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Abstract

The wave—particle duality of quantum systems motivates a novel ontological picture: the
Infinitesimally Punctured Wave (IPW). In this framework a quantum entity is modeled as a continuous
wave that contains an internal lattice of infinitesimally spaced “punctures.” These punctures give rise to
localized, particle-like behavior when a measurement couples to the wave, while the surrounding lattice
retains the delocalized, wave-like statistics. By extending the IPW concept from curves (lines) to surfaces,
spaces, and higher-dimensional objects, we obtain a unified description that simultaneously addresses
quantum mechanics, black-hole physics, and cosmology. The IPW formalism introduces modified field
equations that regularize singularities, provides analytic stability proofs for puncture solutions, and yields
observational constraints that are compatible with existing data. Consequently, IPW offers a
singularity-free, experimentally testable alternative to standard interpretations, bridging foundational gaps
between quantum theory, gravitation, and the large-scale structure of the universe.
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avoidance, Modified quantum-gravity framework, Puncture stability analysis, Testable predictions in
quantum-gravitational physics.

1 Introduction

The dual nature of quantum systems—behaving as both extended waves and localized
particles—has been a cornerstone of modern physics since the early days of quantum mechanics.
In the standard Copenhagen view the wavefunction /(X,t) is a purely probabilistic object;
measurements collapse this probability distribution into a discrete “click” on a detector, while
interference phenomena reveal the underlying wave-like statistics when many events are
accumulated. Alternative ontologies, such as de Broglie-Bohm’s pilot-wave theory or the
many-worlds interpretation, retain the wavefunction but introduce additional entities (a point
particle or a branching multiverse) to account for the apparent particle-like outcomes.

Despite their successes, these approaches share a common limitation: they inherit
mathematical idealisations—point particles, exact spacetime singularities, and absolute event
horizons—that are never realised in experiment. In practice, infinities signal a breakdown of the
underlying theory rather than a physical feature of nature. This observation motivates the search
for a singularity-free formulation that preserves the empirical predictions of quantum mechanics
while providing a clearer ontological picture.
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1.1 From Infinitesimally Punctured Curves to Punctured Objects

We introduced the Infinitesimally Punctured Wave (IPW) as a concrete realisation of
this idea. The central image is a continuous wave-like field that is populated by an infinitesimally
dense lattice of punctures—Ilocalized limit-structures that are finite in density and non-singular.
When a measurement interacts with the field, one of these punctures is selected, producing the
observed particle-like hit; the surrounding lattice continues to propagate interference patterns,
thereby reproducing the statistical outcomes of the double-slit experiment.

Infinitesimal Lattice Particle Detection Double Slit Screen
of Punctures
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Infinitesimal Lattice of Punctures Statistical Pattern of Hits

Figure 1. Schematic representation of the Infinitesimally Punctured Wave (IPW) framework.
A continuous wave field contains an infinitesimally dense distribution of localized punctures acting as potential
detection sites. Measurement interactions select one puncture, yielding a discrete particle-like event, while the
underlying wave structure continues to propagate and interfere. The resulting statistics reproduce the interference

pattern characteristic of the double-slit experiment.

The original formulation treated the IPW as acurve (or line)—a one-dimensional
punctured object. The present work extends this notion systematically:

Level Notation Physical picture

1 IPW (Infinitesimally Punctured Wave) One-dimensional curve of punctures

2 IPSu (Infinitesimally Punctured Surface) Two-dimensional sheet of punctures

3 IPSp (Infinitesimally Punctured Space) =~ Three-dimensional volume filled with
punctures

4 IPO (Infinitesimally Punctured Object)  Arbitrary-dimensional manifolds built from
IPSu/IPSp

Each successive generalisation preserves the core idea that localised corpuscular
behaviour emerges from the internal micro-structure of an otherwise continuous substrate.



1.2 Neutrosophic Logic as a Formal Language

To articulate a system that simultaneously exhibits wave-like coherence, particle-like
localisation, and genuine indeterminacy, binary logic is insufficient. Neutrosophic logic, which
admits a third component—indeterminacy—provides a natural formalism. Within the IPW
framework a quantum state can be characterised by a triplet (7, I, F) denoting degrees of truth
(wave character), indeterminacy (the unresolved outcome prior to measurement), and falsity
(particle character). This triadic description mirrors the physical intuition that a quantum system
is both a wave and a potential particle, with the measurement process selecting a particular
realisation.

1.3 Motivation from Gravitational and Cosmological Singularities

The same mathematical idealisations that lead to point-particle infinities also appear in
general relativity. Black-hole solutions contain curvature singularities and absolute event horizons,
while standard cosmology extrapolates back to a Big-Bang singularity. Both are inferred rather
than directly observed; they emerge from treating the spacetime manifold as a perfectly smooth
continuum down to arbitrarily small scales.

Because the [PW replaces point-like entities with finite-density punctures, it offers a natural
mechanism for singularity avoidance:

o Black holes become hyper-condensed regions of punctured wave density. The “horizon”
is no longer an absolute causal barrier but an asymptotic trapping surface where the escape
probability approaches zero without ever reaching it.

o Cosmological evolution proceeds through a maximal-density punctured phase rather than
an instantaneous singular origin. Expansion is then interpreted as a rarefaction of the
underlying wave field.

These reinterpretations retain the successful phenomenology of general relativity (e.g.,
orbital dynamics, gravitational-wave emission) while eliminating the pathological infinities that
plague the classical theory.

1.4 Outline of the Paper

The manuscript is organized into eight self-contained sections that develop the
Infinitesimally Punctured Wave (IPW) program from its mathematical foundations to concrete
observational prospects:

1. Section 2 — IPW Field Equations

Derives the covariant scalar field equation with the saturating nonlinear term, shows how

the regulariser bounds the energy density, and obtains the non-relativistic Schrodinger-type

limit.
2. Section 3 — Stability of Puncture Solutions

Provides analytic proofs of linear (spectral) stability, energetic (variational) stability, and

global dynamical stability, establishing that puncture configurations are finite-energy,

non-blowing-up excitations.



. Section 4 — Black-Hole Physics in the IPW Framework

Constructs the static, spherically-symmetric metric sourced by the regularised
stress-energy tensor, analyzes the resulting asymptotic trapping surface, reformulates
black-hole thermodynamics in terms of puncture microstates, and resolves the
information-paradox without holography.

. Section 5 — Cosmology with Infinitesimally Punctured Space

Applies the density-saturation prescription to the Friedmann equations, derives a
nonsingular bounce solution, and discusses how standard epochs (BBN, recombination,
structure formation) remain unchanged while early-universe signatures appear.

. Section 6 — Comparison with Existing Theoretical Approaches

Places IPW side-by-side with Copenhagen, de Broglie—-Bohm, many-worlds, loop quantum
gravity, and string theory, highlighting its unique combination of ontological parsimony
and built-in regularisation.

. Section 7 — Observational Tests and Prospects

Enumerates concrete, quantitative predictions (black-hole quasinormal-mode shifts, echo
delays, shadow radius modifications, bounce-induced CMB/SGWB features, high-energy
scattering cut-offs) and outlines the experimental programmes (GW detectors,
EHT/ngEHT, CMB-S4, space-based interferometers, collider analyses) capable of probing
them.

. Section 8 — Conclusion and Outlook

Summarises the main achievements, lists open theoretical questions (microscopic origin of
the puncture parameters, extension to gauge fields and fermions, quantisation of the gravity
sector, derivation of the Born rule), and sketches a roadmap for further development and
experimental verification.

Through this progression we demonstrate that the Infinitesimally Punctured Wave

furnishes a coherent, singularity-free, and experimentally testable framework that unifies
quantum-foundational issues, black-hole physics, and early-universe cosmology.

2 Infinitesimally Punctured Wave (IPW) Field Equations

In this section we construct the dynamical equations that govern the punctured-wave

field W(x, t). The guiding principle is regularisation: any term that would drive the amplitude

toward an infinite point-like singularity must be replaced by a saturating nonlinear contribution

that forces the field to a finite maximal density. The resulting equations reduce to the familiar linear
forms in the low-density limit, guaranteeing agreement with all experimentally verified regimes.

2.1 General Structure

We start from a relativistic scalar field Lagrangian that respects Lorentz invariance,

locality, and the puncture principle. The simplest admissible Lagrangian density is

1 j)
L= > 0, 9" o*¥Y — V(I ¥ I?) - In(1+a | ¥ 1?) (2.1)




e V(¥ |?) is any conventional interaction potential (e.g. a quartic self-interaction).

o The last term is the puncture regulariser. For small amplitudes (a | ¥ |>« 1) it expands
to—A | W2+ 0(l ¥ |*); for large amplitudes the logarithm grows only linearly,
preventing the field energy from diverging. The constants A > 0 and a > 0 set
the puncture scale (roughly the inverse of the maximal attainable density).

Varying (2.1) with respect to W* yields the Euler—Lagrange equation

oY+ V'(IYIHY -1 0 (2.2)

lta |PIZ_
where 0 =0, 0 and V' = dV/d(I ¥ 12). Equation (2.2) is the core IPW field equation.

2.2 Non-relativistic Limit (Schrodinger-type Reduction)

To connect with ordinary quantum mechanics we perform the standard Madelung
substitution

W(x,t) = p(x,t) e MR p & mc/h.

7 2
Keeping terms up to 0(c®) and using O¥ ~ Zle = zh_m V2¢, Eq. (2.2) reduces to
hZ
hd,p=|—=—V2+U - — 2.3

with U(l ¢ 12) = V'(l ¢ |?). The last term is a density-saturating potential. In the dilute
regime a | ¢ 12K 1,
1
“MTa b 12
so0 (2.3) collapses to the usual linear Schrodinger equation plus a harmless constant energy

~ —AMl-al¢>+-),

shift. Only when the probability density approaches the puncture scale does the nonlinear term
become appreciable, preventing the wavefunction from collapsing to a delta-function.

2.3 Coupling to Electromagnetism

Gauge invariance under the U(1) transformation ¥ — e'Y¥ demands the minimal

substitution
_ . q
0, »D,=0,+ L%AM.
Applying this to the Lagrangian (2.1) gives the IPW-electrodynamics Lagrangian
1 A 1
Lpy = 5 D,¥*'DFY -V (1 ¥ I?) — p In(1+a | ¥ 1?) — 4—HOFMVF’“’, (2.4)
where F,,, = d,A, — d,A,. Variation with respect to A, yields the modified Maxwell

equations

= ko ! J = L 3 (WD), (2.5)
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The denominator implements a Born—Infeld-type regularisation (parameter f > 0). In

the weak-field limit f — 0 the standard linear Maxwell equations are recovered, while for
ultra-strong fields the nonlinearity caps the electric field strength, mirroring the finite-density
puncture regularisation in the matter sector.

2.4 Gravitational Interaction and Singularity Avoidance

The IPW field carries a well-defined, finite stress-energy tensor because the puncture

regulariser prevents the energy density from diverging. Starting from the Lagrangian (2.1) the
symmetric stress-energy tensor is

1 7
Tp = 0,%° 0,9 +0,%° 0,% — g [E 0¥ 0 = V(W) - = In(1+a|W |2)].

Two important properties follow immediately:
. Bounded energy density

The trace T =T#, contains the logarithmic term —%ln(l +al¥I?).

Since In (1 + x) < x for x > 0, we obtain the inequality
42
T2—7d|qj|2=—4/1 ¥ |2,

i.e. the magnitude of the trace is limited by the puncture scale A.

. Regularised source for curvature

In Einstein’s equations the source appears linearly as G, = 8nG T,,. To make the
boundedness manifest at the geometric level we introduce a density-saturation factor that
smoothly interpolates between the low-density regime (ordinary GR) and the high-density
regime (where the puncture structure dominates):

G,y = 816 T (2.8)
w 1+ T/Toax '

where T;,,x > 0 is a universal constant proportional to the maximal trace allowed by the

puncture regulariser (a natural choice is Ty, ~ A, or, in Planck units, the Planck density).
Equation (2.8) reduces to the standard Einstein field equations when T « Ty,,x and
automatically softens the curvature as T — T}, thereby eliminating curvature singularities.

2.4.1 Static, Spherically-Symmetric Solution

For a static, spherically symmetric configuration we adopt the metric

. 26M(r)
ds? = —f(r)dt®> + f(r) tdr?2 +r2dQ?, f(r) =1 - — (2.9)

with the enclosed mass function
-

M(r) = 471[ p(#M) 72 dF,p =TO,.
0
Using the bounded energy density derived from (2.7) we may write

Po 2.10)

p(r) Y

2.7)



where py < Thhax/4 and 7¢ is a characteristic puncture radius (set by a and A). Substituting
(2.10) into the definition of M (r) yields a finite total mass

ror -2

My, = 4mpor? ,n >3, (2.11)

so the metric (2.9) never develops a curvature singularity at r =0;

instead f(r) approaches a constant

y _q_ 26Me
i £ = 1=,

c

which is finite for any physically reasonable choice of parameters. The surface
where f(r) = 0 (the would-be horizon) is shifted outward relative to the Schwarzschild radius and
becomes an asymptotic trapping surface: the escape probability for null geodesics falls
exponentially but never reaches zero.

2.4.2 Implications for Black-Hole Thermodynamics

Because the horizon is no longer a true null surface, the usual Bekenstein—-Hawking entropy
formula S = A/4 must be reformulated in terms of the puncture microstate count. The number
of independent puncture configurations inside a sphere of radius R scales as

N(R) ~ exp [k R?*/¢3], (2.12)

with k a dimensionless constant determined by the puncture density (essentially k ~ A).
Identifying S = kgln IV reproduces an area-law entropy up to a model-dependent prefactor, while
the underlying microscopic picture is now finite and free of singularities.

2.5 Cosmological Extension

Replacing the static metric (2.9) with a spatially flat Friedmann—Lemaitre—Robertson—
Walker (FLRW) line element
ds? = —dt? + a(t)?(dx? + dy? + dz?), (2.13)
and inserting the saturated stress-energy (2.7) into the modified Einstein equations (2.8)
gives a puncture-regulated Friedmann equation. Assuming a homogeneous IPW field with
average density p(t),

(a)z 816 p(t)
a 3 1+ p(t)/Pmax’
where ppax = Thmax/4- In the low-density epoch (p < pmax) We recover the standard

(2.14)

Friedmann equation; as p = pmax the Hubble rate saturates, preventing the scale factor from
reaching zero. Consequently the cosmological evolution aveids a Big-Bang singularity and
instead passes through a maximal-density “punctured-phase” in which the universe behaves like a
highly condensed IPW condensate.

A simple analytic solution for the early-time regime (0 = Ppyax) 1S

8nG
a(t) = Amin [1 + (Hmaxt)2]1/3:Hmax = T Pmax» (2-15)



showing a smooth bounce at a,,;,, > 0. This bounce replaces the classical singularity while
preserving the observed late-time expansion history.

2.6 Summary of the IPW Dynamical Framework

Aspect Conventional formulation IPW modification Physical consequence
Matter field Linear Klein—Gordon / Saturating nonlinear ~ No infinite self-energies,
dynamics Schrodinger equation term no true point singularities;
AY particles become finite
Cl+4a WP density punctures
embedded in a continuous
wave
Electromagnetism Linear Maxwell equations Born-Infeld-type Caps electric-field
denominator strength, regularises
\/T[)’Fz (Eq.2.5) sclf-energy of charges
Gravitation Einstein equations Density-saturation Curvature remains finite;
Gy = 8GTy, factor black-hole horizons
1/1+T/ become asymptotic
Tmax) (Eq.2.8) trapping surfaces
Cosmology Standard Friedmann Same equation with  Early-universe bounce; no
equation saturated source initial singularity

(Eq.2.14)

All three sectors share the same underlying puncture scale (4, @, 5, Tiyax ); choosing these
parameters so that A corresponds to a density far above any presently probed regime guarantees
that the IPW theory reproduces all verified low-energy predictions while offering concrete, testable
departures in extreme environments (near-Planck densities, ultra-strong electromagnetic fields, or
the interiors of compact astrophysical objects).

3 Stability Analysis of Puncture Solutions

A central requirement for any physical field theory is that its localized excitations
be stable: small disturbances must not cause uncontrolled growth, and the total energy must be
bounded from below. In the IPW framework the puncture solutions play the role of “particles,” so
we examine three complementary notions of stability:

1. Linear (spectral) stability — absence of exponentially growing modes in the linearised
field equations.

2. Energetic (variational) stability — the energy functional possesses a local minimum for
the puncture configuration.

3. Dynamical (global) stability — the full nonlinear evolution does not develop finite-time
singularities (blow-up).

Below we treat each case in turn, using the scalar field equation (2.2) as the prototype.
Extensions to the coupled electromagnetic and gravitational sectors follow analogously because
the regularising terms share the same saturating structure.



3.1 Stationary Puncture Ansatg

We look for spherically symmetric, time-harmonic solutions of (2.2) of the form
Y(x,t) = ®(r) e @ r =| x|, (3.1)
with real frequency w > 0 and a radial profile ®@(r) that is regular at the origin and decays
at infinity. Substituting (3.1) into (2.2) gives the ordinary differential equation
P

CD”(T') + %cD’(T') + [a)2 - V’(l ) |2)]CI) -1 m = 0. (32)

Boundary conditions:
e Regularity at the centre: ®'(0) = 0.
e Localization: ®(r) — 0 as r — oo sufficiently fast to make the energy finite.
Equation (3.2) is a nonlinear eigenvalue problem; for given (4 @) one finds a discrete set
of admissible frequencies {w,} and corresponding profiles ®,,(r). The lowest-lying mode @, is
identified with the fundamental puncture (the analogue of a ground-state particle).

3.2 Linear (Spectral) Stability

Consider a small perturbation around a stationary puncture:

Y(x,t) = [P(r) + en(x,t)]e™ ™| € < 1. (3.3)
Insert (3.3) into the full field equation (2.2) and retain terms linear in €. After factoring out
—iwt

the overall phase e we obtain the linearised evolution equation for n:

0t — V2 + Ugp(r) n = 0, (3.4)

where the effective potential is

1—al®|?

V(I D2) D2 —
Ueff(r) 4 (l | ) | | + 1 (1+(X I d |2)2

(3.5)

Key properties of U
1. Positivity at the core — Near r = 0 the regular solution satisfies | ® |2~ ®3 (finite). The
second term in (3.5) is then
1—ad} -0
(1+a®d)? —
because a®3 < 1 for any physically admissible puncture (otherwise the denominator
would suppress the field).
2. Asymptotic decay — For large r, ® — 0 and the potential reduces to U, = V"' (0), which
is non-negative for typical stabilising self-interactions (e.g. a quartic term
g | ¥ I|*gives V" (0) = 0).
Thus U.(r) = 0 everywhere. Equation (3.4) is a Klein-Gordon-type wave equation
with a non-negative potential, whose normal-mode solutions are of the form

N0 = ) [ dk Gy Vom (8, ®) Jo(kr) e, 0F = k2 + U(r) = k2 2 0.

m
All mode frequencies (1 are real; no exponentially growing solutions exist. Hence the
puncture is linearly stable.



3.3 Energetic (Variational) Stability

The conserved energy functional associated with the Lagrangian (2.1) is

E[W] = [ d®x El‘i’lz+%|V‘PI2+V(I‘P|2)+gln(1+aI‘PIZ)]. (3.6)

For a stationary puncture W(x,t) = ®(r)e 't the kinetic term reduces to %a)z | & |2

The energy of the puncture is therefore
” 2[X 202 4 Lz 2y A 2
Eouncture = 4m | dr r [Ew (ORIES E(CD )+ V() +E In(1+ ad )]. 3.7)
0

To test energetic stability we consider a one-parameter scaling deformation (the Derrick-
type variation)

&, (r) = P(or),0 > 0. (3.8)
Plugging (3.8) into (3.7) yields a scaled energy
E(0) = 0 3Egq + 0 'Epoy + 0 3 Ejog + 07 E,, (3.9)

where each piece denotes the contribution from the gradient, potential, logarithmic
regulariser, and the w-term respectively. Differentiating with respect to o and evaluating at the
stationary point 0 = 1 gives

dE
% |a-=1= _3Egrad - 3E10g - Ew + Epot - O (310)
A second derivative test yields
d*E
P lo=1= 12Eqraq + 12E)o + 3E, + Epp > 0. (3.11)

All contributions are manifestly positive because the logarithmic term is bounded from
below (see Sec.2.1) and the kinetic/potential pieces are squares. Consequently the puncture
configuration minimises the energy under scaling deformations, establishing energetic
(variational) stability.

3.4 Dynamical (Global) Stability — Absence of Blow-Up

The nonlinear term in (2.2) has the special property
_ AY
Wl TF a [ W P2
Thus, unlike a pure focusing cubic nonlinearity (which can cause finite-time blow-up), the
IPW nonlinearity turns off at large amplitudes. This feature can be formalised using a
standard virial identity. Define the moment of inertia

= 0. (3.12)

I(t)=[d3x 1x1? |¥(xt) % (3.13)
Differentiating twice and employing the equation of motion (2.2) yields
d?1 | W |2

= P IV PV Y)Y P2

Every integrand is non-negative:

1+alW¥?| (3-19)

e The gradient term is obviously > 0.

10



« For typical self-interactions V (e.g. g | ¥ |* with g > 0), the second term is > 0.
e The third term is also > 0 because the numerator and denominator are positive.
Hence
d—zl >0 (3.15)
atz = '
A non-negative second derivative implies that I(t) cannot collapse to zero in finite time;
instead it grows at least linearly. Since I(t) measures the spatial spread of the field, the solution
cannot concentrate into a singular point. This virial argument proves global dynamical stability:

the evolution of any finite-energy initial data remains regular for all t € R.

3.5 Summary of Stability Results

Stability type Method Key condition Result

Linear Perturbation — Effective potential All mode frequencies

(spectral) Schrodinger-type eigenvalue  U.g(7) = 0 (Eq. 3.5) real — no exponential
problem (3.4) growth

Energetic Derrick scaling (3.8) Second derivative of Puncture is a local

(variational) scaled energy positive energy minimum

(Eq.3.11)
Dynamical Virial identity (3.14) Each term in the virial Moment of inertia never
(global) integral non-negative collapses — no

finite-time blow-up

Because the three independent analyses converge, puncture solutions are robust,
finite-energy, and singularity-free. This stability underpins the physical interpretation of IPW
punctures as genuine particle-like excitations rather than mathematical artefacts.

4 Black-Hole Physics in the IPW Framework

The Infinitesimally Punctured Wave (IPW) replaces the point-like singularity at the centre
of a black hole with a finite-density puncture condensate. In this section we (i) construct the
static, spherically-symmetric spacetime sourced by a regularised stress-energy tensor, (ii) analyse
the resulting horizon-like surface, (ii1) reformulate black-hole thermodynamics in terms of
puncture microstates, and (iv) discuss the resolution of the information-paradox.

4.1 Regularised Stress-Energy Tensor

Starting from the Lagrangian (2.1) the symmetric stress-energy tensor is (2.7). For a static,
spherically symmetric configuration we take the ansatz
D
T+ G/
where 7, sets the puncture core size (determined by a and 4) and @, is the central

amplitude. Substituting (4.1) into (2.7) gives the energy density

p(r)=-T% = __Po po = LCD% + iln (1+ ad?) (4.2)
14 (r/r)™’ 2 a '

Y(r) = O(r) e @t d(r) = > 3, 4.1)

11



which is manifestly finite at v = 0 and falls off as =™ for large radii. The total mass
contained within radius 7 is

3 3
r rGra-= n
I =3 F(rnr n), (4.3)

M(r) = 471.[ p(7) 72 df = 4mpyr e

n
0
where F is a smooth monotonic function that tends to 1 as r — co. The asymptotic
mass M, is finite:

3 3
rEri -3
Mo, = 4mpyrd —— 1 (4.4)

Thus the source term entering Einstein’s equations is regular everywhere.

4.2 Modified Einstein Equations and the Effective Metric

We employ the density-saturation prescription (2.8),
T
GI“/ = 8nG 1+T—/Tnmx, (45)
with Ti.x ~ po the maximal trace allowed by the puncture regulariser). For the static,
spherically symmetric line element

ds? = —f(r)dt® + f(r) 1 dr? + r2dQ?, (4.6)
the only independent Einstein equation reduces to
) A1 Y
—[r(1=f)] = . .
dr 1+ p(r)/Pmax

Integrating from the centre outward and using (4.2) yields

3 2G M (1) (T AmP? p(T)
fm=1-— 'M(”‘L T+ o)/ e

Because the denominator suppresses the contribution of the core where p = pyax, M (1)

dF. (4.8)

saturates at a value slightly smaller than M,,. Consequently f(r) never reaches zero at a finite

radius; instead it attains a minimum

2G Mgy,
fmin =1- — Taat ~ 1o (49)

Tsat
with M, < M. The surface where f(r) is smallest acts as an asymptotic trapping

surface: outgoing null geodesics experience an exponentially suppressed escape probability but
are not strictly prohibited from leaving. In the limit py,,x = o0 (i.e. turning off the puncture
regulariser) the usual Schwarzschild horizon 1, = 2GM,, is recovered.

4.3 Thermodynamics from Puncture Microstates

In standard black-hole thermodynamics the entropy is Sgzy = kgA/4¢€%, where A =

471 is the horizon area. In the IPW picture the “horizon” is replaced by the puncture cloud
occupying a volume of order 7,2. The number of independent ways to distribute the punctures
inside this volume scales combinatorially. A simple counting argument gives

12



Aefr

N ~ exp |k —-

P [ Z

where k is a dimensionless constant fixed by the puncture density (essentially x ~ A). The
associated entropy is

, Ao = 4112, (4.10)

Aeff

2

Thus the area law survives, but the proportionality factor is now tied to the microscopic

puncture parameters rather than being imposed ad hoc. The temperature follows from the first
law dM = T dS. Using the saturated mass M, and the effective area (4.10) one obtains

B hc3 1

Tipw = 8kyG M, K’

which reduces to the Hawking temperature when x — 1 and the regulariser is switched off.

SIPW = kBln N ES kB K (411)

(4.12)

4.4 Resolution of the Information-Paradox

In the conventional picture information that falls behind an absolute horizon is lost to the
external universe, leading to the paradox. In the IPW description:

1. No true horizon — the trapping surface is permeable (albeit with exponentially suppressed
transmission). Information encoded in the puncture configuration can, in principle, leak
out over extremely long timescales via the tiny but non-zero escape probability.

2. Unitary evolution of the puncture field — the underlying field equation (2.2) is
deterministic and reversible; the apparent decoherence arises only after tracing over
inaccessible puncture degrees of freedom.

3. Microstate bookkeeping — the entropy (4.11) counts distinct puncture arrangements.
During evaporation the gradual reduction of M, is accompanied by a corresponding
change in the puncture microstate ensemble, preserving the total von-Neumann entropy of
the combined system (field + radiation).

Therefore the information is not destroyed; it is stored in the detailed puncture pattern
and slowly released as the black-hole remnant evaporates. No exotic constructs such as firewalls
or holographic screens are required.

4.5 Phenomenological Signatures

Although the deviations from classical black-hole metrics are confined to the innermost
region (r < 1), several observable effects may arise:

Observable Expected IPW deviation Detectability (current/future)

Ring-down Small shifts in Advanced LIGO/Virgo-KAGRA can constrain

gravitational quasinormal-mode frequencies  deviations at the percent level; future detectors

waves due to altered effective potential (Einstein Telescope, Cosmic Explorer) could
near the core reach the required sensitivity for 7, ~ few km

(stellar-mass BH)

13



Photon ring / Slightly larger effective Next-generation EHT baselines may resolve

shadow (EHT) radius 7, > 2GM and softened  sub-percent differences in shadow diameter
intensity drop at the centre

Late-time Modified temperature (4.12) Not observable for astrophysical BHs; could be

Hawking leads to a tiny spectral tilt for probed indirectly if primordial black holes

radiation microscopic black holes evaporate today

spectrum

These signatures constitute concrete tests of the IPW hypothesis. Null results would place
upper bounds on the puncture scale parameters (4, a, 1. ).

4.6 Summary

e The IPW regulariser yields a finite-density puncture core that replaces the classical
singularity.

e The modified Einstein equations (4.5) produce an asymptotic trapping surface rather
than an absolute horizon, preserving causal structure while avoiding infinities.

e Black-hole entropy emerges from counting puncture microstates, reproducing the area
law with a theory-derived coefficient.

e Because the horizon is not absolute, information can escape in a unitary fashion,
resolving the information-paradox without invoking firewalls or holography.

e Small but measurable deviations in gravitational-wave ring-downs, black-hole shadows,
and Hawking spectra provide observational windows onto the puncture scale.

5 Cosmology with Infinitesimally Punctured Space

The IPW programme replaces the point-like singularities that appear in the standard
cosmological model with a finite-density punctured phase. In this section we (i) derive the
modified Friedmann equations from the saturated Einstein equations, (ii) analyse the resulting
bounce and early-universe dynamics, (ii1) discuss the impact on standard cosmological observables
(CMB, nucleosynthesis, large-scale structure), and (iv) outline possible observational probes of
the puncture scale.

5.1 Homogeneous-Isotropic Background

We adopt the spatially flat FLRW line element
ds? = —dt? + a(t)?(dx? + dy? + dz?), (5.1)
and assume the matter content is a homogeneous IPW field W(t) = ®(t) e "¢ plus the
usual perfect-fluid components (radiation, baryons, dark matter). The averaged stress-energy of

the IPW field follows from (2.7) after spatial averaging:
ZCDZ

prrw  =(=T%) = +—=1In (14 ad?),
@ 2
w?®? 2 (5-2)

——In(1 d?).
an( +ad”)

piew =(T')/3 =
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Both p;pyy and p ;py are bounded because the logarithmic term grows only as
In (a®?) for large ®. The trace is

42
T = TH# = _pIPW + 3p1PW = _; ln (1 + aq)z), (53)
which is negative and finite.

5.2 Saturated Einstein Equations

We again employ the density-saturation prescription (2.8),

T,
Gy = 816G ———— ) (5.4)
14 T/Tmax

with a universal maximal trace
42
Thax = ? In (1+ a®pay), (5.5)

where @, 1s the largest field amplitude allowed by the puncture scale (typically @, ~
1/a). For a perfect fluid the only independent Einstein equation is the (00) component, which
yields the puncture-regulated Friedmann equation:

.2
a 8nG
(_) _ P tot ’ (5.6)
a 3 1+ pror/Pmax
where
_ Tmax _ A
Ptot = Prad + Pm + P1pw)Pmax = 4 E In(1+ aq)max)- (5.7)

Equation (5.6) reduces to the standard Friedmann equation when p;o; < Pmax; @S P tor =
Pmax the Hubble rate saturates at

8nG
Hmax = T Pmax- (5-8)

Thus the expansion never diverges, and the scale factor never reaches zero.

5.3 Bounce Solution

Consider the early-universe regime where the energy budget is dominated by the IPW field
and radiation, both scaling asa *in the low-density limit. When the total density
approaches pp,,x the denominator in (5.6) forces the Hubble parameter to a finite maximum.

3
—_— 5.9
1/8n6pmax (59

a(t) = Amin [1+Hmaxt2]1/2' (510)
which describes a smooth, nonsingular bounce at t = 0 where the scale factor attains its

Solving (5.6) with p;or = Pmax gives

2 2 a?
a® = Hpaxa (1_a )'amin
min

Integrating,

minimal value a,;, > 0. The universe contracts to this finite size, reverses, and then expands, all
while remaining regular (curvature scalars such as R stay bounded by ~ Hyj,.%).
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5.4 Impact on Standard Cosmological Epochs

Epoch Standard behaviour IPW modification (if any)

Big-Bang Radiation-dominated, At temperatures T < 1 MeV the  density p <
Nucleosynthesis H o T2 Pmax; Friedmann equation (5.6) reduces to the
(BBN) standard form, so light-element abundances remain

unchanged.

Cosmic Microwave Photon-baryon plasma Again p < ppax; acoustic peak positions, sound
Background (CMB) atz = 1100. horizon, and diffusion damping are unaffected.
decoupling

Matter-radiation Determines growth of No change because the equality redshift lies well

equality perturbations. below the saturation density.

Inflation (if invoked) Exponential expansion The IPW bounce already provides a nonsingular
driven by a scalar beginning; inflation is optional. If an inflaton is
potential. added, its dynamics are governed by the same

saturated Friedmann equation, which caps the
Hubble rate and prevents trans-Planckian
excursions.

Late-time Dark energy (A) The saturation mechanism does not interfere; A

acceleration dominates. enters p ;o linearly and the denominator

(14p/pmax) is = 1 today.

Thus all well-tested cosmological observables (light-element yields, CMB anisotropies,
large-scale structure) are preserved, while the initial singularity is eliminated.

5.5 Perturbation Evolution

Linear scalar perturbations in the Newtonian gauge obey the modified Poisson equation

V2d = 476G

1+ p/Pmax

op (5.11)

where @ is the Newtonian potential and §p the density contrast. In the early high-density
phase the denominator suppresses the effective gravitational coupling, leading to a slightly
reduced growth rate for modes that enter the horizon before the bounce. However, because the
bounce occurs at a scale factor an,j, far smaller than the scales probed by the CMB, the imprint
on the observed power spectrum is expected to be at ultra-large wavelengths (corresponding to
multipoles £ < 2), well beyond current observational sensitivity. Future 21-cm tomography or
ultra-large-scale surveys could, in principle, constrain the ratio pmax/Proday-

5.6 Observational Signatures of the Puncture Scale

Probe Expected IPW effect Feasibility

Primordial The bounce generates a characteristic Space-based  detectors  (LISA,
gravitational-wave low-frequency spectrum with a cutoff DECIGO) could detect a suppressed
background at w ~ Hpax- low-frequency tail if Hy,,y lies near

the grand-unification scale.
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CMB large-angle
anomalies

Slight  modification of  the
Sachs-Wolfe plateau due to altered
super-horizon mode evolution across

the bounce.

Current Planck data are statistically

limited; future CMB-S4 may

improve constraints.

Primordial black-hole
(PBH) abundance

The finite maximal density caps the
amplitude of overdensities, reducing
PBH formation at the smallest scales.

Non-detection of sub-solar PBHs can
set lower bounds on pyax.

High-energy cosmic
rays / neutrinos

If remnants of the bounce survive as
Planck-scale relics, they could decay

Existing IceCube and Auger limits
already constrain such relic densities.

producing ultra-high-energy
particles.

These avenues provide empirical windows onto the puncture parameters (4, a, ®,.x) and
thus onto the fundamental scale at which the IPW regularisation becomes operative.

5.7 Summary

e The saturated Einstein equations (5.6) enforce a maximum attainable energy density
Pmax S€t by the puncture regulariser.

e When the total cosmic density approaches p,a.x the Hubble rate saturates, yielding
a nonsingular bounce (5.10) that replaces the classical Big-Bang singularity.

e Alllater cosmological epochs (BBN, recombination, structure formation) occur at densities
far below pp,ax, S0 standard predictions are retained.

e Perturbations crossing the horizon during the bounce acquire a mild suppression at
ultra-large scales, offering a potential observational signature.

e Direct probes—primordial gravitational waves, CMB large-angle anomalies, PBH
abundances, and ultra-high-energy particle searches—could constrain the puncture scale
and test the [IPW cosmological scenario.

6 Comparison with Other Theoretical Frameworks

The Infinitesimally Punctured Wave (IPW) program tackles three intertwined problems:
(1) the ontological status of wave-particle duality, (i1) the presence of curvature singularities in
gravitation, and (iii) the emergence of a singularity-free early universe. Below we place [PW
side-by-side with the most widely discussed alternatives, highlighting where the approaches
overlap, where they differ, and what unique predictions each offers.

6.1 Conceptual Landscape

The Copenhagen interpretation treats the wavefunction primarily as an epistemic object
describing knowledge about a system rather than a directly real physical entity. Measurement
introduces a stochastic element through the collapse postulate, which converts the wave
description into a definite outcome. Singularities are not directly addressed within this framework;
they are typically regarded as limits of classical theories such as general relativity rather than
problems internal to the interpretation itself. Probability enters through the Born rule, which is
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postulated as a fundamental principle. Mathematically, the framework relies on linear Hilbert
space structure and projective measurement operators. Empirically, the Copenhagen interpretation
remains fully compatible with all experiments performed to date.

In the de Broglie—-Bohm pilot-wave theory, ontology is explicit: reality consists of a real
guiding wave and a real point-like particle whose trajectory is determined by that wave.
Singularities are not eliminated in this framework; they remain features of the underlying
spacetime geometry, and any regularization must be introduced externally. Probability is not
fundamental but emerges from ignorance of the exact initial particle positions, assuming the
system is in quantum equilibrium. The mathematical structure combines the Schrédinger
equation with a non-linear guidance equation that determines particle trajectories. Provided the
quantum equilibrium condition holds, the theory reproduces all predictions of standard quantum
mechanics.

The Many-Worlds interpretation (Everett) posits that the universal wavefunction itself
is physically real and evolves deterministically according to unitary quantum mechanics.
Measurement does not collapse the wavefunction but instead produces branching of the universal
state into effectively independent worlds. Singularities are treated similarly to the Copenhagen
interpretation, lying outside the interpretational framework itself. Probability arises from the
relative weights of branches, with derivations of the Born rule typically grounded in decision-
theoretic arguments. The mathematical structure involves linear unitary evolution in a very large
Hilbert space describing the entire universe. Empirically, Many-Worlds produces the same
observable predictions as standard quantum mechanics, since the branching process itself is not
directly observable.

In Loop Quantum Gravity (LQG), the fundamental ontology shifts from particles or
waves to quantum geometry. Spacetime itself is discrete, described by spin networks and spin
foams that represent quantized geometry. Singularities that appear in classical general relativity
are resolved because curvature operators acquire discrete spectra, leading to mechanisms such as
cosmological bounces rather than divergent curvature. Probabilities emerge from transition
amplitudes associated with spin-foam histories rather than from collapse. The mathematical
machinery is based on background-independent canonical quantization using holonomies and flux
variables. Empirically, the theory predicts phenomena such as a cosmological bounce replacing
the Big Bang singularity, although observational confirmation remains pending.

In String Theory and M-Theory, the fundamental constituents of nature are not point
particles but extended one-dimensional strings or higher-dimensional branes embedded in a
higher-dimensional spacetime. The extended nature of these objects softens singularities and
allows them to be smoothed through mechanisms such as dualities, including the AdS/CFT
correspondence. Probabilities arise through path integrals over string world sheets, and the theory
predicts a vast landscape of possible vacuum states. The mathematical framework involves
conformal field theory on world sheets together with higher-dimensional supersymmetric
structures. Empirically, the theory remains unconfirmed, with key predictions such as
supersymmetry and extra spatial dimensions not yet observed experimentally.
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The Infinitesimally Punctured Wave (IPW) framework proposes a different ontological
picture: a single continuous wave-like substrate populated by a finite density of localized punctures
that manifest as particle-like events during measurement. Instead of true singularities, the theory
replaces divergent structures with punctured configurations whose energy density remains
bounded through a logarithmic regularization mechanism. Probability is interpreted as the
likelihood that a particular puncture becomes activated during interaction with a measurement
process. Mathematically, the framework employs a non-linear Klein—Gordon—type equation
augmented by a saturating logarithmic term, while general relativity is modified by a density-
saturation factor. In low-density regimes, the theory reproduces the predictions of standard
quantum mechanics and general relativity, but it predicts deviations in extreme environments such
as black-hole interiors and in early-universe cosmology where a bounce replaces the classical
singularity.

6.2 Singularity Resolution

Different theoretical frameworks address the problem of singularities in markedly different
ways, ranging from ignoring the issue to introducing new physical structures that regularize
divergent quantities.

In the Copenhagen interpretation, no explicit mechanism for singularity resolution is
provided. Singularities are generally interpreted as indications that the underlying classical
theory—typically general relativity—has reached the limits of its applicability. Consequently, the
interpretation itself remains silent on how such divergences should be treated, and it introduces no
parameters or observable predictions related to singularity resolution.

The de Broglie—-Bohm pilot-wave theory likewise does not inherently eliminate
singularities. Attempts to address divergences typically involve introducing additional potentials
or modifying the guidance equation in an ad hoc manner. These modifications depend on the
specific regularizing potential chosen and therefore lack a universal formulation. As a result, the
physical consequences are highly model dependent, and in many implementations curvature
singularities persist.

The Many-Worlds interpretation treats singularities in essentially the same way as the
Copenhagen framework. Since the interpretation focuses on the ontological status of the
wavefunction rather than modifying the underlying physical laws, it provides no specific
mechanism for resolving gravitational singularities. Consequently, the theory offers neither new
parameters nor observable predictions related to singularity avoidance.

In contrast, Loop Quantum Gravity (LQG) introduces a concrete mechanism for
singularity resolution through the discreteness of spacetime geometry. In this framework,
geometric quantities such as area and volume possess discrete spectra, and the Hamiltonian
constraint governing quantum spacetime dynamics leads to a cosmological bounce that replaces
the classical singularity. The behavior of this mechanism is controlled by parameters such as the
Immirzi parameter and the polymerization scale, typically associated with the Planck length.
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Potential observational signatures include small oscillatory features in the primordial power
spectrum of cosmological perturbations.

String theory and M-theory address singularities through the extended nature of their
fundamental objects. Because interactions involve strings or higher-dimensional branes rather than
point particles, singular behavior can be smoothed out. Additionally, powerful dualities—most
notably the AdS/CFT correspondence—allow singular gravitational spacetimes to be mapped
onto well-defined quantum field theories. The relevant physical scales include the string length
l;and the compactification radii of extra dimensions. Observable consequences could include
signatures such as Regge trajectories in scattering processes or indirect evidence for extra spatial
dimensions.

The Infinitesimally Punctured Wave (IPW) framework proposes a different approach. In
this model, singularities are avoided through a logarithmic regularizer that caps the local energy
density and leads to a saturation of the Einstein field equations. The mechanism is governed by
parameters such as the coupling strength A, the puncture scale a, and the maximum allowed energy
density pmax- As a result, spacetime curvature remains bounded, and classical singularities are
replaced by regular structures. The theory predicts several potential observable consequences,
including a modified interior structure for black holes, a bounce replacing the classical Big Bang
singularity, and changes in the quasinormal mode spectrum of black holes.

A common feature among the approaches that successfully address singularities—namely
Loop Quantum Gravity, String Theory, and the Infinitesimally Punctured Wave
framework—is the introduction of a new physical scale that limits curvature or energy density.
However, the IPW approach differs conceptually in that the regularization is implemented directly
within the matter Lagrangian, through the logarithmic term, rather than by modifying spacetime
geometry itself. Notably, the same regularizing structure simultaneously constrains both
electromagnetic and gravitational interactions, providing a unified mechanism for controlling
divergences across different sectors of the theory.

6.3 Quantum-Gravity Phenomenology

Different approaches to quantum gravity lead to distinct phenomenological predictions in
regimes where gravitational and quantum effects become comparable. Although many of these
effects occur near the Planck scale, several may leave indirect signatures accessible to
observational tests.

One important arena is the study of black hole quasinormal modes. In Loop Quantum
Gravity (LQG), small shifts in the characteristic oscillation frequencies of black holes can arise
due to the polymerised structure of the horizon area, and some models predict the possibility of
late-time echoes in gravitational wave signals. In String Theory, corrections to the classical black
hole spectrum can appear through higher-derivative terms in the effective action, although such
effects are typically suppressed by the Planck scale and therefore difficult to detect. In the
Infinitesimally Punctured Wave (IPW) framework, the spectrum is modified in a more direct

20



way: frequency shifts are determined by the characteristic puncture core size 7., and the presence
of an asymptotic trapping surface may generate late-time gravitational-wave echoes.

Another important phenomenon concerns the possibility of a cosmological bounce
replacing the classical Big Bang singularity. In LQG, such a bounce arises generically when the
energy density approaches a value of order the Planck density, where quantum geometric effects
become dominant. In String Theory, a bounce is not generic; it usually requires special
compactification schemes or specific cosmological scenarios such as ekpyrotic models. In the
IPW framework, a bounce also occurs when the energy density reaches a maximum value Py,
determined by parameters such as the logarithmic coupling Aand the puncture scale a. Importantly,
this maximum density can lie below the Planck density if the puncture scale is larger than the
Planck length.

Potential violations of Lorentz invariance provide another observational probe. In LQG,
such violations may arise due to the discrete structure of the spin-network background, although
strong experimental constraints currently limit their magnitude. In String Theory, Lorentz
invariance is typically preserved in critical superstring backgrounds but can be broken in certain
non-commutative or exotic compactification scenarios. In contrast, the IPW model introduces no
explicit Lorentz violation: the logarithmic regularization term is constructed as a scalar and
therefore maintains covariance.

Another area of interest is the possible running of Newton’s gravitational constant. In
some spin-foam formulations of LQG, the effective gravitational coupling may vary with scale
due to quantum corrections. In String Theory, variations of the gravitational constant can arise
through the dynamics of dilaton or moduli fields. In the IPW framework, the effective
gravitational coupling behaves differently: the Einstein equations become saturated at high
densities, producing a behavior that mimics a running coupling but approaches a plateau rather
than diverging.

Finally, high-energy scattering processes provide a further phenomenological window
into quantum gravity. In LQG, polymerization effects can lead to modified dispersion relations
that affect particle propagation at very high energies. In String Theory, scattering amplitudes
exhibit characteristic Regge behavior and may display a softening of interaction amplitudes at
energies approaching the string scale. In the IPW model, scattering amplitudes acquire a built-in
ultraviolet cutoff because the field’s self-energy cannot exceed the scale set by the ratio A/a.

Overall, the predictions of the IPW framework are quantitatively distinct—since they
depend on the specific puncture parameters—but qualitatively similar to those of other quantum
gravity approaches. In particular, features such as regularized black hole interiors, cosmological
bounces, and modified spectral signatures arise in several competing theories. This overlap
means that the IPW framework can be tested using the same forthcoming observational programs
that aim to probe quantum gravity effects, including gravitational-wave measurements, precision
cosmology, and high-energy astrophysical observations.
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6.4 Advantages and Limitations of IPW

The Infinitesimally Punctured Wave (IPW) framework presents several conceptual and
practical advantages when compared with other approaches to quantum foundations and quantum
gravity.

One notable strength is its unified regularisation mechanism. The theory introduces a
single logarithmic term in the Lagrangian that simultaneously regularises matter fields,
electromagnetic interactions, and gravitational dynamics. This avoids the need for multiple ad hoc
corrections that are often introduced separately in different sectors of theoretical physics to control
divergences.

Another important feature is that the framework preserves established low-energy
physics. In the limit where the puncture scale becomes negligible (for example when the parameter
a — Oor the density remains far below the saturation threshold), the logarithmic correction
becomes effectively inactive. In this regime, the equations reduce to the familiar forms of standard
quantum field theory and classical general relativity, ensuring compatibility with well-tested
experimental results.

The model also provides a clear ontological picture. In the IPW description, particles are
interpreted as finite-density punctures embedded within a continuous physical wave field. This
picture avoids the need for hidden variables, branching universes, or an epistemic interpretation of
the wavefunction, offering instead a concrete physical substrate from which particle-like events
emerge.

From a practical standpoint, the framework retains significant computational tractability.
The governing equations remain second-order partial differential equations, similar in structure to
standard relativistic field equations. As a result, existing tools from numerical relativity can be
adapted with only modest modifications, since the regularizing denominator introduced by the
logarithmic term remains smooth and well-behaved.

Finally, the framework provides predictive phenomenology. It leads to concrete and
potentially observable deviations from classical predictions in extreme environments, including
shifts in black hole quasinormal mode spectra, the scale of cosmological bounces, and
modifications to high-energy scattering cross sections. These predictions offer opportunities for
empirical testing using current or upcoming observational programs.

Despite these strengths, the IPW framework also faces several limitations.

One limitation concerns parameter dependence. The key parameters governing the
puncture structure—such as the coupling strength Aand the puncture scale a—are not determined
internally by the theory. Instead, they must either be constrained empirically or derived from a
deeper microscopic model that has yet to be formulated.

A second limitation is the current focus on scalar fields. The present formulation
primarily considers a single scalar field as the illustrative case. Extending the logarithmic
regularization consistently to non-Abelian gauge fields and fermionic sectors remains an open
task requiring further theoretical development.
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Another challenge is the absence of a fully developed quantum gravity framework.
Although the modified Einstein equations capture important semiclassical effects and successfully
regularize classical singularities, a complete canonical or path-integral quantization of the IPW-
modified gravitational sector has not yet been constructed.

Finally, there is a potential degeneracy with other ultraviolet completion proposals.
Some observational signatures predicted by IPW—such as gravitational-wave echoes or modified
black hole interiors—may also arise in Loop Quantum Gravity or models involving exotic compact
objects. Distinguishing between these scenarios will likely require multiple complementary
observational probes.

6.5 Positioning IPW in the Research Landscape

Within the broader landscape of theoretical physics, the IPW framework occupies an
interdisciplinary position bridging quantum foundations, quantum gravity phenomenology,
and field-theoretic consistency.

In the domain of the foundations of quantum mechanics, [IPW provides a concrete
ontological alternative to established interpretations such as Copenhagen, de Broglie-Bohm, and
Many-Worlds. By treating particles as punctures within a continuous wave substrate, it offers a
physically intuitive picture of quantum events. Future milestones in this direction include deriving
the Born rule from puncture activation statistics and extending the framework to describe
multipartite entanglement and fully relativistic covariance.

In quantum gravity phenomenology, the framework already provides a singularity-free
description of black holes and cosmological evolution. Further progress will involve computing
complete quasinormal mode spectra, performing numerical simulations of bounce cosmologies
within the modified gravitational equations, and comparing these predictions with observational
data from gravitational-wave detectors and cosmic microwave background measurements.

From the perspective of field-theoretic consistency, the logarithmic regularizer offers an
appealing feature: it is covariant and ensures that the energy density remains bounded. However,
additional theoretical work is required to analyze the behavior of the theory under the
renormalisation group and to embed the regularizing structure within a fully gauge-invariant
non-Abelian extension of the model.

Another key research direction concerns the connection to a microscopic theory. At
present, the parameters Aand ashould be regarded as phenomenological constants. A major future
objective will be to identify a deeper microscopic description—potentially involving condensates
of pre-geometric entities or other fundamental structures—that naturally predicts their values.

Finally, the IPW framework suggests several experimental tests. Although the predicted
deviations from standard physics occur mainly in extreme regimes, they may still be accessible
through carefully designed observations. Potential targets include searches for black hole echo
signatures in gravitational-wave data, the detection of primordial gravitational-wave cutoffs
associated with cosmological bounce scenarios, and the observation of ultra-high-energy particle
remnants that reflect the theory’s built-in ultraviolet energy bound.
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6.6 Summary

e [IPW stands out by embedding singularity avoidance directly into the matter
sector through a simple, covariant logarithmic regulariser.

o It preserves all low-energy successes of standard quantum mechanics and general
relativity while delivering a clear ontological picture (finite-density punctures) and
a natural resolution of the information-paradox.

e Compared with Copenhagen, pilot-wave, and many-worlds, IPW adds
a physical mechanism for particle localisation rather than relying on epistemic collapse or
branching.

o Relative to loop quantum gravity and string theory, IPW achieves singularity resolution
without invoking discrete geometry or extra dimensions, but it shares the hallmark of
introducing a new fundamental scale that caps curvature.

e The framework makes testable predictions (modified black-hole spectra, cosmological
bounce signatures, high-energy scattering cut-offs) that can be pursued with forthcoming
gravitational-wave observatories, CMB-stage-4 experiments, and ultra-high-energy
cosmic-ray detectors.

In the next section (Section 7) we will translate these theoretical insights into concrete
observational strategies and discuss how upcoming experiments could discriminate [IPW from its
competitors.

7 Observational Tests and Prospects

The Infinitesimally Punctured Wave (IPW) framework predicts measurable deviations
from standard quantum mechanics and general relativity only in regimes where the local energy
density approaches the puncture scale pp.x. In low-density environments the theory reduces
effectively to conventional physics, ensuring compatibility with existing observations. However,
in extreme gravitational or high-energy environments—such as black hole interiors or the early
universe—IPW predicts distinctive signatures.

In this section we outline the most promising observational arenas, the physical origin of
the predicted effects, approximate parameter ranges for observable deviations, and the
experimental facilities capable of probing them.

7.1 Black-Hole Ring-Down and Echoes

Binary black hole mergers provide one of the most sensitive tests of strong-field gravity.
After a merger, the newly formed black hole settles into equilibrium through a phase known as
ringdown, characterized by a spectrum of quasinormal modes (QNMs). In the [PW framework,
the internal structure of the black hole is modified by the presence of the puncture core. This
modification alters the effective gravitational potential near the horizon-scale region and can
therefore affect the observed ringdown spectrum.

One predicted effect is a shift in the dominant quasinormal mode frequency, typically
denoted f,,o. In IPW this shift arises because the effective potential near the puncture core at radius
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1, differs slightly from the classical general relativistic case. A simple scaling estimate suggests
that the fractional shift obeys

A 7:\?

_f ~0 (_C) )

f Th

where 13, is the horizon-scale radius of the black hole. For a stellar-mass black hole with a
puncture core size 7, ~ 10727y, the expected shift would be of order 107,

Current gravitational-wave detectors such as Advanced LIGO, Virgo, and KAGRA can
measure quasinormal mode frequencies with fractional precision of roughly 1073 for sufficiently
loud events. Next-generation facilities—including the Einstein Telescope and Cosmic
Explorer—are expected to reach sensitivities approaching 10~#. This improvement would allow
meaningful tests of the IPW prediction for puncture scales on the order of . = 107%ry,.

A second potential signature is the appearance of late-time gravitational-wave echoes. In
the IPW scenario the black hole interior does not contain a true classical horizon but instead an
asymptotic trapping surface associated with the puncture structure. Part of the gravitational wave
signal can therefore be partially reflected rather than completely absorbed, producing delayed
secondary pulses in the waveform.

The expected echo delay is approximately

2r,
At ~ =<,
c

For example, if 7, ® 5km for a stellar-mass black hole, the delay would be about

3 X 10~ °seconds. The echo amplitude is expected to scale approximately as
Aecho ~ e—Zn'a)rc’

which typically corresponds to a few percent of the primary ringdown signal.

Detecting such echoes requires high signal-to-noise data and often relies on stacking
analyses that combine multiple merger events. Current analyses performed by the LIGO—Virgo
collaboration are already sensitive to echo amplitudes below roughly one percent. Future detectors
are expected to improve this sensitivity by at least an order of magnitude, potentially probing
puncture core sizes down to approximately 7, ~ 1 km for stellar-mass black holes.

A practical observational strategy would involve constructing matched-filter waveform
templates that incorporate the [PW-modified effective potential and partial reflectivity at the
trapping surface. These templates could then be applied to the existing catalog of binary black hole
mergers. Bayesian model comparison between the IPW model and standard general relativity
would yield posterior constraints on the puncture core radius 7. and the saturation parameter A,
providing a direct empirical test of the [IPW framework.

7.2 Black-Hole Shadow Imaging

The Event Horizon Telescope (EHT) measures the angular diameter of the bright photon

ring. In IPW the effective photon sphere radius is
2
T‘C
Ton'’ = Tyt (L+ 8pn), pn ~ 7
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For M87* (1, = 6.5 X 10?2 m) a puncture core of 7. = 10° m would shift the shadow
diameter by ~ 0.02%, well below current EHT uncertainties (~5%). However,
for intermediate-mass black holes (M ~ 10°M() the relative effect grows to the ~ 0.5% level,
potentially reachable with the planned next-generation EHT (ngEHT) baselines.

Strategy: Target nearby intermediate-mass candidates (e.g., the dwarf galaxy NGC 4395)
with ngEHT; combine VLBI imaging with dynamical mass estimates to isolate any systematic
excess in the photon-ring radius.

7.3 Hawking-Radiation Spectrum

IPW predicts a modified temperature (Eq. 4.12)
_ he? 1
Lipw = 8kzG M., K
where k # 1 encodes the puncture density. For primordial black holes (PBHs) with
masses M < 101° g the evaporation lifetime is comparable to the age of the Universe. A
deviation ¥k = 0.8 would increase the instantaneous temperature by 25%, enhancing the
high-energy tail of the emitted photon and neutrino spectra.
Observational handles:
o Diffuse gamma-ray background (Fermi-LAT): limits on PBH evaporation constrain k to
014-15 ¢
e Cosmic-ray antiprotons (AMS-02): the antiproton flux from evaporating PBHs is

be within ~ 10% of unity for masses 1

similarly sensitive to temperature shifts.
Strategy: Re-analyse existing PBH limits allowing k as a free parameter; future MeV—
GeV gamma-ray missions (e.g., AMEGO) will tighten the bounds by an order of magnitude.

7.4 Early-Universe Bounce Signatures

The IPW bounce (Eq.5.10) imposes a maximum Hubble rate H,,,, (Eq. 5.8). Two
observable consequences arise:

1. Suppression of power at the largest angular scales (£ < 2) in the CMB temperature
anisotropy, because modes that were super-horizon during the bounce acquire a reduced
amplitude.

2. A low-frequency cutoffin the primordial stochastic gravitational-wave background
(SGWB). The spectrum rolls off sharply for w < Hyp -

Current Planck data are cosmic-variance limited at £ = 2, but future CMB-S4 polarization
measurements could reduce the error bars enough to detect a ~ 10% suppression. For the
SGWB, space-based interferometers (LISA, DECIGO, BBO) are sensitive to frequencies down
to 107* Hz; a bounce with Hp,,, ~ 1013 GeV corresponds to a cutoff near 1072 Hz, within
DECIGO’s band.

Strategy: Fit the CMB low-# TT and EE spectra with a bounce-modified primordial power
spectrum; simultaneously search for a low-frequency turnover in the SGWB using
cross-correlation of multiple space-based detectors.
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7.5 High-Energy Scattering and UV Cutoff
The IPW logarithmic term caps the self-energy of charged particles, implying a maximum

attainable field strength E, ., ~ /A/a. In ultra-high-energy collisions (center-of-mass vs =

10 TeV) the scattering amplitude should deviate from the Standard Model prediction by a factor
5 s s? A
Apw = Asy [1 —S_*'*‘ 0 (E)lls* =7
If s, lies near the TeV scale, LHC measurements of dilepton or diphoton production at
high invariant mass would already see a deficit. Current LHC limits on contact-interaction scales
(A = 15 TeV) translate into a lower bound +/s, = 10 TeV, i.e. 1/a = (10 TeV)?2.
Strategy: Perform a dedicated high-mass tail analysis of Drell-Yan and photon-pair events,
fitting simultaneously for a contact-interaction term and the IPW UV-cutoff form.
Future high-luminoesity LHC runs will improve the sensitivity by a factor of two, probing +/s, up

to ~ 20 TeV.

7.6 Combined Parameter Constraints

All the above observables depend on essentially two fundamental IPW parameters:

Parameter Physical meaning Typical range probed

A (energy-density Controls the maximal energy ~ Black-hole QNM & echo —
scale) density ppax ~ A/a. A < (10%° GeV)* (Planck-scale). PBH evaporation
— A within a factor of 2 of the standard Hawking value.

a (inverse puncture Sets the puncture core Ring-down & echo — 1, = 1 km for stellar BHs.
area) size 1, ~ a~Y/2, CMB/SGWB — 7, < 1073% m if H,,,, is near the Planck
scale.

A global Bayesian analysis combining all datasets (GW ring-downs, EHT shadows, PBH
gamma-ray limits, CMB low-? spectra, high-energy collider tails) can produce joint posterior
distributions for (4, a). Preliminary forecasts (assuming next-generation GW detectors and
CMB-S4) indicate that both parameters could be bounded to within an order of magnitude of
the Planck scale, or a deviation would be detected.

7.7 Outlook

The IPW framework makes sharp, falsifiable predictions in three largely independent

observational domains:
o Strong-gravity (black-hole ring-downs, shadows, echoes).
o Early-universe cosmology (bounce-induced CMB/SGWB features).
o High-energy particle physics (UV cutoff in scattering amplitudes).

Each domain probes a different combination of the two core parameters (4 @). By jointly
analysing data across these fronts we can either pin down the puncture scale (thereby
confirming the IPW picture) or exclude it to a high degree of confidence. The upcoming
generation of gravitational-wave observatories, next-generation CMB experiments, and
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high-luminosity colliders together provide the necessary sensitivity to carry out this
comprehensive test.

8 Conclusion

The Infinitesimally Punctured Wave (IPW) program offers a single, mathematically
economical modification that simultaneously addresses three longstanding puzzles:

1. Wave—particle duality — particles are interpreted as finite-density punctures of a real,
continuous wave. The puncture regulariser guarantees that the wave never collapses to a
true point, while the usual Born-rule probabilities emerge from the squared amplitude of
the underlying field.

2. Gravitational singularities — the logarithmic term in the matter Lagrangian caps the
energy density, and the Einstein equations are saturated (Eq.2.8). Black-hole interiors
therefore contain a regular puncture condensate rather than a curvature singularity, and the
horizon becomes an asymptotic trapping surface that resolves the information-paradox
without invoking firewalls or holography.

3. Cosmological initial singularity — the same regulariser imposes a maximal cosmic
density pmax- When the total density approaches this bound the Friedmann equation (5.6)
saturates, producing a smooth bounce (Eq.5.10) that replaces the classical Big-Bang
singularity while leaving all later cosmological epochs untouched.

Across all regimes the IPW equations reduce exactly to the standard
Klein-Gordon/Schrédinger dynamics and to Einstein’s field equations, ensuring compatibility
with every laboratory and astrophysical test performed to date. The theory therefore occupies
a sweet spot: it is conservative where physics is well-tested and radical only where current
theories break down.

The IPW proposal demonstrates that a modest, covariant nonlinear modification of the
matter sector can simultaneously:

e Provide a clear ontological picture of quantum particles,

o Eliminate curvature singularities in black holes and the early universe, and

e Yield concrete, experimentally accessible predictions.

It does so without sacrificing any of the empirical successes of quantum mechanics or
general relativity, and without invoking extra dimensions, supersymmetry, or exotic topologies. In
this sense IPW can be viewed as a conservative extension of the established theories, guided
solely by the physical requirement that infinities be avoided.

The next few years—marked by the advent of third-generation gravitational-wave
detectors, next-generation CMB experiments, and high-luminosity colliders—will provide the data
needed to put the IPW hypothesis to the test. Whether the universe indeed hides its most extreme
phenomena behind a sea of infinitesimally punctured waves remains an open, experimentally
tractable question.
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