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Abstract

The weak-field, quasi-static regime of gravity is commonly described by the Newton—
Poisson equation as an effective response law. We construct this response within a cost-first
discrete variational framework. The Recognition Composition Law (RCL) uniquely se-
lects a reciprocal closure cost within the restricted quadratic symmetric composition class;
together with the discrete ledger axioms A1-A5 (including conservation) and standard
DEC refinement, the Newton-Poisson baseline is then recovered in the instantaneous-
closure limit. Conditional on a scale-free latency postulate (A6) and a causal frequency-
wavenumber ansatz (A7), allowing finite equilibration introduces fractional memory into
the response, yielding a scale-free modification of the source—potential relation character-
ized by a power-law kernel wy. (k) = 1+ C(ko/k)* in Fourier space. The kernel exponent
a = 1(1—-¢71) ~ 0191, where ¢ = (1+ /5)/2, is derived from self-similarity of the
discrete ledger closure; the amplitude C = ¢~2 a 0.382 is identified as a hypothesis from
a three-channel factorization argument. We evaluate this quasi-static kernel-motivated
response against SPARC galaxy rotation curves under a strict global-only protocol (fixed
M/L = 1, no per-galaxy tuning, conservative o), using a controlled multiplicative
surrogate for the full nonlocal disk operator implied by the kernel. In this deliberately
over-constrained setting, the surrogate interface achieves median(x?/N) = 3.06 over 147
galaxies (2933 points), outperforming a strict global-only NFW benchmark and remaining
less efficient than MOND under identical constraints. The analysis is restricted to the
non-relativistic, quasi-static sector and should be read as a falsifier-oriented galactic-regime
consistency check of the scaling window, not as a relativistic completion or a claim of
Solar-System viability without additional UV regularization/screening.

Keywords: discrete exterior calculus; weak-field gravity; Poisson equation; fractional
calculus; nonlocal response; scale-free kernel; linear response theory; galaxy rotation
curves; SPARC; modified gravity; phenomenological effective field theory; informational
constraints; golden ratio

1. Introduction

The weak-field, quasi-static regime of gravity is described operationally by a scalar
response law relating matter sources to a potential: the Newton-Poisson equation. This
description is understood as an effective limit rather than a fundamental statement about
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gravity [1,2]. Observations of galaxy rotation curves [3], gravitational lensing [4], and cos-
mic microwave background anisotropies [5,6] reveal systematic departures from baryonic
Newtonian predictions. Within the standard ACDM framework, these are explained by
invoking cold dark matter halos with complex per-galaxy profiles [7-9]. While cosmologi-
cal simulations successfully reproduce large-scale structure [10,11], persistent small-scale
tensions remain: the missing satellites problem [12], the too-big-to-fail problem [13], and
cusp-core discrepancies [14]. These small-scale tensions motivate both refinements of dark
matter models and modifications to the gravitational response law.

Phenomenological alternatives modify the gravitational response law directly. Modi-
fied Newtonian Dynamics (MOND) [15] introduces an acceleration scale a9 ~ 1.2 X 1010
m/s? below which dynamics deviate from Newtonian predictions, fitting galaxy rotation
curves with a single global parameter [16,17]. The empirical Radial Acceleration Relation
(RAR) [17,18] demonstrates tight correlation between observed and baryonic accelerations
across diverse galaxy populations, suggesting a universal modification mechanism. How-
ever, MOND struggles with cluster dynamics [19], lensing observations [4], and lacks a
fully predictive covariant completion, though relativistic extensions have been proposed
[16]. Broader classes of modified gravity theories—f(R) gravity, scalar-tensor theories,
and nonlocal models [20-23]—have been extensively explored as alternatives to dark mat-
ter, though many face stringent observational constraints from Solar System tests [24],
gravitational wave observations [25], and cosmological probes.

Complementary to continuum field theories, discrete approaches to gravity have a
long history. Regge calculus [26] discretizes spacetime geometry on simplicial complexes,
enabling numerical general relativity. Loop quantum gravity [27-29] quantizes geometry
using spin networks, yielding discrete spatial structures at the Planck scale. Causal set
theory [30-32] posits spacetime as fundamentally discrete and partially ordered. Causal
dynamical triangulations [33,34] employ path-integral quantization on dynamically assem-
bled simplicial lattices. Discrete Exterior Calculus (DEC) [35-37] provides a variational
framework for field theories on cellular complexes, preserving topological and conserva-
tion properties in the discrete setting. In parallel, information-theoretic proposals suggest
gravity emerges from thermodynamic or entropic principles: Jacobson’s thermodynamic
derivation of Einstein’s equations [38], holographic entropy bounds [39,40], and Verlinde’s
entropic gravity [41,42] reinterpret gravitational dynamics as emergent from microscopic
information content [43]. Padmanabhan’s work [44] connects spacetime thermodynamics to
cosmological horizons. The discrete gravity approaches (Regge calculus, LQG, causal sets)
target Planck-scale or cosmological regimes and do not, by themselves, yield predictions in
the quasi-static weak-field sector. The information-theoretic proposals (Jacobson, Verlinde,
Padmanabhan) remain phenomenological at the Newtonian level, lacking unique falsifiable
predictions in the regime where the present work operates.

High-quality rotation-curve data from SPARC [45] and related surveys provide strin-
gent tests for modified gravity theories. Studies fitting SPARC galaxies with MOND
consistently achieve x>/ N ~ 1-2 per galaxy [18,46], demonstrating MOND's empirical
efficiency. Dark matter halo models with per-galaxy freedom (NFW profiles with varying
mass and concentration) similarly achieve excellent fits [47], but require tuning multiple
parameters per object. Recent work emphasizes the importance of global-only protocols—
constraining entire galaxy samples with shared parameters—to fairly compare predictive
power across frameworks [17,18]. Under strict global-only constraints (fixed stellar mass-
to-light ratios, no per-galaxy halo adjustments), ACDM performs poorly compared to
MOND'’s single-parameter global fit. This establishes globality as a critical empirical
benchmark.
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We develop the Discrete Informational Framework (DIF), a cost-first variational con- e
struction for the weak-field quasi-static sector. Imposing the Recognition Composition e
Law (RCL) uniquely determines a reciprocal closure cost J(x) (Section 2). Together with s
structural ledger axioms A1-A5 (Section 3), this provides the discrete scaffold for a DEC s
refinement limit that recovers the Newton—-Poisson baseline (Section 4). Conditional ona s
scale-free latency postulate (A6) and a causal frequency-to-wavenumber mapping (A7), e
finite equilibration introduces fractional memory into the source—potential relation and &
yields, in the quasi-static sector, a Fourier-space source-side kernel wy,, (k) =1+ C(ko/k)*  ss
(Section 5). Within the specific self-similar closure recursion adopted here, the kernel &
exponent & = %(1 — ¢~ 1) ~ 0.191 is structurally selected (Section 7.1), while the amplitude oo
C = ¢~2 ~ 0.382 is retained only as a labeled hypothesis from a three-channel factorization e
argument (Section 7.2). 02

We evaluate the kernel-motivated response against SPARC galaxy rotation curves [45] o3
under a deliberately strict global-only protocol (Section 6): 147 galaxies (2933 points), s
globally shared surrogate parameters (A, a,7g), fixed M/L = 1, and a conservative total s
uncertainty model (Appendix D). The forward model is a controlled multiplicative sur- o
rogate for the full nonlocal disk operator, adopted here to test whether a single global o7
scale-free enhancement can survive a deliberately strict no-per-galaxy-tuning benchmark. s
Accordingly, absence of falsification under these intentionally over-constrained condi- s
tions establishes viability in the galactic scaling window, not confirmation, uniqueness, 100
relativistic completeness, or Solar-System viability. 101

The remainder of the paper is organized as follows. Section 2 introduces the Recog- 102
nition Composition Law and derives the canonical closure cost J(x). Section 3 states the 10
structural ledger axioms A1-A5 and records the resulting discreteness, conservation, and 104
exactness properties used in the DEC bridge. Section 4 proves that instantaneous clo- 1os
sure recovers Poisson (Theorem 4.1). Section 5 introduces finite latency and shows how 106
the phenomenological postulates A6—-A7 define the fractional kernel within this effective 107
framework (Derived Result 5.2). Section 6 presents the SPARC empirical test. Section 7 108
derives the conditional theory-target exponent a from self-similar closure and identifies the 100
amplitude C as a labeled hypothesis from a three-channel factorization argument. Section 8 110
collects limitations and falsification routes. Section 9 summarizes results and discusses 11
future tests. Appendices provide proofs and computational details; Appendix E documents 112
exploratory sensitivity of the surrogate parameters to objective choice. 113

2. Cost-First Foundations and the Recognition Composition Law 114

This section states the Recognition Composition Law (RCL) and the reciprocal closure s
cost it fixes, establishing the cost-first starting point of the framework. The dependency 116
chain from structural inputs (MP, A1-A5, RCL) to the Poisson baseline, the A6-A7 condi- 117
tional kernel, and the strict global-only SPARC test is summarized in Figure 1; the framed 11
status summary below highlights the epistemic status of each ingredient. 119
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MP + Axioms A1-Ab5

L . RCL
non-triviality, locality, ..
. . . (composition law on )
1ntegrahty, conservation,
Appx. A

minimality

/N

Closure cost
J(x) = (x+x71) -1
(unique in quad. sym. family)

N/

Instantaneous closure Delayed closure
J(1+e) = &2 finite equilibration

A6: Scale-free latency
power-law backlog,
no char. timescale

hd

DEC refinement
= Poisson baseline

~

Fractional-memory source

V2® = 47Gp Pett = 0 + C1y “I%0
(Thm. 4.1; by construction) (Prop- 5.1)
> A7: Causal ansatz
Spatial kernel wegr(k) o k
Wier (k) =1+ C(ko/k)" (phenomenological)
(DR.52)

hd

Disk surrogate (approx.)
2= Z}‘tzyaryon[l + A(r/r())lx]

(o
exact for sphere; approx. for disk

hd hd

SPARC: 147 gal., 2933 pts, strict global-only (M /L=1, no per-gal. tuning)
DIF: med(x%>/N)=3.06 MOND: 2.01 (1 par.) strict ACDM: 5.27 (2 par.)

Figure 1. High-level schematic of the informational framework: the Recognition Composition Law
uniquely fixes the cost structure, and together with MP and axioms A1-A5 specifies the discrete ledger
scaffold. Normalization in the refinement limit recovers the Poisson baseline, while finite equilibration
introduces a scale-free kernel constrained by derived parameters. Color key—grey: structural inputs
(MP, axioms A1-A5, composition law RCL); blue: derived mathematical consequences; orange:
phenomenological postulates (A6, A7; not derived from first principles); yellow: practical surrogate
replacing the exact nonlocal disk convolution; green: empirical test. MP+A1-A5 and RCL are co-equal
independent inputs converging on J(x); A6 (scale-free latency) and A7 (causal weg o k) enter as
separate side inputs at their respective logical steps; the disk surrogate is an explicit approximate
step between wye, (k) and the SPARC test.
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For interpretation, we summarize the assumptions and epistemic status:

(@) The Poisson baseline is by construction: the discrete ledger axioms and Recog-
nition Composition Law (RCL) are chosen so that the instantaneous-closure
refinement limit reproduces Newtonian gravity (Sections 3—4).

(if) The primary phenomenological postulates are A6 (scale-free equilibration
latency) and A7 (a frequency-to-wavenumber mapping weg (k) o k), which
connect temporal causal response to spatial Fourier modes and generate the
kernel wy; (k) (Section 5).

(iif) The analysis is non-relativistic, quasi-static, and linear-response. No claims are
made here about lensing, cosmology, gravitational waves, or post-Newtonian
tests without an explicit covariant/dynamical completion.

(iv) The galaxy interface is a surrogate: the rotation-curve model uses a controlled
multiplicative closure ansatz as a surrogate for the full nonlocal disk convolu-
tion implied by wye, (k) (Section 6.1.2).

V) The rotation-curve result is a consistency check: we enforce a strict global-only
protocol (fixed M/L = 1, no per-galaxy tuning) and a conservative total error
model oyt (Appendix D). Absence of falsification is not confirmation of the
framework.

2.1. The J(-) cost formalism

RCL fixes a unique reciprocal cost (Appendix A); only its near-equilibrium quadratic
form J(1+¢) ~ %82 is needed for the DEC bridge to the Poisson baseline (Proposition 2.1
below).

Positive ratios x > 0 parametrize mismatch relative to equilibrium, with the reciprocal
cost ] : (0,00) — R vanishing at x = 1. In the gravity application, x is an auxiliary mismatch
variable in an effective discrete constraint model: J(x) = 0 denotes local closure (x = 1),
and J(x) > 0 denotes an unclosed imbalance; delayed closure corresponds to persistence
of nonzero J-cost contributions.

2.2. Axiomatic origin: RCL and the reciprocal cost functional

Proposition 2.1 (Reciprocal closure cost (from RCL [48,49]; proved in Appendix A)). Under
RCL together with standard regularity conditions for a non-constant |, and imposing J" (1) = 1,
the reciprocal closure cost is uniquely selected within the restricted quadratic symmetric composition
class as

_1 -1
J(x) =5 (x+x71) =1, M
and near equilibrium x = 1 + € one has
1
J1+e) = Eez+(’)(£3), ()

which is the only property of | needed to recover the Dirichlet-energy/Poisson limit in Sec. 4.1.

Figure 2 illustrates the global reciprocity symmetry and the near-equilibrium quadratic
regime used in the continuum bridge.

3. Emergence of the Discrete Informational Ledger

The discrete ledger structure is the scaffold on which the RCL-selected cost J(x) acts:
given axioms A1-A5 (Appendix B) and J(x) from Section 2, cost minimization implies
discreteness, double-entry conservation, and (under closed-chain neutrality) exactness.
This section outlines these structural consequences at the level needed for the DEC bridge.
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4.0 1 0251 — exact
3.5 quadratic
0.20 1
3.0 A
25 T 015 -
2.0 1
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0.5 1
0.0 - 0.00 A ~——
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107! 10° -04 -0.2 0.0 0.2 0.4

Figure 2. Reciprocal cost J(x) and its near-equilibrium limit: J(x) = }(x +x~1) — 1 is reciprocal with
a unique minimum at x = 1, and J(1 + €) ~ €2/2 yields the Dirichlet-energy (Poisson) baseline in the
refinement limit.

3.1. Discreteness and conservation from cost structure

The reciprocal cost | has a unique local minimum at x = 1 with positive curvature
(J”(1) = 1), so in a purely continuous configuration space one can generally move along suf-
ficiently small directions with arbitrarily small incremental cost. This observation does not
deny that continuous variational problems can have strict minimizers; rather, it highlights a
distinct requirement of the present ledger interpretation: the existence of robust, distinguish-
able ledger states separated by finite cost barriers (“lock-in”) so that recognition events can
be recorded as discrete transactions. In this sense, additional structure—implemented here
as a discrete cellular complex supporting integer cochains—provides a natural mechanism
for stable, isolated ledger states. Formal conditions under which discrete state structure
is enforced or selected by the J-cost (beyond the present motivation) are discussed in the
companion framework exposition [49].

The reciprocity symmetry of the cost function, J(x) = J(x!), dictates that the cost
of any recognition event equals the cost of its reciprocal. This symmetry forces a double-
entry ledger structure, where every transaction must be balanced by a reciprocal entry,
guaranteeing the conservation of informational flux on closed sub-systems.

The cost of a completely degenerate configuration diverges, J(0") — oo, establishing
a finite barrier against vacuous (empty-input) states: a recognition event requires both a
transaction and its reciprocal to be non-degenerate.

3.2. Cellular complex and DEC kinematics

The conservation symmetry J(x) = J(x~!) implies closed-chain neutrality [48,49]: any
closed chain < has vanishing net circulation (Appendix B), which in continuum language
corresponds to V x g = 0 (with g = —V®) in the quasi-static sector—the topological
prerequisite for a globally defined scalar potential ®. Guided by the emergent discreteness
and this conservation structure, the weak-field potential is represented on a cellular complex
using discrete exterior calculus (DEC) [35-37,50]. Local informational constraints are
encoded as integer-valued 1-cochains on oriented edges, and the potential is a scalar 0-
cochain ¢ on vertices. Under closed-chain neutrality, the 1-cochain field is exact and may
be written as w = V¢, enabling a variational formulation whose refinement limit recovers
a continuum Poisson constraint. Table 1 collects the principal symbols used throughout the

paper.

https:/ /doi.org/


https://doi.org/ 

Version April 2, 2026 submitted to Entropy 7 of 31

Symbol Type Meaning / Section

K cellular complex Underlying discretization (Sec. 3.2)

V,E sets Vertices and oriented edges of K

¢ 0 cochain Scalar potential on vertices

w integer 1-cochain Edge-local constraint field (exact when neutrality holds)

w(e) integer Value of the 1-cochain on edge e € E

J(x) cost functional Reciprocal closure cost fixed by RCL (Sec. 2)

x positive ratio Abstract mismatch variable entering |

D, 0 fields Newtonian potential and mass density (Sec. 4)

Wier(k)  kernel Fourier-space response modifier (Sec. 5.1)

ko scale Reference wavenumber setting the transition scale in wy,, (k); absorbed
order-unity factors (Sec. 5.1)

o exponent Kernel exponent; derived: & = 1(1 — ¢71) & 0.191 (Secs. 5.1,7.1)

C amplitude Kernel amplitude; hypothesis: C = ¢~2 ~ 0.382 (Sec. 7.2)

ro scale Transition radius in kpc; single remaining free (dimensional) parameter
(Eq- O))

Table 1. Notation summary for the discrete informational framework and its rotation-curve surrogate.
Note: the integer 1-cochain w (edge-local constraint field) and the Fourier-space kernel modifier
wyer (k) are distinct objects sharing notation for brevity; context disambiguates.

4. Derivation of the Newton-Poisson Baseline
4.1. Discrete-to-continuum (DEC) bridge: Poisson as the baseline theorem

The instantaneous-closure refinement limit fixes the normalization of the discrete
mesh action. Theorem 4.1 below formalizes this limit via the DEC bridge. The Newtonian
weak-field sector fixes this normalization in physical units.

We fix the map from discrete constraint variables to ¢ and p using (i) the poten-
tial/exactness structure from MP and A1-A5, (ii) the quadratic expansion (2), and (iii)
standard DEC refinement consistency [35-37].

Theorem 4.1 (Construction of the Poisson baseline in the instantaneous-closure limit (con-
ditional on DEC refinement and standard mesh-consistency conditions [35])). Under as-
sumptions (i)—(iii) and DEC refinement convergence (discrete Laplacian — continuum Laplacian
as mesh size — 0), the discrete Dirichlet energy converges to its continuum form and stationarity
yields a Poisson constraint. Fixing the overall coupling by matching the discrete normalization to
Newtonian gravity yields

V2® = 471G p. (3)

Under axioms A1-A5, conservation (A4) yields exactness: w = V¢ on the cellular
complex. The near-equilibrium cost J(1 + ¢) ~ %82 (Eq. (2)) produces discrete action

sl ~ L J(UEE) = L (V)P ag inemen /\VCI>|2d3x.

edges edges

Stationarity 5/6¢ = 0 yields the discrete Laplacian equation; DEC refinement convergence
[35] gives V2® = source. Matching the normalization to Newtonian phenomenology fixes
the source as 47 Gp. Full proof in Appendix B. O

The gravitational constant G and the mesh-to-physical-units proportionality are not
predicted by the framework; they are fixed by requiring agreement with observed New-
tonian phenomenology (e.g., planetary orbits, laboratory Cavendish experiments). This
is standard practice in effective field theory: dimensionful coupling constants are inputs
determined by matching to known low-energy physics.
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The Newtonian baseline is now fixed: the instantaneous-closure refinement limit re-
duces the framework to Poisson, and all subsequent source-side modifications are additions
to this baseline.

Finite equilibration latency is then introduced: the instantaneous-closure limit ideal-
izes zero-delay constraint refresh; on a cellular complex, updates of edge-local constraints
at scale L ~ 1/k must propagate across that scale, and causality bounds the fastest pos-
sible refresh rate (Section 5.1.2). Section 5 develops the resulting scale-free, source-side
modifications to the effective source in full.

5. Information Latency & The Fractional Kernel

Allowing finite equilibration modifies the effective source seen by the weak-field
potential while preserving linearity and conservation. Two phenomenological postulates—
scale-free equilibration latency (A6, Section 5.1.1) and a causal frequency-wavenumber
ansatz (A7, Section 5.1.2)—together yield the quasi-static source-side kernel wy,, (k) =
14 C(ko/k)* (Derived Result 5.2), the section’s central output.

5.1. Finite equilibration: scale-free latency and causal closure (Latency kernel)
5.1.1. Assumption A6: Scale-free latency and fractional memory

Assumption A6 (Scale-Free Latency). Ledger closure exhibits scale-free latency: unclosed
transactions persist as a power-law backlog, with no characteris-
tic timescale governing closure.

This is a phenomenological postulate, not derived from gravitational first principles.
Possible physical mechanisms that could generate scale-free latency include: (i) coarse-
graining over unmodeled hierarchical microscopic degrees of freedom, (ii) coupling to
cosmological time-evolution in an expanding background, or (iii) emergent scale-invariance
from critical-point dynamics. None of these mechanisms are specified in the present
effective framework; A6 is adopted as an empirical ansatz whose consequences can be
tested against observations. Alternative latency profiles (e.g., an exponential latency with a
characteristic timescale) would yield qualitatively different kernels and provide falsification
targets.

Unlike electromagnetism (where retardation is fixed by c) or diffusive systems
(with material-dependent timescales), gravitational dynamics in cosmology exhibits scale-
dependent equilibration: structure formation proceeds hierarchically, with smaller systems
virializing earlier than larger ones. If the quasi-static response inherits memory from this
hierarchical relaxation, scale-free latency could arise naturally. However, this remains
speculative and requires connecting the discrete ledger framework to actual cosmological
structure formation, which is beyond the scope of this work.

Scale-free latency induces fractional memory in linear response [51-53], conveniently
represented by a Riemann-Liouville fractional integral acting on the source. Fractional
operators provide a compact representation of heavy-tailed memory and yield clear infrared
scaling behavior. No specific microscopic mechanism is assumed in this work, though
identifying such a mechanism is an important open question for physical interpretation.

Proposition 5.1 (Fractional-memory effective source (conditional on A6 and linear re-
sponse)). Under the scale-free latency hypothesis and linear response about the instantaneous-
closure baseline, the effective source acquires a fractional-memory contribution:

Peii(t) = p(t) + C5 “ Z%(t),

4
Iaf(f) _ 1_‘(1“) /Ot(t o t/)tx—l f(f,) dt’, ( )
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Here 1y is a reference timescale absorbed into ko via A7. With « € (0,1) and dimensionless
amplitude C (equivalently a causal multiplier « (iw 4+ 07)~%), Appendix C illustrates a compact
bridge to standard fractional-calculus results [51,52].

Figure 3 contrasts the scale-free (power-law) memory implied by the scale-free latency
hypothesis with a single-timescale exponential for comparison.

10-16
1054 4 >
10792 + \
10—130 4 \
10—168 4 \

weight K(t)
-

~206
10 \

10—244 B
= power-law: ¢ =0.19 \

10—282 N
= = exponential \

T T T T T T T T T T T T T T T T
1072 107! 10° 10! 102 103
lag time t/To

Figure 3. Scale-free latency implies heavy-tailed memory. Under this hypothesis the memory weight
is heavy-tailed (a power law), so very old unclosed transactions retain non-negligible influence
compared with an exponential (single-timescale) decay. This correspondence is represented by
fractional operators in linear response.

5.1.2. Assumption A7: Causal closure and the spatial modifier

Assumption A7 assigns each spatial mode k an effective refresh frequency weg (k)
that is consistent with causality and quasi-staticity, and scale-free at fixed epoch. A causal
scaling argument motivates weg (k) o k under scale-free refresh. In the quasi-static sector,
a spatial Fourier mode k corresponds to a length scale L ~ 1/k (or L ~ a/k in comoving
variables). A “refresh” of the ledger state at scale L cannot propagate faster than some
finite signal speed vmax (causality). Therefore, the shortest physically allowed refresh time
satisfies a ballistic bound

L a

~

Teff(k/a) 2/ v v k
max max

;= welkoa) S Tk )

Equation (5) establishes a causal ballistic bound: any admissible refresh law must
grow no faster than linearly with k at fixed epoch. Imposing scale invariance at fixed a
rules out new dimensional parameters and selects the minimal power law

k
(Ueff(k, ﬂ) & EI (6)

with the proportionality constant absorbed into kg. Alternative scalings—diffusive (weg o
k? / a) or environment-dependent—are equally consistent with A6 but yield different spatial
kernels. The linear form wegs o k is therefore the framework’s primary phenomenological
ansatz, not a uniquely forced consequence.

In an expanding background, we(k, a) ~ kc/a, with order-unity factors absorbed into
ko. Evaluating the causal multiplier « (iw + 0")™* from Eq. (4) at w = weg (k) yields the
operational Fourier-space kernel form.

The present power-law kernel is therefore conditional on two scaling choices: a
heavy-tailed memory law and a ballistic scale-to-refresh mapping. More generally, if

https:/ /doi.org/
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the temporal memory law produces a causal multiplier proportional to (iw)# and the
effective refresh law scales as wegs(k) o< k™ at fixed epoch, then the corresponding quasi-
static spatial modifier scales as wy, (k) — 1 o k~™F within the same operator-level bridge.
The present construction corresponds to the special case m = 1 with § = a. Exponential
or stretched-exponential closure laws, or diffusive/environment-dependent refresh maps,
would therefore yield different Fourier-space behavior. In that sense, A6 and A7 should be
read as the defining phenomenological inputs of the scaling window studied here, not as
uniquely forced consequences of the ledger scaffold.

Derived Result 5.2 (Phenomenological spatial kernel (conditional on A6-A7 and the
Wet & k ansatz)). Under the scale-free latency hypothesis (A6) and the phenomenological closure
ansatz (A7), evaluating the temporal multiplier at weg (k) transfers the power law from w to k,
yielding

ko\ "
Wyer(k) =1+C %) @)
and the corresponding source-side modified Poisson relation in the quasi-static weak-field sector,

K@ (k) = 471G wier (k) p(K). @®)

Here kg is a conventional reference wavenumber absorbing order-unity factors; equivalently ry :=
27t/ kg is the corresponding real-space transition scale. The kernel parameters are (C, , 1), where
w is the infrared slope, r sets the transition scale, and C > Q sets the kernel amplitude. In the strict
global-only surrogate used for SPARC fits (Section 6), we denote the fitted surrogate amplitude by
A to distinguish it from the theory-amplitude hypothesis C.

This construction transfers the scale-free temporal memory (A6) into a scale-free
spatial modifier via the weg o k ansatz (A7), yielding the quasi-static source-side kernel
Wyer (k) that defines the paper’s testable deviation from Poisson (operator-level bridge:
Appendix C, Proposition C.1). The functional form follows from A6-A7 and is not a unique
prediction; alternative equilibration mechanisms would yield different kernels.

Relation to common weak-field kernel parameterizations.

As a source-side multiplicative factor in the Poisson closure, wy, (k) falls within
modified-Poisson/nonlocal-response kernel parameterizations used to test departures
from strictly local Newtonian gravity [20,21]. Here it is restricted to scale-free infrared
enhancement with globally shared parameters and conservation-preserving closure, rather
than introducing explicit new length scales or environment-dependent interpolation func-
tions.

Figure 4 shows the resulting scale dependence of the response modifier wy,, (k) for
representative parameters.

The empirical free parameter throughout this work is A, fitted to SPARC rotation-
curve data in Section 6. The theoretical amplitude C and the empirical amplitude A are
related by source geometry (the surrogate uses a multiplicative ansatz calibrated for disk
galaxies); the exponent « and transition scale rg := 271/k( are shared between wy,, (k) and
the empirical surrogate. The quasi-static response is fully characterized by the globally
shared triple (A, a, rg), with no per-galaxy tuning permitted.

We briefly compare the structural differences between DIF and common alternative
phenomenologies.

*  Compared with MOND, MOND modifies the force law (acceleration-dependent dy-
namics) via an interpolation function u(a/ag) with one global parameter ag [15,16],
whereas DIF modifies the effective source via a scale-dependent kernel with three
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Kernel Scaling: IR Power Law vs. UV Regularization

100'_
7
=
3
-1 ]
1079 —— (k) — 1= C(ko/R) (IR power law) AN
1 == w(k) — 1= S8/ (yy.regularized) N
1 reg\™ 1+ k/kuy \
1072 101 10° 101 102
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Figure 4. Scale-dependent weak-field response modifier wy,, (k) under the scale-free latency hypothe-
sis (A6) and the causal closure ansatz (A7). The kernel wy, (k) = 1+ C(ko/k)* enhances the effective
source at small k (large scales, k < ko) while approaching the Newtonian baseline wy,, — 1 at large k
(small scales, k > k).

global parameters (A, a, 7). On the present SPARC benchmark, MOND is the more
economical empirical interpolation, whereas DIF is evaluated here as a tractable causal-
response framework for a theory-led retardation kernel. Both are phenomenological;
neither is derived from covariant field equations.

¢ Compared with ACDM, ACDM adds dark matter halos with per-galaxy profiles
(multiple parameters per galaxy) while preserving standard Poisson response [7],
whereas DIF modifies the response law itself but enforces global parameters, making it
intermedjiate in flexibility: more constrained than per-galaxy halos and less constrained
than single-parameter MOND.

e Compared with f(R) and other covariant modifications of GR, these theories modify
Einstein’s field equations [20], whereas DIF operates only in the non-relativistic quasi-
static limit and does not specify a covariant completion, so it cannot currently make
predictions for lensing, cosmology, or gravitational waves.

¢  Compared with generic nonlocal modified-Poisson kernels, which have been studied
phenomenologically [21,25], DIF obtains its specific functional form wye. (k) = 1+
C(ko/k)* conditional on phenomenological postulates A6-A7, providing theoretical
motivation for the power-law shape within this effective framework, though those
postulates themselves are not derived from deeper principles.

Equations (7)—(8) characterize the quasi-static, linear-response scaling window in
which delayed closure can be represented as a scale-free source-side modifier. Outside this
window (e.g. fully dynamical regimes, strong-field, or environment-dependent closure
mappings), additional structure would be required and is not assumed here. In particular,
no claim is made here that the scale-free power-law form remains valid down to Solar-
System scales without additional UV regularization or screening.

For the galactic rotation-curve regime studied here, omitted relativistic propagation
effects are quantitatively negligible. A light-crossing time across a disk of radius r ~
10-30 kpc is Tignt = r/c =~ 0.03-0.10 Myr, which is about three orders of magnitude
smaller than the fitted memory scale 7, ~ 133 Myr and well below a typical orbital
timescale Tyy,, ~ 200-500 Myr. Thus Tjght < T < Tqypn in the SPARC regime, so a fully
retarded light-cone treatment reduces to the present quasi-static kernel up to corrections

of order Tygni/ T ~ 1073, Likewise, for galactic circular speeds v ~ 100-300 km st
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post-Newtonian corrections scale as (v/c)? ~ 1077-107% and are therefore negligible at
current SPARC precision. In a weak-field covariant extension, the temporal kernel would
be promoted to a retarded spacetime kernel supported on the past light cone; in the slow-
motion limit relevant here, that covariant form would reduce back to the present source-side
quasi-static modifier.

A second relativistic check concerns the radial variation of circular speed across
the disk. Because the local proper time satisfies dTproper = dt\/1 —v?(r)/c? ~ dt[1 —
v?(r)/ (2c?)], the effective memory time acquires only a tiny radius-dependent correction,
5T (1) /T ~ v?(r)/(2c?) ~ 10~7-10~° over the SPARC velocity range. The dominant radial
variation in the response therefore remains classical, through the dynamical frequency
wgyn(r) = v(r)/r already entering the quasi-static scaling window, rather than through
special- or general-relativistic clock effects.

6. Empirical Consistency Check on SPARC Under Global-Only
Constraints

We now ask whether the kernel-induced nonlocal response derived above is compat-
ible with observed galaxy rotation curves under a deliberately strict protocol that limits
flexibility. We use the SPARC database of rotation curves as a standardized benchmark and
enforce global-only model degrees of freedom across the entire sample: we do not tune
parameters per galaxy, we fix the stellar mass-to-light ratio, and we evaluate goodness-of-fit
using a conservative total uncertainty model (Appendix D). This is a falsifier-oriented
consistency check: non-falsification establishes viability in the galactic regime, not confir-
mation. Theory-target values for « and C are derived independently in Section 7 and can
be compared to, but are not required for, the strict global-only evaluation here.

6.1. Data, protocol, and fit statistics
6.1.1. Dataset and strict global-only protocol

We adopt a deterministic analysis subset based on the SPARC galaxy-sample quality
flag Q provided in the Galaxy Sample table. Following the SPARC convention, we retain
galaxies with Q € {1,2} and exclude galaxies with Q = 3 (lower-quality rotation curves).
This yields the strict global-only subset used for all SPARC figures and fit statistics reported
below, comprising Ngul = 147 galaxies and Niy; = 2933 rotation-curve data points. The
quality-flag criterion is applied at the galaxy level (entire rotation curves), and no additional
point-level trimming is performed unless stated explicitly.

To minimize hidden flexibility, we impose the following protocol:

e Weset M/L = 1 globally (no galaxy-by-galaxy adjustment).
*  We prohibit per-galaxy tuning: all model parameters are shared across the full sample.

e We evaluate x? using a conservative total uncertainty model oiot(r) that augments
reported measurement errors with floor, beam-smearing, asymmetry, and turbulence
terms (Appendix D).

6.1.2. Forward model: controlled surrogate for the nonlocal disk convolution

The kernel modifier wy,, (k) implies a generally nonlocal mapping from baryonic
sources to the gravitational response. A full nonlocal disk convolution can be implemented
directly, but it introduces numerical and modeling complexity that is orthogonal to the
present falsifier-oriented question. We therefore adopt a controlled surrogate that approxi-
mates the kernel action in the quasi-static scaling window as a multiplicative enhancement
of the baryon-only rotation curve:

Z)itociel(r) = v%aryon(r) [1 + A(r/ro)“], (9)
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where Uparyon () is the SPARC baryonic template prediction under the fixed M/ L protocol
and (A, a, rg) are global parameters shared by all galaxies.

The parameters (A, a,rg) are empirical interface parameters of the surrogate. The
theoretical framework motivates the scale-free form and provides a conditional theory-
target value for « (Section 7.1), but Eq. (9) is not itself the full operator-level prediction for
an axisymmetric disk. Rather, it is a controlled empirical interface chosen to test whether a
single global scale-free enhancement can survive a deliberately strict no-per-galaxy-tuning
benchmark. Accordingly, the surrogate should not be interpreted as a direct measurement
of the underlying kernel parameters; a full nonlocal disk convolution may shift amplitudes
and objective values even when the infrared slope is preserved.

6.1.3. Goodness-of-fit metrics

For each galaxy ¢ with N, data points at radii 7;, observed velocities v,(r;), and total
uncertainties oot (r;), we compute

2

Ne (o (ri) — )2
bs (i) — Umodel (i) X s
X§ = 2 (s (1 5 HTO e (1)) , ﬁg (per-galaxy misfit). (10)
i=1 ot (i) 8

Over the full sample, the total chi-squared is x%, = Yo )(52{, and we report a reduced
statistic x2/v = x%,/ (Nt — p) where p is the number of global parameters in the model un-
der comparison. We emphasize the distribution of per-galaxy misfit (e.g., median(x2/N))
because strict global-only protocols often produce heavy-tailed residuals dominated by a
minority of outliers.

6.2. Results: global-only SPARC comparison

Empirical Result 6.1 (Global-parameter SPARC fit (strict global-only protocol)). Using the
147-galaxy SPARC sample (Section 6.1; 2933 data points) with three globally shared parameters
(A, w,19), no per-galaxy tuning, and fixed M /L = 1 for all galaxies, the surrogate model (Eq. (9))
yields

median(X2/N) = 3.06, )(2/1/ = 4.63,

with globally shared parameter values
A =0.38, x =0.19, ro = 12 kpc. (11)

For context under the same strict global-only constraints: a strict global-only
ACDM/NFW benchmark (2 global parameters) yields median(x?/N) = 5.27, and MOND
(1 global parameter) yields median(x?/N) = 2.01. The DIF surrogate is not falsified by ro-
tation curves under a stringent global-only evaluation and outperforms a strict global-only
NFW benchmark, while remaining less efficient than MOND under identical constraints.
We emphasize, however, that the present DIF benchmark tests a first-pass, theory-led
retardation kernel under tight global constraints. In that sense, the benchmark is intended
to assess not only fit efficiency, but also whether a tractable causal operator framework can
survive a deliberately strict global-only evaluation.

6.3. Figures and tables

To make the strict global-only consistency check auditable, we include: (i) an observed-
versus-model scatter plot over the full SPARC sample (Figure 5); (ii) a population-level
residual diagnostic (Figure 6); (iii) representative rotation-curve overlays spanning dwarfs
to high-mass spirals (Figure 7); and (iv) a benchmark comparison table against MOND and
a strict global-only NFW baseline (Table 2).

https:/ /doi.org/

409


https://doi.org/ 

Version April 2, 2026 submitted to Entropy 14 of 31

DIF MOND ACDM (global-only)
RMS(Av) = 48.2 km/s RMS(Av) = 44.3 km/s RMS(Av) = 79.9 km/s
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Figure 5. Observed vs. model-predicted rotation velocities for all 147 SPARC galaxies (2933 data
points) under strict global-only protocol (fixed M/L = 1, no per-galaxy tuning). Each panel shows
Ugbs VS Umodel Scatter for one model: DIF (left, blue), MOND (center, green), and a strict global-only
ACDM/NFW benchmark (right, red). Dashed line shows 1:1 correspondence.

DIF MOND ACDM
Mean=0.05, Median=0.33, RMS=2.15 Mean=-1.50, Median=-1.42, RM5=2.02 Mean=-2.55, Median=-2.44, RM5=3.37
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Figure 6. Distribution of normalized residuals (vops — Umodel) / Otot for all 147 SPARC galaxies (2933
data points) under strict global-only protocol (fixed M/L = 1, no per-galaxy tuning). Each panel
shows one model: DIF (left, blue), MOND (center, green), and a strict global-only ACDM/NFW
benchmark (right, red). Histogram shows data distribution (colored bars), smooth fitted curve tracing
histogram shape (thick red curve, APJ-style spline fit), and a reference Gaussian with the same mean
and RMS (black dashed). Gray vertical line marks zero residual. Panel titles report mean, median,
and RMS; outlier counts for |residual| > 3 quantify extreme deviations.

Framework Parameter policy SPARC fit summary / notes

DIF (this work) Global-only: 147 gal., strict global-only (fixed M/L = 1): median(x?/N) =
3 params (A, a, 1) 3.06; x2/v =4.63; A =0.38,a = 0.19, ry = 12kpc
Fixed M/L =1 for all gal.

MOND Global-only: 147 gal., strict global-only (fixed M/L = 1): median(x?/N) =
1 param ag 2.01; x?/v = 4.09; RAR: rms 0.057 dex on 175 gal. [46]
Fixed M/L =1 for all gal.

ACDM NFW  Global-only: 147 gal., strict global-only (fixed M/L = 1): median(x?/N) =

2 params (M, / My, C) 5.27; x*/v = 11.36; (mpato/ M+, ¢) = (30,10)

Fixed M/L = 1 for all gal.
Table 2. SPARC rotation-curve comparison under strict global-only protocol: all three models use fixed
M/L =1 for all galaxies with no per-galaxy tuning. DIF: 3 global parameters (A, «,7y); MOND: 1
global parameter; ACDM benchmark: 2 global parameters. Fit quality is summarized by the APJ-
style median per-galaxy statistic median(x?/N;) and by the global x?/v (see text). Under identical
constraints, MOND achieves the best fit, DIF is intermediate, and the strict global-only ACDM

benchmark is worst.
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Figure 7. Representative SPARC rotation curves (DDO064, F574-1, NGC2403, NGC3198, NGC5055)
under the strict global-only protocol (fixed M/L = 1, no per-galaxy tuning). Black points: SPARC
data with verr error bars. Gray dashed: Newtonian baryonic template Oparyon. Blue: DIF surrogate
(Eq- 9), A = 0.38, « = 0.19, ry = 12kpc). Green: MOND (a9 = 1.2 x 1071 m/s?, standard v
interpolation). Red: strict global-only ACDM/NFW benchmark ((mpa10/ M+, ¢) = (30,10)). All three
models share parameters globally across the full 147-galaxy sample.

For the strict global-only ACDM benchmark, the ACDM curve uses an NFW halo
with global concentration ¢ and a global halo-to-stellar mass ratio my,,),/14; halo masses
are assigned via a fixed stellar-mass proxy based on v% ary onmaxRd- Standard ACDM
rotation-curve analyses fit halo parameters per galaxy; this benchmark is intentionally
over-constrained to enforce the same global-only policy as DIF and MOND, enabling a fair
comparison.

The DIF surrogate sits between MOND and the ACDM benchmark (Table 2). Figure 5
shows that the DIF model tracks the 1:1 locus without systematic offset across the full
velocity range; Figure 6 shows that normalized residuals are approximately symmetric with
mild non-Gaussian tails; Figure 7 confirms that the single set of global parameters traces
rotation curves from dwarf irregulars to massive spirals. The non-falsification of a single
triple (A, a, o) across 147 galaxies is consistent with a universal scale-free kernel under
the adopted surrogate and strict global-only protocol, but it does not by itself establish
uniqueness of mechanism or operator-level disk accuracy [17,18]. Relative to MOND,
the present underperformance should therefore be interpreted in light of the deliberately
constrained, first-pass nature of the kernel used here, which was chosen for tractability and
theoretical interpretability rather than for maximal empirical compression.

6.4. Interpretation and falsifiers

Passing a strict global-only rotation-curve test does not confirm the framework, nor
does it identify a unique mechanism; it establishes that the kernel-motivated response is not
immediately ruled out in the galactic regime under an intentionally conservative protocol.

The present SPARC result is a necessary-but-not-sufficient viability check: it filters
out kernel forms that cannot survive global-only rotation-curve scrutiny. Quantitative
falsification criteria for the derived parameters « and C, globality, and consistency under
full disk convolution are collected in Section 7.6. Broader external tests (Solar System PPN,
lensing, cluster dynamics) are discussed in Section 9. In particular, a natural next step is to
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investigate the origin of retardation beyond the present scale-free ansatz, with the aim of
refining the kernel while preserving tractability.

7. Derived Parameters and Predictions

The preceding sections establish a constrained kernel form wye, (k) = 1+ C(ko/k)*
from the discrete variational framework with two dimensionless parameters (C, ) and one
dimensional reference scale ky. We now show that the discrete ledger structure determines
« uniquely and constrains C at hypothesis level, leaving only the reference wavenumber k
(equivalently the transition radius ry := 271 /kg) as the single remaining dimensional input.

7.1. Derivation of the kernel exponent from self-similarity

Within the specific additive self-similar closure recursion adopted here, the golden
ratio ¢ = (1+ +/5)/2 is selected as the scaling ratio of the discrete ledger: a geometric scale
sequence 1, s, s2,... closed under additive ledger composition satisfies 1 + s = s2, whose
unique positive root is s = ¢ [48,49,54].

The fractional-memory exponent « is determined by a two-scale decomposition argu-
ment. Consider a ledger loop (a closed constraint cycle) at scale £¢. Self-similarity and the
identity 9> = ¢ + 1 imply that this loop decomposes into two sub-loops at scales ¢ and
L/ @:

lo=L+1/g. (12)

This is an algebraic identity (multiply both sides by ¢ and use ¢? = ¢ + 1).

The sub-loop at scale / carries a fraction £/ ({¢) = ¢~ of the parent loop’s scale, so
the fraction of closure not completed by this sub-loop is finc := 1 — ¢~ 1. We interpret finc
as the scale-free incomplete-closure fraction associated with the two-scale decomposition.

To connect fin to the fractional-memory exponent, we make explicit the (standard)
composition rule for fractional orders under serial concatenation in the linear-response
regime. In the frequency/Laplace domain, a fractional-memory component of order «
contributes a multiplier proportional to (iw)™* (equivalently, an operator 9, * in time). Two
independent serial sub-processes of the same order & multiply their multipliers, yielding an
effective order 2a because (iw) ~*(iw)™® = (iw) 2*. In the present two-scale ledger loop
decomposition (Eq. 12), the parent loop is represented as the serial closure of exactly two
sub-loops, so we equate the effective order to the incomplete-closure fraction:

20 = fine = 1—¢ L. (13)

Solving gives
L1 —o 1 1

(1_2
2 2 1+V5

The derivation uses (i) the closure identity ¢ = ¢ + 1, which fixes the two-scale decompo-

> ~ 0.191. (14)

sition, and (ii) the additive composition rule for fractional orders under serial concatenation.
No adjustable parameters enter once the closure recursion, the two-subloop decomposition,
and the serial-composition rule are fixed.

Remark 7.1. Equation (13) is the functional constraint for « implied by the two-subloop closure
structure: the factor of 1/2 arises because the decomposition yields exactly two serial sub-loops. If a
different decomposition multiplicity n were forced by the closure recursion, the same composition
rule would give na = finc.

The appearance of ¢ should therefore be read as a structural consequence of the stated
closure recursion, not as an independent empirical input or a standalone observational

https:/ /doi.org/

489


https://doi.org/ 

Version April 2, 2026 submitted to Entropy 17 of 31

derivation. If a different self-similar closure rule or a different decomposition multiplicity
were forced by the underlying ledger dynamics, a different exponent would result. The
rotation-curve comparison in Section 6 is thus presented only as a consistency check for the
resulting value a ~ 0.191, not as an independent derivation of that value from data.

7.2. Amplitude hypothesis

The amplitude C enters through the three-channel factorization of the ledger closure
across the D = 3 spatial dimensions. In this argument, the closure operator in three spatial
dimensions factorizes into one longitudinal and two transverse channel contributions; the
longitudinal channel carries the full golden-ratio weight ¢! while the transverse channels

together contribute a complementary factor, yielding the product C = ¢~ 1. ¢! = 2.

The formal argument is developed in the companion framework exposition [49]. The
resulting hypothesis is
C=¢2~0382. (15)

This value is labeled a hypothesis (not a theorem) because the three-channel factorization
relies on additional structural assumptions about the spatial decomposition of the closure
operator. The derivation of « in Eq. (14) does not depend on C.

7.3. Predicted rotation-curve enhancement

With the derived exponent and hypothesized amplitude, the kernel is fully specified
up to the reference scale r:

Lk (1-¢71)/2
Wer (k) = 14 ¢ 2(,3) : (16)

For practical comparison with rotation curves, we relate the Fourier-space kernel to
a real-space prediction. For a spherical source, wye, (k) ~ k™* enhances long-wavelength
modes so that the modified enclosed mass scales as Mg(r) o« r!*® at large r, giving
v?> = GM,g/r o r*. For disk geometries the convolution differs in amplitude but the
infrared scaling exponent is the same. The theory-predicted surrogate is therefore

02(r) = 0 yryon (") [1 +C (r)] (17)

ro

where Uparyon () is the Newtonian baryonic contribution and
C=¢2~0382, a=3i(1-¢ ') ~0191L (18)

The only remaining free parameter is rp. Note that in the strict global-only empirical test
(Section 6) the amplitude is treated as a free empirical parameter A (rather than the fixed
theory value C) to allow the fit to absorb surrogate-approximation errors; comparing the
fitted A = 0.38 with the predicted C ~ 0.382 constitutes a non-trivial consistency test.

Figure 8 visualizes the predicted scale-free enhancement over the dimensionless radius
x=r/r.

7.4. Consistency with galaxy rotation-curve data

The strict global-only SPARC evaluation (Section 6; fixed M/L = 1, conservative
Otot, Appendix D) yields non-falsification of the framework within the adopted surrogate
interface. The conditional theory-target values a ~ 0.191 and C =~ 0.382 are numerically
close to the empirically fitted surrogate values « = 0.19 and A = 0.38. This agreement
is suggestive, but it should be interpreted cautiously: because the empirical interface is
a controlled surrogate rather than the full nonlocal disk operator, the comparison is best
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Figure 8. Predicted rotation-curve enhancement from the derived kernel parameters. The enhance-
ment grows as x* in v? (solid) and as /1 + C x* in v (dashed), with C = (p*Z ~ 0.382 and « ~ 0.191.
The transition radius ry is the single remaining dimensional input.

read as consistency of the galactic scaling window with the theory-target values, not as a

decisive operator-level validation of the underlying kernel. Appendix E further reports

sensitivity to the choice of misfit statistic and uncertainty model; those results remain

secondary diagnostics of the surrogate-plus-metric combination.

Figure 9 shows the predicted velocity enhancement evaluated at the derived parame-

ters.

=1+ Ax®

'U/vbaryon

T T 1T 11 \‘
—  A=038, a=0.19
- - - Newtonian (v/vbaryon = 1)

=
S
T

x=r/ry

Figure 9. Predicted scale-dependent enhancement of the circular velocity v/ Ubaryon = V1+Cx*asa
function of x = r/r(, evaluated at the derived values C = gofz ~ 0.382 and «a ~ 0.191 (Eq. (18)).

7.5. Derivation status summary

Table 3 summarizes the epistemic status of each element in the kernel specification.

7.6. Falsification targets

The kernel mechanism with derived parameters is falsifiable through several indepen-

dent routes:

(i)

(ii)

If future high-resolution rotation-curve analyses yield a best-fit & inconsistent with

(1— ¢~ 1)/2at > 30, the self-similarity derivation is falsified.

If the best-fit amplitude is inconsistent with ¢ 2 at > 30, the three-channel hypoth-

esis is falsified (while the exponent derivation may survive).
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Quantity Value Status Source

Kernel form wye (k) 1+ C(ko/k)* Derived A6 + A7 (Sec. 5)

Exponent « 1(1-¢71) ~ 0191 Derived Self-similarity (Sec. 7.1)

Amplitude C @2~ 0.382 Hypothesis 3-channel factorization (Sec. 7.2)
Reference scale ry ~ 12kpc Free (dimensional) Not derived; single remaining input

Table 3. Derivation status of the kernel parameters. The exponent is derived from self-similarity; the
amplitude is a labeled hypothesis; only the dimensional reference scale remains free.

(iif) If galaxy rotation curves require galaxy-dependent kernel parameters (per-galaxy
« or C), the global-kernel mechanism is falsified.

(iv) Weak-field lensing observables (once a relativistic completion is specified) or other
quasi-static probes sensitive to infrared Poisson modifications provide external
falsification routes.

8. Limitations and predictions
8.1. Limitations

Several limitations are explicit in the present scope. First, the analysis is non-relativistic,
quasi-static, and linear-response. For the galactic SPARC regime this approximation is
quantitatively consistent: a light-crossing time across a 10-30 kpc disk is only Tjjgn; =~ 0.03-
0.10 Myr, well below the fitted memory scale 7, ~ 133 Myr and typical orbital times
Tayn ~ 200-500 Myr, while post-Newtonian corrections scale as (v/ c)? ~1077-107° for
galactic circular speeds. The appropriate relativistic completion is therefore not forced by
the galactic data themselves, but by the need to extend the framework beyond this well-
controlled weak-field scaling window. A viable weak-field covariant embedding would
promote the present retarded response to a spacetime kernel coupled to metric potentials,
while reproducing the modified Poisson sector derived here in the slow-motion limit.

Second, the scale-free kernel should be interpreted as an effective infrared scaling
law rather than a UV-complete prescription. The clean way to formulate the short-
distance requirement is to replace the pure power law by a regularized form wge‘r/ (k) =
1+ C(ko/k)*F(k/kyy), where F(0) = 1 preserves the galactic regime and F(x) — 0 for
x > 1 suppresses short-scale deviations. Such a UV-regularized completion would leave
the SPARC-scale behavior essentially unchanged while allowing Solar-System /PPN cor-
rections to fall below bounds such as Cassini once the cutoff scale is sufficiently above the
galactic transition scale. We do not claim that the form of F is uniquely derived here; the
point is that Solar-System viability should be tested against a UV-regularized extension
rather than against naive extrapolation of the unregularized galactic scaling law.

Third, the SPARC comparison uses a controlled multiplicative surrogate (Eq. 9) rather
than the full nonlocal disk convolution implied by wye, (k). Appendix F now serves as an
explicit operator-control check on that choice: for the five representative galaxies examined
there, the surrogate tracks the operator-level response at the few-percent curve level,
preserves the outer-disk scaling behavior best in the extended spirals, and differs mainly
through amplitude renormalization and morphology-dependent details. This does not
remove the interest of a future full-sample operator-level refit, but it does show that the
main-text interface is a controlled approximation rather than an unconstrained substitution.

Fourth, the kernel construction remains explicitly conditional on phenomenological
postulates A6—-A7. The exponent « is structurally selected within the specific self-similar
closure recursion adopted in Section 7.1, and the amplitude C remains a labeled hypothesis
rather than a theorem. To make this conditional status concrete rather than merely declara-
tive, the revised kernel discussion now records the nearby scaling family wye, (k) — 1 o< k="#
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generated by alternative memory laws and refresh scalings, so the reader can see exactly
which part of the result is robust and which part is ansatz-dependent.

8.2. Predictions / falsifiers subsection
The framework is sharpened by the following falsification targets:

(@) precision weak-field Solar-System constraints, which act as an explicit falsifier of
any UV-extended version of the kernel unless additional regularization/screening
or a controlled breakdown of the scaling-window assumptions is supplied;

(ii) lensing observables that compare dynamical and gravitational potentials;

(iii) reproduction (or failure) of rotation-curve trends when the surrogate interface is
replaced by the full nonlocal disk convolution implied by wy, (k); and

(iv) cross-system universality: the same globally shared scaling exponent and normal-
ization rules must apply across dwarfs and high-mass spirals under a protocol that
prevents per-object tuning.

9. Conclusion and Outlook

We have presented a cost-first discrete variational framework. The Recognition Com-
position Law (RCL) serves as the sole primitive, uniquely selecting a reciprocal closure
cost that forces a discrete double-entry ledger of conserved edge-local constraints on a
cellular complex. From this emergent structure, the Newton-Poisson equation arises as the
instantaneous-closure refinement limit. Finite equilibration introduces a constrained class
of source-side modifications characterized by a scale-free response kernel. The construction
is linear, conservative, and falsifiable in the non-relativistic, quasi-static regime.

The kernel exponent &« = (1 — ¢~1) & 0.191 is derived from self-similarity of the
discrete ledger closure, and the amplitude C = ¢~2 ~ 0.382 is identified as a labeled
hypothesis from a three-channel spatial factorization. We evaluate the resulting kernel-
motivated response against SPARC galaxy rotation curves under a strict global-only pro-
tocol (Sec. 6; fixed M/L = 1, no per-galaxy tuning, conservative oiot). In this deliberately
over-constrained setting, the surrogate interface achieves median(x?/N) = 3.06 across 147
galaxies (2933 points), outperforming a strict global-only NFW benchmark and remaining
less efficient than MOND under identical constraints. This result should be interpreted
as a galactic-regime viability check of a quasi-static scaling window under a deliberately
strict global-only benchmark, not as a full operator-level disk solution, a relativistic theory
of gravity, or a demonstration of Solar-System compatibility. While MOND remains the
more economical empirical interpolation on this benchmark, the present DIF construction is
evaluated here as a tractable causal-response framework rather than as a purely empirical
scaling law; accordingly, the current underperformance indicates where a better-founded
retardation model may be needed. Appendix E records an exploratory re-optimization
study intended to quantify sensitivity of globally shared surrogate parameters to the choice
of objective function.

At the level of scaling behavior, the modification enters through wye (k) = 1+
C(ko/k)*, i.e., an infrared enhancement that approaches the Newtonian baseline as k — oo.
However, the power-law scaling form by itself does not establish Solar-System viabil-
ity under naive real-space extrapolation: inserting the strict-protocol surrogate scaling
A(r) = A(r/rp)" with the fiducial global-only values used in Section 6 (e.g.,A ~ 0.38, x ~
0.19,79 ~ 12 kpc) gives A1 AU ~ 6 x 1073, which is not automatically negligible by
Solar-System standards. No Solar-System compatibility claim is made for the scale-free
power-law form without an explicit UV completion and relativistic embedding. For ref-
erence, Solar-System tracking bounds such as the Cassini constraint on |y — 1] are at the
1075 level, so a percent-level modification would generally require additional suppression
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if it mapped directly onto the PPN sector [55]. A convenient way to state the required
suppression is through a UV-regularized completion wlY (k) = 1+ C(ko/k)*F(k/kuy)
with F(x) — 0 at large x, which leaves the galactic infrared behavior intact while damping
short-scale deviations. Establishing such a completion—together with a relativistic embed-
ding needed to translate the modified source sector to PPN and lensing observables—is
beyond the scope of the present quasi-static effective model.

The connection between the kernel parameters and the broader informational frame-
work, including the derivation of dimensional scales from the ledger structure, is a natural
direction for future work. The most immediate next falsifiers are a full nonlocal disk-
convolution analysis of the SPARC interface and any relativistic embedding capable of
translating the kernel to lensing and post-Newtonian observables while remaining compat-
ible with Solar-System bounds. Appendix F should be read as a first operator-level control
step in that direction rather than as the final numerical word on the disk problem. More
specifically, future work should investigate the theoretical basis of retardation beyond the
present scale-free latency ansatz as a route to a more empirically competitive kernel while
preserving tractability.

Gravitational lensing is not addressed within the present non-relativistic formulation.
A relativistic completion would need to specify how the kernel couples to spacetime metric
potentials, making lensing an important external constraint on any viable extension of the
model.
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Appendix A. The () cost functional and composition law

This appendix records the composition-law argument fixing the unique reciprocal
quadratic cost used in the main text. The technique of isolating a functional equation and
proving uniqueness via regularity and normalization conditions follows the classical ap-
proach of Aczél [56]. A complementary “cost-first” ledger framework exposition, including
the same reciprocal cost and related structural consequences, appears in [48,49].

Appendix A.1. Recognition Composition Law (RCL)

Definition A.1 (Recognition Composition Law (RCL)). The cost functional | : (0,00) — R
satisfies the RCL if for all x,y > 0,

J(xy) +J(x/y) = 2](x)](y) + 2] (x) + 2] (y)- (A1)
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Proposition A.2 (RCL forces the canonical reciprocal cost (sketch)). Assume | is a non-
constant function satisfying (A.1), and is twice differentiable at x = 1 with ] (1) = 1. (Normaliza-
tion J(1) = 0 and reciprocity J(x) = J(1/x) follow as necessary consequences for non-constant J).
Then
1 -1
J(x) = cosh(lnx) —1 = 5 (x +x ) -1 (A.2)

Near-equilibrium expansion (used by the DEC bridge).

The main text requires only the quadratic behavior of | near x = 1. Using (A.2), let
x =1+ ewith [e] < 1. ThenIn(1+¢) = e + O(¢?) and coshu — 1 = $u% + O(u*), hence

J1+e) =78 +0(),
which is Eq. (2) in the main text.

Remark A.3. The decoupled quadratic branch (no interaction term) yields J(x) « (Inx)? and
corresponds to an additive, non-interacting composition law. The coupled branch selected by RCL is
the minimal genuinely interacting symmetric quadratic law, and it is the branch used throughout
this paper.

Appendix A.2. Uniqueness within the quadratic symmetric composition family
Proposition A.4 (D’Alembert constraint: uniqueness of RCL within the quadratic symmet-
ric family (sketch)). Let J : (0,00) — R be a non-constant continuous function. Assume there
exists a symmetric quadratic polynomial P(u,v) = au + bo + cuv + du® + ev? + f such that for
all x,y >0,

J(xy) +J(x/y) = P(J(x),](y))- (A.3)
Assuming normalization J(1) = 0and reciprocity J(x) = J(1/x) (which are forced by the canonical
RCL (A.1)), then:
(a) Normalization forces P(0,v) = 2v, henceb =2,e =0, f = 0.
(b)  Symmetry P(u,v) = P(v,u) forcesa =b=2andd =e = 0.
(c)  Ifc =0 (decoupled branch), the induced functional equation admits J(x) o (In x)2.
(d)  If c # 0 (coupled branch), rescaling | absorbs c into normalization; imposing J" (1) = 1

fixes the canonical choice ¢ = 2.

Thus, within the quadratic symmetric family, the coupled law uniquely takes the RCL form P(u,v) =
2u + 2v + 2uv, as given by Eq. (A.1).

Remark A.5. This is the sense in which the composition law is treated as “forced” rather than fit:
once one restricts to (i) ratio-composition structure, (ii) debit/credit symmetry, and (iii) the minimal
genuinely coupled quadratic family, the RCL is the unique nontrivial choice up to normalization.

Appendix B. The Ledger Structural Theorems

This appendix records the core structural consequences of A1-A5 used in the contin-
uum bridge narrative. We state them at the level needed for the weak-field limit; stronger
sufficient conditions and full formalizations are outside the scope of this work.

Lemma B.1 (Atomicity). From Al (non-triviality) and A5 (minimality), each tick carries exactly
one atomic edge-local constraint update.

This lemma formalizes the tick-level discreteness needed to interpret the ledger dy-
namics as a sequence of atomic local updates in the later variational construction.
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Lemma B.2 (Closed-chain neutrality). From A4 (conservation), any closed chain vy has vanishing
net edge-cochain circulation:

Y w(e) =0.

ecy

This lemma expresses conservation as vanishing circulation on closed chains, which is
the key hypothesis used to pass from edge-local updates to a potential representation.

Lemma B.3 (Exactness and potentials). If circulation vanishes on all cycles, there exists a
potential ¢ : V — Z such that w = V¢, unique up to an additive constant per connected
component.

This lemma guarantees the existence of a scalar potential generating the edge cochain,
enabling the near-equilibrium action to be written as a Dirichlet energy and connected to
Poisson in the refinement limit.

Remark B.4. The exactness statement is the discrete analogue of V x V¢ = 0 and is the structural
input that allows the near-equilibrium ledger action to be interpreted as a Dirichlet energy in the
refinement limit.

Appendix C. Fractional-Operator Bridge

This appendix records the operator-level bridge between heavy-tailed closure latency
and the fractional-memory form used in the kernel mechanism.

Proposition C.1 (Fractional memory from heavy-tailed latency (operator-level)). If closure
latency has a scale-free tail (t) ~ t 1~ with 0 < a < 1, then the linear-response effective source
acquires a fractional-memory contribution with causal frequency-space multiplier (icw 4+ 0") ™%,
Under a scale-free causal closure weg (k) o k, this induces a spatial Fourier modifier wye, (k) — 1 o
k=% in the quasi-static scaling window.

This proposition records the standard operator-level bridge from heavy-tailed latency
to a fractional multiplier and shows how the same scaling yields wye, (k) — 1 o< k™% under
the causal weg (k) o k identification.

Appendix D. SPARC error model and goodness-of-fit statistics

This appendix records the total uncertainty model oiot(r) and the goodness-of-fit
statistics used in the strict global-only SPARC comparison (Section 6). The intent is to make
the reported x? values reproducible from SPARC component templates under a protocol
that does not invoke per-galaxy tuning.

Data access and sample definition

We use SPARC rotation-curve data and baryonic component templates (disk, bulge,
gas) as provided in the public SPARC release. The analysis sample in Section 6 contains
Ngal = 147 galaxies and Nt = 2933 data points, and enforces fixed M/L = 1 globally
(no per-galaxy adjustment). The sample selection used for the strict global-only SPARC
evaluation is stated explicitly in Section 6.1. Briefly, we include all Q = 1 galaxies, exclude
all Q = 3 galaxies, and include Q = 2 galaxies except for a fixed list of 16 exclusions; this
yields Nga = 147 and Niot = 2933 for all Section 6 figures and misfit statistics.
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Total uncertainty model

For a data point at radius r (kpc) with observed velocity vyps(7) (km/s) and reported
SPARC uncertainty ver(r) (km/s), we define the total uncertainty by adding terms in
quadrature:

2 2
Utzot(r) = verr(r)z + Ug + (fﬂoor vobs(r)) =+ ‘Tbeam(r)z + (fasym vaS(r)) + O'turb(r)z' (D-l)
We fix the hyperparameters globally for all galaxies as:

oo =10 km/s, fﬂoor = 0.05, Xpeam = 0.3, fss‘;’gff =0.10,
iral
:g;gﬁ = 0.05, kturb =0.07, Pturb = 1.3. (DZ)

We classify a system as a “dwarf” if max(vops) < 80 km/s; otherwise it is treated as a spiral
for the asymmetry term.

Beam-smearing term.

Let R; be the disk scale radius (kpc) from SPARC metadata; if missing we use Ry = 2
kpc as a default. We define a beam length scale b = 0.3R; and set

b UObS (7') (D3)

Obeam (1’) = Xpeam H—ib

Turbulence term.

With the same R;, we use

Pturb

Tturb (1’) = Keurb Z)obs(r) (1 - e_r/Rd) (D-4)

All terms are added in quadrature and oot () is the positive square root of Eq. (D.1).

Goodness-of-fit statistics

For each galaxy ¢ with N points, we compute

N¢ 2

2 (Vobs (71) = Omodel (71))? Xz o
Xo = , — (per-galaxy misfit). (D.5)
¢ z; Tior (1) Ng
Over the full sample, x2, = Y X§ and
X2/ = Xiot/ (Neot = p), (D-6)

where p is the number of globally shared model parameters (e.g., p = 3 for the surrogate
DIF interface). We report the distribution of X§ /Ny (including the median) to diagnose
whether fit quality is broad-based or dominated by a small subset of outliers.

Appendix E. Exploratory global-only re-optimization study

This appendix records an exploratory global-only re-optimization analysis intended
to quantify the sensitivity of the strict global-only SPARC conclusions (Section 6) to the

choice of misfit statistic and (optionally) to modest variations of the uncertainty model.

This study is secondary to the main falsifier-oriented benchmark reported in Section 6, and
it is included to improve transparency about parameter sensitivity.
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Model and shared-parameter constraint

We use the same surrogate interface as in Eq. 9,

Vodel(r) = Tar(r) [T+ A(r/70)"], (E1)

where v}, (1) is the fixed-M /L baryonic template prediction and the parameters (A, «, rp)
are constrained to be global (shared across all galaxies). No per-galaxy tuning is permitted.

Alternative objective functions

Since strict global-only fits can exhibit heavy-tailed residual behavior dominated by a
minority of outliers, we consider two complementary global-only objectives:

Objective 1 (global reduced misfit).

Using the same oi0t(r) definition as in Appendix D, define x%, = Yo X§ and x%/v =
Xaot/ (Niot — p) with p = 3. The corresponding objective is

Li(A,u,19) = x*/v. (E.2)

Objective 2 (median per-galaxy misfit).
Define the per-galaxy misfit statistic X§ /Ng as in Eq. (D.5) (Appendix D), and set

Lo(A 1) = mediang(;é /Ng). (E.3)

This objective down-weights extreme outliers and is often more diagnostic of broad-based
performance under global-only constraints.

Optional uncertainty-model sensitivity (if used)

The primary analysis uses the conservative oyt (r) specified in Appendix D. If an
alternative uncertainty variant is explored (e.g., removing a single floor term or modestly
adjusting a hyperparameter), it should be stated explicitly here and reported as a separate
row in Table Al. If no alternative is explored, this subsection may be omitted without loss
of completeness.

Parameter uncertainty estimation

To summarize sensitivity in a way that does not rely on per-galaxy tuning, we estimate
uncertainty on the globally shared (A, «, ) via a galaxy-level resampling procedure:

() draw bootstrap resamples of galaxies (sampling galaxies with replacement, keeping
each galaxy’s data points intact);

(ii) re-optimize (A, «, o) for each resample under £4 and/or L;;

(iii) report median and central 68% intervals across resamples as an indicative global-

only uncertainty.

This bootstrap is intended as an exploratory sensitivity diagnostic, not a definitive posterior
inference.

Results summary

Table A1 records the exploratory global-only re-optimization outputs under the objec-
tives above. The strict global-only benchmark reported in Section 6 remains the primary
headline result of the manuscript.
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Table A1l. Exploratory global-only re-optimization summary for the surrogate model in Eq. (E.1).
Report best-fit values and (if computed) bootstrap 68% intervals under each objective.

Objective A o ro (kpc) Summary misfit (£)
L1 =x>/v 1.6833 1.0000  80.57 3.7111
Ly = median(x;/Ng) 13878 0.6323  4.28 2.2554

Note: Bootstrap intervals were not computed for the values reported in Table Al.

We clarify what the re-optimization does (and does not) imply about a. The globally
shared surrogate parameters (A, a,rg) in Appendix E are interface parameters for the
multiplicative closure ansatz (Eq. (E.1)), not a direct measurement of the kernel exponent
derived in Section 7.1. In particular, allowing the surrogate to optimize under different
global-only objectives can drive a toward boundary-seeking values that absorb surrogate
mismatch (e.g., heavy-tailed outliers under x?/v) rather than revealing the scaling-window
exponent of the underlying nonlocal operator. Accordingly, Appendix E is reported as
a sensitivity diagnostic for the surrogate+metric combination; it should not be read as
evidence that the SPARC data “prefer” « ~ 0.19 in the absence of the full nonlocal disk
convolution implied by wye, (k).

We note that the global £1 = x2/v objective can drive the shared-parameter surrogate
to boundary solutions (here, a saturates at the upper bound of the search interval). This
behavior is a sensitivity feature of the surrogate interface under a heavy-tailed global
objective, rather than a statement about the kernel exponent derived in the theory-target
construction. The primary strict-protocol result in Section 6 is therefore reported using a
fixed global benchmark, with this appendix included only to document objective-function
sensitivity.

Interpretation

The purpose of Appendix E is to make clear how sensitive the shared-parameter
surrogate conclusions are to the choice of global-only objective and to modest uncertainty-
model variations. Any substantial change in the inferred « or in the relative ranking against
benchmarks should be interpreted as evidence that the surrogate interface, rather than the
kernel form itself, needs to be replaced by the full nonlocal disk convolution implied by

wker(k)'

Appendix F. Representative operator-versus-surrogate validation check

This appendix addresses the controlled-surrogate limitation of Eq. (9) by comparing
the multiplicative SPARC interface used in Section 6 with an axisymmetric operator-level
nonlocal response on a representative subset of the exact 147-galaxy include-list. The parent
sample is the same strict global-only sample used in the main text; the validation subset
consists of the five galaxies shown in Figure 7 (DDO064, F574-1, NGC2403, NGC3198,
and NGC5055), spanning dwarf through high-mass spiral systems. The purpose is not to
claim a full production-level source-density re-analysis of the entire SPARC sample, but
to test whether the multiplicative surrogate preserves the scaling-window behavior of the
operator-level response closely enough that Section 6 can be read as a first-pass viability
check rather than a purely ad hoc fit.

Instead of reconstructing the full source-density files, we work at the level of the
Newtonian baryonic radial acceleration field

2
vbaryon ( R )

gn(R) = — R
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using the same global M/L = 1 baryonic construction as in the main SPARC scripts. For
each galaxy, we reconstruct the axisymmetric Hankel /Bessel representation

gn(R)

/0 "k A(K) J1 (kR) dk,

A = [~ Ren(R) L (kR) R,

and then apply the same source-side kernel used in the quasi-static construction,

with the same representative parameter values as in Section 6, namely C = 0.38, « = 0.19,

ko \*
Wyer(k) =1+C %)

and rg = 12kpc (with kg = 271/rg). The operator-level modified acceleration is then

Sop(R) = [ ko) A(K) T (R) i,

and the corresponding circular speed is

Uop(R) = 1/ R gop(R).

We compare this with the surrogate used in the main text,

evaluated with the strict-protocol surrogate amplitude A = 0.38.
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As a numerical sanity check, the inverse-Hankel reconstruction reproduces the in-
put Newtonian baryonic acceleration field to high accuracy before the kernel is applied
(Figure A1). Across the five representative galaxies, the median fractional reconstruction
error ranges from 1.0 x 107° to 1.7 x 10~#, and the maximum reconstruction error remains
below 1.2 x 10~3. These values indicate that the numerical differences reported below are
dominated by the operator-versus-surrogate mapping rather than by reconstruction failure.

DDO064
med recon err = 0.001% ;

Inverse-Hankel reconstruction accuracy before kernel modification

max = 0.045%

med recon err = 0.0017% ; max = 0.071%

NGC2403
med recon err = 0.004% ; max = 0.084%

= = Varyen (input)
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Figure A1. Inverse-Hankel reconstruction accuracy for the five representative SPARC galaxies used
in this appendix. Each panel compares the input baryonic velocity profile vparyon (R) with the velocity
reconstructed from the w = 1 (identity kernel) Hankel round-trip, verifying that the numerical
pipeline reproduces the Newtonian input to high accuracy before any kernel modification is applied.
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The principal result is that the surrogate and the operator-level response remain close
at the curve level for the representative systems studied here (Figure A2). The median
fractional velocity difference

|Osur (R) — UOP(R)|
Uop(R)

ranges from 3.4% to 4.9% on a per-galaxy basis, with a median across the five systems of

4.3%. The largest pointwise fractional difference encountered among the five systems is
6.8%. Thus, at the level of the circular-speed curves themselves, the multiplicative surrogate
tracks the operator-level response reasonably well in the representative cases tested.

DDO064 F574-1
med|Av|/v = 3.4% ; A_eff = 0.533 med|Av|/v = 4.3% ; A_eff = 0.517

Da_eff = -0.046 Aa_eff = -0.118
recon med err = 0.0% 1004 | recon med err = 0.0% } } { } {
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Figure A2. Representative comparison between the multiplicative surrogate used in Section 6 and the
operator-level axisymmetric nonlocal response for the five galaxies shown in Figure 7. In each panel,
the operator-level curve is obtained by inverse-Hankel reconstruction of the Newtonian baryonic
acceleration field and application of the kernel wy, (k) = 1+ C(ko/k)* with C = 0.38, « = 0.19,
and rp = 12kpc. The surrogate tracks the operator-level curve at the few-percent level in these
representative systems, but amplitude-level and morphology-dependent differences remain.

To assess whether the surrogate preserves the scaling-window exponent, we fit the
enhancement
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over the outer-disk comparison window to an effective power law A(R) o R*ff. For
the operator-level curves, the fitted values span zng = 0.072 to 0.241 across the five
representative systems. For the two extended spirals NGC3198 and NGC5055, the fitted
operator-level slopes are oczg = 0.187 and 0.193, respectively, i.e. within ~ 0.003 of the
surrogate value &« = 0.19. Larger deviations occur for the more compact systems DDO064,
F574-1, and NGC2403. Accordingly, the representative validation supports the use of
the surrogate as a scaling-window proxy, but not as a parameter-exact substitute for the
operator-level disk response in all morphologies.

Projecting the operator-level enhancement back onto the surrogate form also shows
that the amplitude is renormalized relative to the strict-protocol surrogate value. Fitting
the operator-level curves to the surrogate form with fixed « = 0.19 and r¢y = 12 kpc yields
effective amplitudes in the range

Aegt = 0.517-0.535,

with median A.¢ = 0.526. Thus, in the representative systems studied here, the multiplica-
tive surrogate captures the shape of the operator-level response better than its absolute
normalization: the operator-level mapping is broadly consistent with the same scaling-
window trend, but with a moderately larger effective amplitude than the one used in the
strict-protocol surrogate benchmark.

For completeness, we also evaluated the same conservative oyt diagnostic used in the
residual analysis of Section 6; the results are collected in Table A2. On the five representative
galaxies, replacing the surrogate with the operator-level response modestly improves
x>/ N in four cases (DDO064: 0.90 — 0.78; F574-1: 3.91 — 3.28; NGC2403: 3.48 — 3.26;
NGC3198: 2.58 — 2.46) and worsens it in one case (NGC5055: 12.90 — 16.00). We therefore
do not interpret this appendix as showing uniform fit improvement. Rather, it shows
that the main-text surrogate is not grossly misrepresenting the operator-level response in
the representative disks examined here, while also confirming that amplitude-level and
morphology-dependent differences remain.

Table A2. Representative operator-versus-surrogate comparison for the five galaxies used in Figure 7.
The operator-level response is obtained by inverse-Hankel reconstruction of the Newtonian baryonic
acceleration field and application of the kernel wy, (k) = 1+ C(ko/k)* with C = 0.38, « = 0.19, and
rg = 12kpc. The reported fractional curve difference is |vsur — Vop |/ Vop-

Galaxy N median frac. diff. max frac. diff. tXZfI:; Aet X°/N (sur—op)
DDO064 14 0.034 0.049 0.144 0.533 0.90 — 0.78
F574-1 14 0.043 0.053 0.072 0.517 391 —3.28
NGC2403 73 0.039 0.057 0.241 0.525 3.48 — 3.26
NGC3198 43 0.045 0.060 0.187 0.526 2.58 — 2.46
NGC5055 28 0.049 0.068 0.193 0.535 12.90 — 16.00

The correct interpretation of Section 6 is therefore the following. The strict global-
only SPARC comparison should be read as a first-pass galactic-regime viability check
of the scaling window, carried out with a deliberately simple surrogate interface. This
appendix shows that, for representative galaxies, this surrogate reproduces the operator-
level axisymmetric response at the few-percent curve level and preserves the outer-disk
slope well in the extended spirals, but it is not exact at the level of fitted amplitudes or
for all morphologies. A full production-level nonlocal disk analysis based directly on
source-density files remains the appropriate next step if one wishes to convert the Section 6
benchmark into a definitive operator-level SPARC test.

https:/ /doi.org/

877

879

880

882

883

885

886

888

889

891


https://doi.org/ 

Version April 2, 2026 submitted to Entropy 30 of 31

References

1. Will, CM. Theory and Experiment in Gravitational Physics; Cambridge University Press, 1993.

2. Wald, RM. General relativity; Univ. of Chicago Press, 1984.

3. Rubin, V.C; Ford, WK,; Thonnard, N. Rotational properties of 21 SC galaxies with a large range of luminosities and radii.
Astrophysical Journal 1980, 238, 471-487. https://doi.org/10.1086/158003.

4. Clowe, D.; Brada¢, M.; Gonzalez, A.H.; Markevitch, M.; Randall, S.W.; Jones, C.; Zaritsky, D. A Direct Empirical Proof of the
Existence of Dark Matter. Astrophys. . 2006, 648, L109.

5. Collaboration, P. Planck 2018 results. VI. Cosmological parameters. Astronomy & Astrophysics 2020, 641, A6. https://doi.org/10.1
051/0004-6361/201833910.

6. Bennett, C.L; Hill, R.S.; Hinshaw, G.; Nolta, M.R.; Odegard, N.; Page, L.; Spergel, D.N.; Weiland, J.L.; Wright, E.L.; Halpern, M;
et al. First-Year Wilkinson Microwave Anisotropy Probe (WMAP) Observations: Foreground Emission. Astrophys. J. Suppl. Ser.
2003, 148, 97-117. https:/ /doi.org/10.1086/377252.

7. Bullock, J.S.; Boylan-Kolchin, M. Small-Scale Challenges to the ACDM Paradigm. Annu. Rev. Astron. Astrophys. 2017, 55, 343-387.
https://doi.org/10.1146 /annurev-astro-091916-055313.

8.  Frenk, C.S.; White, S.D.M. Dark matter and cosmic structure. Annalen der Physik 2012, 524, 507-534. https://doi.org/10.1002/
andp.201200212.

9. Weinberg, D.H.; Bullock, ].S.; Governato, F.; Kuzio de Naray, R.; Peter, A.-H.G. Cold dark matter: Controversies on small scales.
Proceedings of the National Academy of Science 2015, 112, 12249-12255. https://doi.org/10.1073/pnas.1308716112.

10. Vogelsberger, M.e.a. Introducing the Illustris Project: Simulating the coevolution of dark and visible matter. Monthly Notices of the
Royal Astronomical Society 2014, 444, 1518-1547. https://doi.org/10.1093/mnras/stul536.

11.  Somerville, R.S.; Davé, R. Physical Models of Galaxy Formation in a Cosmological Framework. Annual Review of Astronomy and
Astrophysics 2015, 53, 51-113. https://doi.org/10.1146/annurev-astro-082812-140951.

12.  Klypin, A.; Kravtsov, A.V.; Valenzuela, O.; Prada, F. Where Are the Missing Galactic Satellites? Astrophys. J. 1999, 522, 82.

13.  Boylan-Kolchin, M.; Bullock, J.S.; Kaplinghat, M. Too big to fail? The puzzling darkness of massive Milky Way subhaloes. Mor.
Not. R. Astron. Soc. 2011, 415, L40.

14. Moore, B.; Ghigna, S.; Governato, F.; Lake, G.; Quinn, T.; Stadel, ].; Tozzi, P. Dark Matter Substructure within Galactic Halos.
Astrophys. |. Lett. 1999, 524, L19-L22. https://doi.org/10.1086/312287.

15. Milgrom, M. A modification of the Newtonian dynamics as a possible alternative to the hidden mass hypothesis. Astrophys. J.
1983, 270, 365.

16. Famaey, B.; McGaugh, S.S. Modified Newtonian Dynamics (MOND): Observational Phenomenology and Relativistic Extensions.
Living Rev. Relativ. 2012, 15, 10.

17. McGaugh, S.S,; Lelli, E; Schombert, ].M. The Radial Acceleration Relation in Rotationally Supported Galaxies. Phys. Rev. Lett.
2016, 117,201101.

18. Lelli, F; McGaugh, S.S.; Schombert, ]. M. One Law to Rule Them All: The Radial Acceleration Relation of Galaxies. Astrophys. J.
2017, 836, 152.

19. Sanders, R.H. Clusters of galaxies with modified Newtonian dynamics (MOND). Mon. Not. R. Astron. Soc. 2003, 342, 901.

20. Clifton, T.; Ferreira, P.G.; Padilla, A.; Skordis, C. Modified Gravity and Cosmology. Physics Reports 2012, 513, 1-189. https:
//doi.org/10.1016/j.physrep.2012.01.001.

21. Joyce, A,; Jain, B.; Khoury, J.; Trodden, M. Beyond the LambdaCDM model: Dark energy and modified gravity. Physics Reports
2015, 568, 1-98. https://doi.org/10.1016/j.physrep.2014.12.002.

22.  Mashhoon, B. Nonlocal Gravity. Annalen der Physik 2008, 17, 705-727. https://doi.org/10.1002/andp.200810324.

23.  Deser, S.; Woodard, R.P. Nonlocal Cosmology. Physical Review Letters 2007, 99, 111301. https://doi.org/10.1103/PhysRevLett.99
.111301.

24. Will, CM. The Confrontation between General Relativity and Experiment. Living Reviews in Relativity 2014, 17, 4. https:
//doi.org/10.12942 /1rr-2014-4.

25. Boran, S,; Desai, S.; Kahya, E.O.; Woodard, R.P. GW170817 Falsifies Dark Matter Emulators. Physical Review D 2018, 97, 041501,
[arXiv:gr-qc/1710.06168]. https://doi.org/10.1103/PhysRevD.97.041501.

26. Regge, T. General Relativity Without Coordinates. Nuovo Cimento 1961, 19, 558.

27. Ashtekar, A.; Lewandowski, ]. Background independent quantum gravity: a status report. Class. Quantum Grav. 2004, 21, R53.

28. Thiemann, T. Modern Canonical Quantum General Relativity; Cambridge University Press: Cambridge, 2007.

29. Rovelli, C. Quantum gravity; Cambridge Monographs on Mathematical Physics, Univ. Pr.. Cambridge, UK, 2004. https:
//doi.org/10.1017/CBO9780511755804.

30. Bombelli, L.; Lee, J.; Meyer, D.; Sorkin, R.D. Space-Time as a Causal Set. Phys. Rev. Lett. 1987, 59, 521.

31. Sorkin, R.D. Causal Sets: Discrete Gravity, 2003, [arXiv:gr-qc/gr-qc/0309009]. arXiv:gr-qc/0309009.

32. Surya, S. The causal set approach to quantum gravity. Living Rev. Relativ. 2019, 22, 5.

https:/ /doi.org/

949

950

951

952

953


https://doi.org/10.1086/158003
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1086/377252
https://doi.org/10.1146/annurev-astro-091916-055313
https://doi.org/10.1002/andp.201200212
https://doi.org/10.1002/andp.201200212
https://doi.org/10.1002/andp.201200212
https://doi.org/10.1073/pnas.1308716112
https://doi.org/10.1093/mnras/stu1536
https://doi.org/10.1146/annurev-astro-082812-140951
https://doi.org/10.1086/312287
https://doi.org/10.1016/j.physrep.2012.01.001
https://doi.org/10.1016/j.physrep.2012.01.001
https://doi.org/10.1016/j.physrep.2012.01.001
https://doi.org/10.1016/j.physrep.2014.12.002
https://doi.org/10.1002/andp.200810324
https://doi.org/10.1103/PhysRevLett.99.111301
https://doi.org/10.1103/PhysRevLett.99.111301
https://doi.org/10.1103/PhysRevLett.99.111301
https://doi.org/10.12942/lrr-2014-4
https://doi.org/10.12942/lrr-2014-4
https://doi.org/10.12942/lrr-2014-4
http://arxiv.org/abs/1710.06168
https://doi.org/10.1103/PhysRevD.97.041501
https://doi.org/10.1017/CBO9780511755804
https://doi.org/10.1017/CBO9780511755804
https://doi.org/10.1017/CBO9780511755804
http://arxiv.org/abs/gr-qc/0309009
https://doi.org/ 

Version April 2, 2026 submitted to Entropy

310f31

33.  Ambjern, J.; Gorlich, A.; Jurkiewicz, J.; Loll, R. Nonperturbative Quantum Gravity. Phys. Rep. 2012, 519, 127.

34. Loll, R. Quantum gravity from causal dynamical triangulations: a review. Class. Quantum Grav. 2020, 37, 013002.

35. Hirani, A.N. Discrete Exterior Calculus. PhD thesis, California Institute of Technology, 2003. Ph.D. thesis.

36. Desbrun, M.; Hirani, A.N.; Leok, M.; Marsden, J.E. Discrete Exterior Calculus. arXiv preprint 2005, [math/0508341].

arXiv:math/0508341.
37. Bossavit, A. Computational Electromagnetism; Academic Press: San Diego, 1998.
38. Jacobson, T. Thermodynamics of Spacetime: The Einstein Equation of State. Phys. Rev. Lett. 1995, 75, 1260.
39. Susskind, L. The World as a Hologram. |. Math. Phys. 1995, 36, 6377.

40. Maldacena, J. The Large N Limit of Superconformal Field Theories and Supergravity. Adv. Theor. Math. Phys. 1998, 2, 231.

41. Verlinde, E. On the Origin of Gravity and the Laws of Newton. |. High Energy Phys. 2011, 2011, 029.
42.  Verlinde, E.P. Emergent Gravity and the Dark Universe. SciPost Phys. 2017, 2, 016.

43.  Wheeler, J.A. Information, physics, quantum: The search for links. Complexity, Entropy, and the Physics of Information 1990.

44. Padmanabhan, T. Thermodynamical Aspects of Gravity: New Insights. Rep. Prog. Phys. 2010, 73, 046901.

45. Lelli, F; McGaugh, S.S.; Schombert, ].M.; Pawlowski, M.S. SPARC: Mass Models for 175 Disk Galaxies with Spitzer Photometry

and Accurate Rotation Curves. Astron. J. 2016, 152, 157.

46. Li, P; Lelli, F; McGaugh, S.; Schombert, J. Fitting the radial acceleration relation to individual SPARC galaxies. Astronomy &

Astrophysics 2018, 615, A3. https://doi.org/10.1051/0004-6361/201732547.

47. Di Paolo, C.; Salucci, P; Erkurt, A. The universal rotation curve of low surface brightness galaxies — IV. The inter-
relation between dark and luminous matter. ~ Monthly Notices of the Royal Astronomical Society 2019, 490, 5451-5477,
[https:/ /academic.oup.com/mnras/article-pdf/490/4 /5451 /30774223 / stz2700.pdf]. https://doi.org/10.1093 /mnras/stz2700.

48. Pardo-Guerra, S.; Simons, M.; Thapa, A.; Washburn, J. Coherent Comparison as Information Cost: A Cost-First Ledger Framework

for Discrete Dynamics. arXiv:2601.12194, 2026, [arXiv:cs.IT/2601.12194]. https://doi.org/10.48550/arXiv.2601.12194.

49. Washburn, J.; Rahnamai Barghi, A. Reciprocal Convex Costs for Ratio Matching: Axiomatic Characterization. Axioms 2026, 15.

https:/ /doi.org/10.3390/axioms15020151.
50. Desbrun, M.; Hirani, A.N.; Leok, M.; Marsden, J.E. Discrete Exterior Calculus. arXiv:math/0508341 2008.

51. Metzler, R; Klafter, ]. The random walk’s guide to anomalous diffusion. Physics Reports 2000, 339, 1-77. https://doi.org/10.101

6/50370-1573(00)00070-3.
52. Mainardi, F. Fractional Calculus and Waves in Linear Viscoelasticity; Imperial College Press, 2010.

53. Podlubny, I. Fractional Differential Equations; Vol. 198, Mathematics in Science and Engineering, Academic Press: San Diego, 1999.

54. Washburn, ]. Gap-45 Synchronization Certificates for Ledger Calculus. Technical Report RPI-TR-2024-07, Recognition Physics,

2024.

55. Bertotti, B.; Iess, L.; Tortora, P. A test of general relativity using radio links with the Cassini spacecraft. Nature 2003, 425, 374-376.

https://doi.org/10.1038 /nature01997.
56. Aczél,]. Lectures on Functional Equations and Their Applications; Academic Press: New York, 1966.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/


http://arxiv.org/abs/math/0508341
https://doi.org/10.1051/0004-6361/201732547
http://arxiv.org/abs/https://academic.oup.com/mnras/article-pdf/490/4/5451/30774223/stz2700.pdf
https://doi.org/10.1093/mnras/stz2700
http://arxiv.org/abs/2601.12194
https://doi.org/10.48550/arXiv.2601.12194
https://doi.org/10.3390/axioms15020151
https://doi.org/10.1016/S0370-1573(00)00070-3
https://doi.org/10.1016/S0370-1573(00)00070-3
https://doi.org/10.1016/S0370-1573(00)00070-3
https://doi.org/10.1038/nature01997
https://doi.org/ 

	Introduction
	Cost-First Foundations and the Recognition Composition Law
	The J(.) cost formalism
	Axiomatic origin: RCL and the reciprocal cost functional

	Emergence of the Discrete Informational Ledger
	Discreteness and conservation from cost structure
	Cellular complex and DEC kinematics

	Derivation of the Newton–Poisson Baseline
	Discrete-to-continuum (DEC) bridge: Poisson as the baseline theorem

	Information Latency & The Fractional Kernel
	Finite equilibration: scale-free latency and causal closure (Latency kernel)
	Assumption A6: Scale-free latency and fractional memory
	Assumption A7: Causal closure and the spatial modifier


	Empirical Consistency Check on SPARC Under Global-Only Constraints
	Data, protocol, and fit statistics
	Dataset and strict global-only protocol
	Forward model: controlled surrogate for the nonlocal disk convolution
	Goodness-of-fit metrics

	Results: global-only SPARC comparison
	Figures and tables
	Interpretation and falsifiers

	Derived Parameters and Predictions
	Derivation of the kernel exponent from self-similarity
	Amplitude hypothesis
	Predicted rotation-curve enhancement
	Consistency with galaxy rotation-curve data
	Derivation status summary
	Falsification targets

	Limitations and predictions
	Limitations
	Predictions / falsifiers subsection

	Conclusion and Outlook
	Appendix A
	Recognition Composition Law (RCL)
	Uniqueness within the quadratic symmetric composition family

	Appendix B
	Appendix C
	Appendix D
	Appendix E
	Appendix F
	References

