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Abstract

In the Aether Physics Model (APM), all primary subatomic angular momenta arise from a
single Aether-fixed geometric invariant: the Compton-area torus λC

2 = (Au · curl)/Fq
2. The

corresponding Aether unit carries a spherical electrostatic dipole of magnitude e2, with negative
polarity for the electron and positive polarity for the proton. Magnetic charge exmax

2 resides on
a loxodrome-cardioid-torus structure, created by the motion of a mass string inside the Aether
magnetic path. This paper introduces a toroidal radius ledger for all species x ∈ {e,p,n} in
terms of species fine structures αx, and extends it to a cardioid deformation arising from 5D
holonomy.

To leading order in a holonomy parameter ϵx, the cardioid-torus preserves the Ledger-One
area λC

2 while acquiring a nonzero intrinsic quadrupole moment

Q(intr)
x = −exmax

2 λC
2 κx ϵx, κx = 6 + α4

x

8π2 .

Specializing to the proton and neutron gives Q(intr)
p and Q(intr)

n , which enter hydrogen hyperfine
corrections and the neutron’s negative mean-square charge radius, respectively. The derivation is
conducted entirely in Quantum Measurement Units (QMU) [Thomson(2025a)], and the proton
radius discrepancy is interpreted as an artifact of imposing rigid spherical geometry on a flexible
cardioid–toroidal Aether structure whose aspect ratio varies within an Aether shape window.

Keywords: QMU; APM; Aether; toroidal radius; cardioid; holonomy; proton; neutron

1 Introduction

Institutional attribution follows the QADI reference identity [Thomson(2025b)]. The Aether Physics
Model (APM), formulated in Quantum Measurement Units (QMU), posits that all physical systems
arise from structured Aether units whose intrinsic geometry is captured by ledger identities. A
central role is played by the Ledger-One identity

Au curl = Fq
2 λC

2,

in which the Aether unit Au and curl combine to produce the Compton propagation invariant
Fq

2λC
2. Because FqλC = c, Ledger One encodes the propagation constant of electromagnetism as a

product of rotational and torsional geometries.

In the APM, the Aether unit is not electrically neutral. It carries a spherical electrostatic dipole of
fixed magnitude e2 in 5D, with negative polarity for the electron Aether sphere and positive polarity
for the proton Aether sphere. Magnetic charge, by contrast, resides on a loxodrome-cardioid-torus
structure and is proportional to the angular momentum of the mass string captured in that structure.
The electrostatic charge (e2) is constant across species, while the magnetic charge (exmax

2) is species
specific.

From this perspective, the so-called “proton radius puzzle”—the discrepancy between proton radii
extracted from different spectroscopic and scattering measurements [Pohl et al.(2010)]—is not a
fundamental inconsistency, but a signature of a flexible nucleon geometry. Different experimental
probes sample different realizations of the same cardioid–toroidal surface, whose Ledger-One area
λC

2 remains fixed while its aspect ratio αp is allowed to vary within an Aether shape window.

Earlier APM work introduced toroidal radii [Thomson(2006)]. for the electron, proton, and neutron
using the Compton length and species fine structures. The present paper provides a ledger-first
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formulation of those radii in QMU, extends the toroidal surface to a cardioid cross-section induced
by 5D holonomy, and derives the leading intrinsic quadrupole moments Q(intr)

x for x ∈ {p, n}. These
quadrupoles are then related to hydrogen hyperfine corrections and the negative mean-square charge
radius of the neutron.

2 Ledger Closure and Aether Dipoles

2.1 Ledger-One identity and Compton area

The canonical closure identity for Aether rotation is

Au curl = Fq
2 λC

2 .

This provides the Aether-fixed Compton area

λC
2 = Au · curl

Fq
2 . (1)

Planck-type angular momentum units in QMU close against Ledger One as

he = meλC
2Fq = me

Au · curl
Fq

, (2)

for the electron. For a general species x with mass mx,

hx = mxλC
2Fq = mx

Au · curl
Fq

. (3)

The angular momentum is thus a product of the species mass and a fixed Aether geometry.

2.2 Mass string and quantum velocity

It is often useful to decompose the angular momentum in terms of a mass string of length λC and
the quantum velocity:

Lstr = λC , (4)
vq = λCFq, (5)
hx = (mxLstr) vq = mxλC

2Fq. (6)

For the electron,
he = meλC

2Fq. (7)

In QMU it is convenient to treat the angular-momentum unit as

angmx ≡ (mxλC) (λCFq), (8)

so that the electron case is simply he = angme = meλC
2Fq.
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Figure 1: Double-sphere Aether unit in the APM/QMU geometry. The upper, light-blue sphere
represents the negative electrostatic Aether dipole associated with the electron; the lower, pinkish
sphere represents the positive electrostatic Aether dipole associated with the proton. The dark-blue
loxodrome is the electron mass string and magnetic path, while the red loxodrome is the proton
mass string and magnetic path. Both loxodromes live on the same Ledger-One Compton-area λC

2,
but differ by species mass and fine-structure parameter.

2.3 Electrostatic Aether dipoles

The Aether unit carries a 5D spherical electrostatic dipole of magnitude e2. The sign of the dipole
distinguishes the electron and proton Aether spheres:

electron Aether sphere : − e2, (9)
proton Aether sphere : + e2. (10)

The electrostatic dipole is spherical in 5D and produces no net current when viewed in the Aether
rest frame; it serves as the common electrostatic source for all species constructed from that Aether
unit.

Figure 1 provides a visual representation of the double-sphere Aether unit. The electron and
proton appear as distinct loxodromic trajectories on the same Aether geometry, whose double-sphere
electrostatic dipole separates into negative and positive sectors.

3 Magnetic Charge and the Toroidal Radius Ledger
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3.1 Magnetic charge from Aether conductance

Magnetic charge is not an independent attribute of the Aether dipole, but a property of the
loxodrome-cardioid-torus structure created by the moving mass string. The Aether conductance
(cond) relates angular momentum to magnetic charge. For the electron,

eemax
2 = he cond. (11)

Using he = meλC
2Fq, the conductance is

cond = eemax
2

he
= eemax

2

meλC
2Fq

. (12)

In QMU the magnetic flux unit satisfies

mflx = meλC
2Fq

eemax2 , (13)

so that
cond = 1

mflx [Thomson(2025c)]. (14)

For a general species x, the magnetic square-charge is

exmax
2 = hx cond = mxλC

2Fq cond. (15)

We denote the proton and neutron values by epmax
2 and enmax

2, respectively. The ledger relation
exmax

2 = hxcond ties each species’ magnetic charge directly to its angular momentum on the Aether
torus.

3.2 Toroidal radii from species fine structures

Let x ∈ {e,p, n} and assign each species a fine-structure parameter αx:

αx =


αe (x = e),

αp (x = p),

αn (x = n).

(16)

For the electron, αe coincides with the usual fine-structure constant α, so that αe ≡ α; the proton
and neutron parameters αp and αn generalize this concept to the corresponding nucleon Aether
geometries in QMU.

Define the base toroidal radii
rx = λCαx

2π , Rx = λC

2παx
. (17)

Dimensionless radii are
ρx = rx

λC
= αx

2π , Rx = Rx

λC
= 1

2παx
. (18)

Their product is invariant:

4π2ρxRx = 1, ⇒ rxRx = λC
2

4π2 . (19)
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The torus surface area is therefore species independent:

Atorus,0(x) = (2πrx)(2πRx) = 4π2rxRx = λC
2. (20)

This shows that all three primary species share a common Aether-fixed toroidal surface whose
area is exactly the Compton area λC

2. Species differences are encoded in the aspect ratio (ρx,Rx)
determined by αx.

4 Cardioid–Toroidal Holonomy in 5D

4.1 Cardioid deformation of the minor radius

The base torus of Eq. (17) has a circular minor radius. In the APM, holonomy of the 5D structure,
when viewed from 4D, deforms the circular cross-section into a cardioid. For species x, introduce
a dimensionless holonomy parameter ϵx [Thomson(2025d)], representing the geometric stress of
mapping a 5D loxodromic Aether path into the observable 4D manifold, and define the cardioid
minor radius

rcardioid,x(ϕ) = rx
(
1 + ϵx cosϕ

)
, ϕ ∈ [0, 2π). (21)

Here ϵx = 0 corresponds to a circular torus, while ϵx ̸= 0 produces a cardioid cross-section. To linear
order in ϵx, the total surface area of the cardioid-torus remains equal to the base torus area.

Consider the standard torus parameterization

x(u, ϕ) =
(
Rx + rcardioid,x(ϕ) cosϕ

)
cosu, (22)

y(u, ϕ) =
(
Rx + rcardioid,x(ϕ) cosϕ

)
sin u, (23)

z(u, ϕ) = rcardioid,x(ϕ) sinϕ, (24)

with u, ϕ ∈ [0, 2π). The surface element is dS = |∂ur × ∂ϕr| du dϕ. At O(ϵx), the cardioid-torus
area is

Acardioid(x) =
∫ 2π

0

∫ 2π

0
|∂ur × ∂ϕr| du dϕ = 4π2rxRx = λC

2. (25)

Holonomy thus redistributes the surface while preserving the Ledger-One area.

4.2 Loxodrome and mass string

Let (u, ϕ) denote the toroidal angles. A loxodrome on the torus obeys

ϕ = kxu, (26)

for some species-dependent winding parameter kx. This loxodrome is the path traced out in the
Aether geometry; it does not carry a mass current in the usual sense. Instead, the APM picture is:

• each species x has a mass string of length λC with total mass mx, so that the string quantity
is

Sx = mxλC ; (27)
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• the Aether rotation moves this mass string perpendicularly to itself through the loxodrome
with a quantum velocity

vq = λCFq; (28)

• one quantum period
Tq = 1

Fq
(29)

corresponds to the mass string sweeping a Compton-length segment λC along the loxodrome.

The angular momentum of species x is therefore the mass string Sx multiplied by the perpendicular
sweep velocity vq:

hx = Sx vq = (mxλC) (λCFq) = mxλC
2Fq. (30)

For the electron, this gives
he = meλC

2Fq, (31)

in agreement with the Ledger-One construction.

The loxodrome specifies where in the Aether unit the mass string is transported; the Aether
conductance (cond) then converts this perpendicular mass-string motion into magnetic square-
charge. The species magnetic charge is

exmax
2 = hx cond, (32)

so that eemax
2 = hecond for the electron and exmax

2 = hxcond for a general species x.

5 Magnetic Surface Density and Intrinsic Quadrupole

5.1 Magnetic surface density on the cardioid-torus

The total magnetic charge of species x is exmax
2, distributed over the cardioid-torus surface of area

λC
2. Assuming uniform surface density at the ledger level, the mean magnetic surface density is

σx = exmax
2

Acardioid(x) = exmax
2

λC
2 . (33)

5.2 Definition of the quadrupole moment

Choose the z-axis as the reference axis. The traceless quadrupole moment of a surface distribution
is

Qx ≡ Q(x)
zz =

∫
(3z2 − r2)σx dS, (34)

where r2 = x2 + y2 + z2, and the integral is over the species-specific cardioid-torus surface. For a
circular torus (ϵx = 0), the geometry is symmetric under z → −z, and Qx = 0. The first nonzero
contribution appears at linear order in ϵx.
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5.3 Leading intrinsic quadrupole for the cardioid-torus

Evaluating Eq. (34) to first order in ϵx gives

Q(intr)
x ≈ −2π2σx r

2
x(6R2

x + r2
x) ϵx. (35)

Using

r2
x = λC

2α2
x

4π2 , R2
x = λC

2

4π2α2
x

, (36)

one finds
6R2

x + r2
x = λC

2

4π2

( 6
α2

x

+ α2
x

)
, (37)

and
r2

x(6R2
x + r2

x) = λC
4

16π4

(
6 + α4

x

)
. (38)

Substituting into Q(intr)
x and using σx = exmax

2/λC
2 from Eq. (33) yields

Q(intr)
x ≈ −exmax

2 λC
2 6 + α4

x

8π2 ϵx. (39)

With the definition
κx = 6 + α4

x

8π2 , (40)

the leading intrinsic quadrupole of the cardioid-torus is

Q(intr)
x = −exmax

2 λC
2 κx ϵx. (41)

Cardioid–Toroidal Radius Ledger (QMU)

L1: Au curl = Fq
2λC

2, λC
2 = Au curl

Fq
2 ,

Rad: rx = λCαx

2π , Rx = λC

2παx
,

Area: rxRx = λC
2

4π2 , Atorus,0(x) = (2πrx)(2πRx) = λC
2,

Mag: exmax
2 (species magnetic square-charge), σx = exmax

2

λC
2 ,

Hol: rcardioid,x(ϕ) = rx(1 + ϵx cosϕ) , Acardioid(x) = λC
2,

Quad: κx = 6 + α4
x

8π2 , Q(intr)
x = −exmax

2 λC
2 κx ϵx.

For the proton and neutron, the specializations κp =
6 + α4

p

8π2 and κn = 6 + α4
n

8π2 give

Q(intr)
p = −epmax

2 λC
2 κp ϵp, (42)

Q(intr)
n = −enmax

2 λC
2 κn ϵn. (43)
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6 Proton Cardioid and Hydrogen Hyperfine Splitting

6.1 Baseline hyperfine splitting in QMU

The hydrogen hyperfine splitting arises from the interaction of the electron and proton magnetic
dipoles in the proton’s electromagnetic field. In QMU, the Fermi (pointlike) contribution can be
written as

E
(0)
hfs = ΞF µe µp, (44)

where µe and µp are the QMU magnetic dipole moments of the electron and proton, and ΞF is a
QMU coupling factor that includes the electron wavefunction at the origin and geometric constants.

Finite-size and shape effects modify this as

Ehfs = E
(0)
hfs
(
1 + δZ + δQ + δED + · · ·

)
, (45)

where δZ is the Zemach correction, δQ is the correction associated with the intrinsic quadrupole of
the proton magnetic surface, and δED captures the coupling between the proton’s electric dipole
structure and the hyperfine interaction.

6.2 Quadrupole correction from the proton cardioid-torus

The quadrupole correction can be written more explicitly as

δQ = 1
E

(0)
hfs

∫
d3r |ψ1s(r)|2 HQ(r), (46)

where ψ1s is the hydrogen 1s wavefunction in QMU and HQ is the quadrupole contribution to the
hyperfine Hamiltonian. For a static quadrupole distribution one may write

HQ(r) = µe ΦQ(r), (47)

with a QMU quadrupole potential

ΦQ(r) = kC

2
Q

(intr)
p

e2 λC
2
D2(r̂)

(r/λC)3 . (48)

Here D2(r̂) is the usual dimensionless angular quadrupole pattern. Inserting Eq. (48) into Eq. (46)
and comparing with the compressed form

δQ = ΛQ
Q

(intr)
p

e2 λC
2 , (49)

gives the explicit expression

ΛQ = kC µe

2E(0)
hfs

∫
d3r |ψ1s(r)|2 D2(r̂)

(r/λC)3 . (50)

Substituting Eq. (42) into Eq. (49) yields

δQ = −ΛQ

(
epmax

2

e2

)
κp ϵp. (51)
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6.3 Electrostatic dipole distortion and hyperfine correction

The proton Aether sphere carries a spherical electrostatic dipole of magnitude +e2. The proton’s
cardioid-torus magnetic geometry distorts the local Aether geometry, and hence the effective
electrostatic potential experienced by the bound electron. To leading order in ϵp, this can be
encoded as

δED = −ΛED κp ϵp, (52)

where ΛED is another dimensionless QMU coupling factor.

The total proton-shape–dependent correction to the hydrogen hyperfine splitting is then

∆E(shape)
hfs = E

(0)
hfs

[
−ΛQ

(epmax
2

e2

)
κpϵp − ΛED κpϵp

]
. (53)

Both corrections vanish when ϵp = 0, and both inherit the same geometric dependence on κp.

7 Neutron Cardioid and the Negative Charge Radius

7.1 Aether dipoles in the neutron

The neutron has zero net electric charge, but in the APM it is composed of a positive Aether dipole
(proton Aether sphere) and a negative Aether dipole (electron Aether sphere) whose electrostatic
charges ±e2 cancel globally. The proton Aether sphere is more centrally concentrated, while the
electron Aether sphere is extended. The overlapping electrostatic dipoles do not cancel locally:

• near the center of the neutron, the positive proton Aether dipole dominates;
• at larger radii, the extended negative electron Aether dipole dominates.

The resulting effective charge density of the neutron in 4D has a central positive region and an
outer negative region, even before holonomy-induced cardioid distortions are included.

7.2 Magnetic quadrupole and Aether response

The neutron’s magnetic structure is represented by its cardioid-torus with intrinsic quadrupole given
by Eq. (43). The 5D Aether electrodynamics couples this magnetic geometry to the electrostatic
dipole structure, producing a deformation of the effective 4D electric charge density ρn(r). To first
order in ϵn one may write the induced density as an Aether response to the magnetic field:

ρ(1)
n (r) = −∇i

[
χij

A(r)Bj(r)
]
, (54)

where χij
A(r) is a dimensionless QMU Aether response tensor and Bj(r) is the neutron’s magnetic

field generated by the cardioid-torus carrying enmax
2.

The full charge density is
ρn(r) = ρ(0)

n (r) + ϵn ρ
(1)
n (r) + O(ϵ2n), (55)

with
∫
ρn d

3r = 0 and
∫
ρ

(0)
n (r) d3r = 0.
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Figure 2: Neutron formation sequence in the APM. The upper row shows the electron Aether
unit (negative e2) with its loxodromic magnetic path; the lower row shows the proton Aether unit
(positive e2) with its loxodromic magnetic path. As the proton Aether unit folds over the electron
Aether unit, the positive electrostatic sphere binds to the negative electrostatic sphere while the
proton and electron magnetic charges also bind. The rightmost pair of spheres illustrates the
resulting neutron: an inner positive region dominated by the proton Aether sphere and an outer
negative shell dominated by the electron Aether sphere, yielding a central positive core and extended
negative halo that naturally produces a negative mean-square charge radius.

The neutron’s mean-square charge radius [Koester and Nistler(1975)] is

⟨r2
n⟩ = 1

e2

∫
r2ρn(r) d3r. (56)

The lowest nonvanishing contribution from holonomy is

⟨r2
n⟩ ≈ ϵn

e2

∫
r2ρ(1)

n (r) d3r. (57)

Using Eq. (54) and integrating by parts, this can be encoded in a dimensionless Aether response
coefficient Ξn defined by

Ξn = − λC
2

Q
(intr)
n

∫
d3r r2 ∇i

[
χij

A(r)Bj(r)
]
, (58)

so that ∫
r2ρ(1)

n (r) d3r = Ξn
Q

(intr)
n

λC
2 . (59)

Substituting Eq. (43) gives

⟨r2
n⟩ ≈ ϵn

e2 Ξn
−enmax

2λC
2κnϵn

λC
2 = −Ξn

(
enmax

2

e2

)
κn ϵ

2
n. (60)
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Thus the dimensionless neutron mean-square radius is

⟨r2
n⟩

λC
2 ≈ −Ξn

(
enmax

2

e2

)
κn ϵ

2
n. (61)

Since ϵ2n > 0 and Ξn > 0 at the response level, this expression is negative, in agreement with the
empirically negative neutron charge radius.

The sign and magnitude of ⟨r2
n⟩ thus emerge from an interplay between:

1. the overlapping positive and negative Aether dipoles inside the neutron (visualized in Fig. 2),
2. the cardioid-torus holonomy encoded in ϵn and Q

(intr)
n ,

3. the Aether response coefficient Ξn defined in Eq. (58).

8 Discussion and Outlook

The Aether Physics Model, formulated in QMU, yields a unified geometric picture of electron,
proton, and neutron structure in which:

• all primary species share a common Aether-fixed toroidal surface of area λC
2,

• magnetic charge exmax
2 resides on a loxodrome-cardioid-torus surface and is tied to the species

angular momentum via exmax
2 = hxcond,

• electrostatic charge e2 is a spherical Aether dipole, with polarity distinguishing electron and
proton Aethers,

• 5D holonomy deforms the torus into a cardioid cross-section without changing the Ledger-One
area.

The leading intrinsic quadrupole of the cardioid-torus is

Q(intr)
x = −exmax

2 λC
2 κx ϵx,

with a simple geometric factor κx and a holonomy amplitude ϵx. For the proton, this quadrupole and
the associated distortion of the Aether electrostatic dipole introduce shape-dependent corrections
to the hydrogen hyperfine splitting that are linear in ϵp. For the neutron, the overlap of positive
and negative Aether dipoles, combined with cardioid holonomy, naturally produces a negative
mean-square charge radius proportional to ϵ2n.

The dimensionless coefficients ΛQ, ΛED, and Ξn represent detailed 5D→4D Aether response functions.
They can be calculated from the APM field equations or treated phenomenologically and fit to data.
Precision measurements of hydrogen hyperfine splitting and the neutron charge radius thus provide
direct probes of the nucleon cardioid-torus holonomy in QMU.

Flexible Nucleon Radii and Shape Bounds

In the standard analysis of nucleon structure, proton and neutron radii extracted from different
experiments exhibit a puzzling spread of values. Within the APM/QMU framework this spread
is not an anomaly but a natural consequence of the toroidal geometry. The proton and neutron
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are not rigid spheres with a single fixed “radius”, but flexible cardioid–toroidal surfaces of fixed
Ledger-One area λC

2.

For each species x ∈ {p, n}, the toroidal radii

rx = λCαx

2π , Rx = λC

2παx
,

satisfy

rxRx = λC
2

4π2 , Atorus(x) = λC
2,

while the aspect ratio is controlled by the species fine-structure parameter αx. As αx varies, the
nucleon moves along a one-parameter family of shapes:

• αx < 1: thin ring torus with Rx > rx;
• αx = 1: horn torus with Rx = rx = λC/2π, maximally “round”;
• αx > 1: spindle-like torus with Rx < rx and hidden interior area.

All of these shapes share the same Compton-area ledger; what changes between scattering experiments
and bound-nucleon environments is the value of αx.

To characterize the physically allowed range of shapes, it is convenient to introduce the large and
small radii

rlarge,x = max{rx, Rx}, rsmall,x = min{rx, Rx},

and to posit a finite “shape window”

rsmall,x ≳ χG
mx

ma
λC , rlarge,x ≲ χA λC , (62)

with dimensionless parameters χG and χA to be determined experimentally. The lower bound
in Eq. (62) defines a Gravitational Compactness Limit in QMU: as the minor radius approaches
rsmall,x → χG(mx/ma)λC , the nucleon’s geometry approaches a gravitationally compact configuration
and the simple cardioid–torus description must fail. The upper bound defines an Aether Coherence
Limit: as the large radius approaches rlarge,x → χAλC , the loxodromic magnetic path becomes too
extended to be supported by the Aether unit at fixed exmax

2 = hxcond, and the nucleon “explodes”
into its constituent Aether excitations in high-energy collisions.

In this view, nucleon radius measurements probe not a single rigid radius but the allowed range of
αp and αn within the shape window Eq. (62). The proton and neutron are flexible cardioid–toroidal
Aether structures whose radii fluctuate within this range under the influence of binding, scattering,
and holonomy, while the ledger quantities λC

2, e2, exmax
2, and angmx remain fixed.

Future work will include:

• explicit evaluation of the Aether response coefficients ΛQ, ΛED, and Ξn,
• construction of QMU-based fits to existing hyperfine and neutron charge-radius data,
• development of experimental proposals optimized to discriminate between spherical and

cardioid-toroidal nucleon geometries.

The resulting constraints on ϵp and ϵn will serve as direct tests of the 5D holonomy structure
underlying the Aether unit in the Aether Physics Model.
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