitly limited scope: their purpose is to demonstrate the viability of a mechanism,
not to make complete quantitative predictions.

This methodology is widely used in field theory, condensed matter, cosmology, and string
theory14,15,23,27,28.

2. Historical Examples: From the Ising Model to φ 4

A classic example is the Ising model for spin 1
2 magnetism on a lattice. The Hamiltonian:

H =−J ∑
⟨i, j⟩

sis j −h∑
i

si, with si =±1 (C1)

does not microscopically describe a real ferromagnet, but minimally reproduces:

• the competition between ordering and thermal noise;

• the existence of phase transitions and spontaneous symmetry breaking;

• the role of order parameters and critical exponents.

Similarly, scalar theories of the φ 4 type,

L =
1
2
(∂φ)2 +

1
2

m2
φ

2 +λφ
4 (C2)

serve as reduced models for symmetry breaking, vacuum structure, and renormalization group flow,
even though they are not realistic field theories of the Standard Model23.

In cosmology, single-field inflationary models with simple potentials function as toy models to
analyze slow-roll dynamics. Even if realistic inflation likely requires more elaborate structures, the
simplified potentials provide proofs of principle.

In string theory, simplified backgrounds such as Rp × T q or factorized tori have historically
been used to extract conceptual mechanisms before applying them to Calabi–Yau compactifications.
Notably, D-brane dynamics, tensions, spectra, and couplings were initially developed in flat or
toroidal spaces before being generalized to realistic geometries15,27. Reviews of early flux and
moduli-stabilization programs emphasize the same methodological strategy2,3.

In this sense, the TSDC model should be interpreted precisely within this methodological frame-
work: a geometric toy model whose objective is to isolate and test a dynamic mechanism before
incorporating fluxes, torsion, branes, or full moduli sectors.

3. Epistemological Function of Simplified Models

Toy models play central epistemological roles:

• Proof of Principle: They allow demonstrating that a behavior—such as dynamical selection
or the existence of attractors—is mathematically consistent within a defined class of theories.
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• Conceptual Organization: They introduce, in a controlled setting, notions such as order
parameters, basins of attraction, and effective potentials.

• Guides for Generalization: Once a robust mechanism is found in a toy model, one asks
whether it persists upon introduction of realistic ingredients.

These functions explain the pervasive use of simplified models in high-energy theory, dynamical
systems, and condensed matter10.

4. Position of the TSDC in this Tradition

The TSDC naturally fits into this structure:

• It is a two-dimensional effective model (X ,φ) capturing a single mechanism: the possibility
that α ′ corrections induce dissipative geometric dynamics with a stable attractor.

• The assumed spectral reduction—one dominant mode X with all others heavy—follows the
toy model paradigm of isolating collective degrees of freedom.

• The phenomenological potential −aX2 +bX4 is not meant to reproduce a specific Calabi–Yau
compactification; rather, it is designed to demonstrate that curvature-corrected dynamics can
exhibit geometric selection.

This is analogous to the use of Landau–Ginzburg models for phase transitions or simplified
potentials in inflation. The purpose is structural viability, not phenomenological realism.

5. Intrinsic Limitations

As with all toy models, the TSDC has inherent limitations:

• Dependence on Truncations: the dominance of X may fail once full moduli interactions are
restored.

• Restricted Phenomenological Scope: no numerical prediction should be interpreted as
directly describing a real compactification.

• Sensitivity to Omitted Ingredients: fluxes, torsion, branes, and non-perturbative effects may
radically modify the full potential4,5,11,13.

For these reasons, the TSDC must be understood as an exploratory model fulfilling two roles: (i)
establishing that dissipative mechanisms can dynamically select geometric states; and (ii) providing
a structured starting point for the more realistic extensions outlined in Section XII.
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