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Abstract

We introduce a new dimensionless parameter, the Space-Time Transport Ratio, used to measure cou-
pling between advective transport and intrinsic temporal evolution of general fields along space-time.
Born out of the material derivative and constrained by the Cauchy-Schwarz inequality, the ratio
provides a local characterization of the manner spatial gradients couple with velocity fields to create
changes in scalar or vector fields. We discuss its mathematical structure, interpretations, and possible
uses in fluid dynamics and other fields and recommend it as an analysis tool for transport-dominated
regimes of physical systems. The recommendation deepens traditional notions in continuum mechan-
ics, giving new insights into the tapestry of space-time interactions in non-relativistic systems.
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1. Introduction

At the core of mathematical physics is the theory of fields as functions of space and time, rang-
ing from the Navier-Stokes equations [10] for fluid flow through to Maxwell equations governing
electromagnetic phenomena [7]. Among the basic problems of such regimes is exposing the relative
significance of local time variation and due to spatial advection along streamlines. For example, in fluid
mechanics, the material derivative captures this dichotomy by isolating the explicit time derivative
from the advective one [1].

Spurred by this, we propose a hypothesis that is a dimensionless ratio of the relative dominance
of transport processes. Our Space-Time Transport Ratio, £ (r, t), is a natural outcome of using the
Cauchy-Schwarz inequality on the advective part of the material derivative. In contrast to global
dimensionless quantities like the Péclet number, comparing advection with diffusion on characteristic
scales [5], our ratio is field-independent and local rather than global, and it applies in general to any
scalar or vector field.

Here, we seek to express this hypothesis in formal yet understandable terms, pointing out both
its novelty and possible usefulness. Emerging from classical mechanics, it suggests extension to
relativistic or quantum contexts in which curvature of space-time or uncertainty could dominate
transport behaviors. We then continue by recalling the material derivative, establishing the bound for
transport, proving the ratio, and examining implications.

2. The Material Derivative and Transport Bound

Let us take a field in general, Y(r, t), scalar or vector-valued, where r = x(t) + y(t) + z(t), defined
in a Euclidean space-time manifold R3 x R. The material derivative, or convective, or substantial
derivative [11], equals the rate of change of Y along a motion with velocity v(r, ) as:
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This breakdown separates the local Eulerian time dependence 9Y /0t from the transport term
(v- V)Y [6]. After rearrangement gives
DY oY

In order to limit the transport contribution, we apply the Cauchy-Schwarz inequality in the inner
product space R3. For a scalar field Y, and gradient vector VY, we have:

(v V)Y] < [v][[ VY], 3)
with equality if v is parallel to VY. This provides the transport bound:

DY 9Y
— =< . 4
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These discrepancies are typical when working on partial differential equation (PDE) analysis, so

stability estimates and numerical approximations are possible [2].
In vector field cases Y : R® — R™, the advective term is (VY)v, where VY is the m x 3 Jacobian

matrix. The bound generalizes using the operator norm:

I(VY)v]| < [VY]lopllvl, ©)

where || - [[op = SUP | y|—1 [I(VY)w]| is the induced matrix norm [3].
If the geometry or constitutive model supplies a symmetric positive-definite tensor G(r, t), use
the G-inner product (x,y)¢ := x ' Gy and norm || x| := Vx T Gx. Then

(v, VY)g| < vl VY, 6)

which yields a coordinate-invariant version of (4) in the metric G.
Classical generalizations of Cauchy-Schwarz imply that for any even integer p > 2,

py oavl|”

< P P, 7
=S < vy @)

Moreover, strengthened CS-type inequalities based on Hadamard powers, tensor products, and multi-
vector constructions provide additional structural bounds on expressions of the form ||v||? || VY|P —
(v, VY)P (for appropriate p), offering diagnostics complementary to s; see e.g., the inequalities devel-
oped in [4].

3. Space-Time Transport Ratio

Upon the transport bound, we introduce the dimensionless Space-Time Transport Ratio as:

B3
; t
) = e, 8
0 ©
for scalar Y, under convention s, = 0if ||v|||| VY]] = 0 to accommodate static or uniform scenarios.
As (4), it satisfies
0 < ee(r,t) <1. )

Geometrically, 5. = | cos 0], with 6 being the angle between v and VY, highlighting its status as a
measure of direction alignment.
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The dimensionless parameter s, measures the proportion of material variation by spatial advection
in relation to its maximum possible value. For &, ~ 0, field evolution is dominated by internal time-
dependent processes such as source terms or dissipation rates and is subject to very little influence
from gradient-driven advection. For s, tending towards 1, advection dominates, which means that Y
fluctuations occur primarily due to being "transported" along velocity streamlines, similar to frozen-
field approximations in ideal fluids.

This view spreads out through space and time in a kind of subtle way: regions of large s illuminate
where spatial organization governs temporal behavior, evoking classical space-time entanglement.
For instance, in turbulent flows, a plot of &, could uncover regions of vigorous mixing versus laminar
extension [9].

Consider a simple example: in steady-state heat conduction of a fluid, if Y is temperature, small
ge can map to diffusive equilibrium and large s, can map to convective domination, augmenting the
Péclet number by offering point-wise resolution.

For vector fields, substitute || VY /|| with || VY||op, in (8), maintaining the bounds and interpretation.

Metric-weighted space—time transport ratio.

Let G(r, t) be a symmetric positive-definite tensor, defining the G-inner product (a,b)g :=a' Gb
and induced norm ||a||g := VaT Ga. In this setting the advective transport term (v - V)Y is naturally
interpreted as (v, VY)g.

Definition 1 (Space-time G-ratio). The metric-weighted space-time transport ratio, or G-ratio, is

defined by
P00 = 10
with the convention sg = 0 when ||v||g ||VY|g = 0.
Proposition 1. By the metric Cauchy—Schwarz inequality,
0 < &8(r,t) <1 forall (v,t). (11)

Thus every conclusion previously derived for the unweighted space—time transport ratio s. carries over verbatim
to &5, with Euclidean norms replaced by G-norms.

The ratio ¢ provides a coordinate-invariant diagnostic of advection versus explicit temporal
change, adapted to the metric G. Values of ¥ close to 0 indicate that the evolution of Y is dominated
by explicit time dependence in the chosen metric, whereas values close to 1 signal that the dynamics
are primarily governed by advective transport relative to G. Introducing a positive-definite metric thus
allows one to emphasize particular spatial directions or material weightings in the transport analysis.

4. Conclusions

We have proposed the Space-Time Transport Ratio as a general tool for the study of field dy-
namics. Its mathematical elegance hides a depth of interpretation, adding new insights to classical
and contemporary issues of physics. We expect this to lead to further research work in transport
phenomena in fields.

Though formulated in the non-relativistic setting, the conjecture is extrapolated to curved space-
times by substituting V with covariant derivatives and v with four-velocities, with possible implica-
tions for general relativistic transport [8]. Quantum analogues that include uncertainty in VY can
solve fluctuation-dissipation theorems.

Further research could investigate s’s statistical properties in stochastic fields or its use in adaptive numer-
ical methods for PDEs, where thresholding on s, sacrifices resolution in transport-dominated regions.
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