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Abstract

A recent extended-AMPT study proposed reconstructing proton polarization in heavy-ion
collisions from the measurable polarizations of the A hyperon and hypertriton, f,g\H The present
work derives the complete nonlinear coalescence relation implied by the reported spin-density
weights and performs a provenance-preserving extraction of the published polarization bands.

The principal structural result is that, within the adopted J™ = %Jr spin-density coalescence map,

a polarization common to the neutron, proton, and A is preserved exactly: if P, = P, = Py = P4,
then Py = P without attenuation or nonlinear distortion. This is an exact identity of the
adopted coalescence map; its experimental applicability depends on whether the constituent
polarization and projection assumptions describe hypertriton formation.

The commonly quoted linear combination (3P + Py)/4 is shown to reconstruct the average
nucleon polarization Py = (P, + P,)/2, becoming a proton estimator only after the additional
condition P, = P, is imposed. Under that condition, the exact nonlinear inverse is a stable
quadratic root whose leading departure from the linear estimator is cubic in polarization. Across
nine digitized collision-energy coordinates, the largest correction is 9.066 x 10~° percentage points,
or 3.789 parts per million of the reconstructed polarization. Within the Aether Physics Model,
exact common-mode preservation is interpreted as angular registration transmitted through
composite formation, while species-dependent residuals must enter through charge organization,
compatibility geometry, and transport history. The analysis preserves the universal quantum
length A\c and the invariant mass-to-magnetic-charge relation my /exmax> = mchg.

Keywords: hypertriton; nucleon polarization; angular registration; coalescence; nonlinear estimator;
QMU; APM,; provenance-preserving digitization

1 Introduction

Noncentral heavy-ion collisions carry substantial orbital angular momentum and produce measurable
global polarization of A hyperons. The source study by Liu et al. [2026] extends this program by
proposing that proton polarization can be inferred from the polarizations of A and f,”\H The method
uses the self-analyzing weak decays of the latter particles and a coalescence relation obtained from
their constituent spin-density weights. The published central formula is

3Py + Py
P, ~ — 1 (1)

where the identification with the proton depends on the approximation P, ~ P,.

The source calculation is performed in an extended AMPT framework incorporating hadronization,
spin-dependent scattering, resonance feed-down, and coalescence at kinetic freeze-out [Lin et al.,
2005, Liu et al., 2026]. The hypertriton construction follows a density-matrix coalescence framework
related to earlier work on polarized hypernuclei [Scheibl and Heinz, 1999, Sun et al., 2025].

The central question of this paper is whether the coalescence map transmits a polarization shared by
all three constituents without modifying it. Answering that question also clarifies what the published
inverse actually reconstructs and establishes the precision at which its linear approximation remains
valid. The analysis therefore proceeds in three stages: first, the complete nonlinear relation retained
by the spin-density factors is recovered and its common and differential polarization modes are
separated; second, the exact inverse under nucleon equality is derived; and third, Figures 2 and 3 of
the source paper are extracted into a provenance-preserving numerical ledger containing the raster
calibration, visible bounds, occlusion status, and derived quantities. The resulting structure is then
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interpreted within the Aether Physics Model and Quantum Measurement Units without introducing
particle-specific quantum lengths or a particle-dependent mass-to-magnetic-charge ratio.

2 QMU constraints and notation

2.1 Universal quantum length

The APM quantum length is the Aether Unit quantum length. It is not rescaled by particle mass.
For every particle considered here,

Xe =Xy =An = Ay = Ac. (2)

The conventional mass-dependent Compton scale is therefore not introduced as a second physical
quantum length in this analysis.

2.2 Invariant mass-to-magnetic-charge relation

Particle masses and distributed magnetic charges vary proportionally while their ratio remains

invariant: m m m m
A
mchg = o= P = no = . (3)

eemax2 epmaXQ enmax2 € Amax

Here eymax’ is the established notation for a particle magnetic charge and distinguishes that
distributed magnetic charge from electrostatic charge e2. Only e2 denotes the maximum magnetic
charge of the Aether Unit. The present notation follows the QMU conversion and distributed-charge
framework [Thomson III, 2025¢,b].

Equation (3) implies

exmax2 1
My mchg
so neither a changing A¢ nor a changing mchg can be used to explain particle-to-particle polarization
differences. Those differences must be assigned to organization, orientation, interaction history, or
composite compatibility.

The parent QMU closure remains
A, curl = Fq2 )\(;2, (5)

while the polarization observables studied below are dimensionless population imbalances and
therefore require no additional dimensional conversion.

3 Exact hypertriton coalescence relation

3.1 Spin-density weights

Let
1+ P

Wi+ =
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be the diagonal spin-density weights for constituent i € {n,p, A}. The source paper gives the
hypertriton spin-statistical factors as weighted products of these constituent probabilities. When
the phase-space factor is common to the two hypertriton spin projections, the resulting polarization
is

Ny - N_
- N, +N_°

Direct algebra gives the complete nonlinear relation

Py (7)

b _ 2Pu+2P, — Pr — 3P FyPy
"= "3 _2P\(P,+ P,) + P,P,

The familiar linear law follows by discarding terms of third and higher order:

2 2 1
Py =Pt 3B — 2Py + o(P?). (9)

3.2 Average nucleon polarization

Define PP
Equation (9) then yields
Py + P,
Py = 311% oY) | (11)

Thus the measured combination is fundamentally an average nucleon estimator. It becomes a proton
estimator only after the supplementary condition P,, = P, is imposed.

3.3 Exact common-mode inheritance

Let all three constituents share one polarization Py:

P, =P, =Py = Py. (12)
Substitution into Eq. (8) gives
3Pa(1 —1 31)
Py = = Py. 13
H 3(1—P3) A (13)

This equality is exact. The hypertriton coalescence map therefore transmits the common polarization
mode without attenuation or nonlinear distortion.

For small constituent departures, write
P, =Py +6,. (14)
Expanding Eq. (8) to first order in the residuals gives

26, + 26, — 6

Py = Pa+ A o2, (15)

The common mode is therefore normalized to unity, while the differential modes are transferred
with the rational compatibility coefficients 2/3, 2/3, and —1/3.
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The status of this result must be separated into two levels. Algebraically, Eq. (13) is exact once
the reported spin-density weights, the common phase-space factor for the two hypertriton spin
projections, and the adopted J™ = %+ hypertriton projection structure are accepted. It does
not depend on the detailed AMPT transport history after the constituent polarizations entering
coalescence have been specified.

Empirically, however, common-mode preservation is tested only together with those coalescence
assumptions. Experimental confirmation would require evidence that the neutron, proton, and A
possess an approximately common polarization component at coalescence and that hypertriton
formation follows the assumed projection weights. A departure from Py = P4 would therefore
constrain the constituent-state assumptions, phase-space correlations, hypertriton spin configuration,
or formation mechanism; it would not alter the algebraic identity of the stated map.

3.4 Exact nonlinear inverse under nucleon equality

Set P, = P, = Py in Eq. (8). Rearrangement gives
(Pr + 3Py) PRy — 4(1 + Py Py)Py + (3Py + Py) = 0. (16)

The physically small and numerically stable root is

3Py + Py
Py = . (17)
2(1 4+ Py Py) + /A1 + Py Py)2 — (Py + 3Py)(3Pg + Py)
Polarizations in Eq. (17) are dimensionless fractions rather than percentages.
Expanding the root about zero polarization gives
i 3(Py — Py)?(3Pg + P,
Pnl _ Phn — ( H A)64( H + A) + O(P5), (18)
where 3p p
P 2HT A (19)
4
Equivalently,
; in3(Py — Py)?
Py — Pir = ]%“(Hm“) +O(P%). (20)

4 Provenance-preserving extraction

4.1 Source and native raster images

Figures 2 and 3 were extracted directly from the source PDF as their native embedded raster images.
Figure 2 is 2100 x 810 pixels and Figure 3 is 1600 x 717 pixels. The extraction uses the published
AMPT bands rather than independently simulated events. It therefore tests the internal numerical
and algebraic content of the published figures, not the underlying transport code.

The collision-energy axes were calibrated logarithmically from the labeled 10 and 100 coordinates,

:L‘(E) =210+ (331[)0 — 5510) 10g10(E/10), (21)
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while polarization and transverse-momentum axes were calibrated linearly. Nine collision-energy
coordinates were sampled:

7.7, 11.5, 14.5, 19.6, 27, 39, 54.4, 62.4, 200, (22)

retaining the source paper’s collision-energy labels. Figure 3(b) was sampled at nine transverse-
momentum coordinates from 0.125 through 1.125 in increments of 0.125.

4.2 Band centers, bounds, and occlusion

For isolated bands, the central digitized value is the midpoint of the visible upper and lower raster
envelope. For Figure 3, the reconstructed center is the direct proton midpoint multiplied by the
midpoint of the plotted ratio band. The visible reconstructed envelope is retained separately and is
not treated as an independent statistical measurement.

Figure 2(c) contains opaque overlapping bands. Portions hidden under the upper layer cannot be
recovered from the raster. No hidden values were invented. Direct hypertriton entries are marked
as visible-color extents or fully occluded. The recommended kinetic-freeze-out hypertriton series is
therefore derived from independently digitized quantities:

_ 4Py — Py

Py 3

(23)

Conservative outer bounds use the lower Py with upper Py and the upper Py with lower Pj.

Every ledger row records the source figure, panel, PDF page, sampled pixel coordinate, visible pixel
range, calibration method, confidence, occlusion status, and whether the value is recommended for
analysis. The machine-readable ledger and validation report accompany this paper.

5 Extracted results

5.1 Freeze-out polarization hierarchy

Figure 1 displays the extracted freeze-out quantities. Across all sampled energies, the reconstructed
nucleon polarization exceeds the A polarization, while the derived hypertriton polarization is larger
still because Eq. (23) amplifies the nucleon—A difference. The center difference Py — Py ranges from
0.041 to 0.337 percentage points over the sampled grid.
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Provenance-preserving freeze-out reconstruction

—&— P, freeze-out —h— reconstructed Py
- direct P, —&- derived Py

2.5 1

2.0

1.5

polarization (%)

0.5 A

0.0 1.

101 102
source collision coordinate Vsyy (GeV)

Figure 1: Digitized and derived kinetic-freeze-out polarization curves. Error bars are the raster-
extracted band limits or conservative propagated outer bounds. The collision coordinate is retained
exactly as reported by the source paper.

Table 1 lists the central values used in the nonlinear analysis.

Table 1: Central digitized and derived polarization values. Polarizations are reported in percent;
the nonlinear correction is reported in parts per million of P]l\i,n.

/SNN Py direct P, P}\i,n derived Py correction

source GeV % % % % ppm
7.7 2.056 2.219  2.393 2.505 3.789

11.5 1.607 1.776  1.873 1.962 2.364

14.5 1.274 1.490 1.606 1.717 3.687

19.6 1.040 1.190 1.311 1.401 2.455

27 0.790 0.971 1.016 1.092 1.714

39 0.599 0.792 0.773 0.831 1.011

54.4 0.508 0.702 0.724 0.797 1.562

62.4 0.476 0.662 0.693 0.766 1.570

200 0.238 0.313 0.279 0.293 0.056

5.2 Reconstruction ratios

The Figure 3 energy-ratio centers range from 0.891 to 1.102; the transverse-momentum centers range
from 0.977 to 1.141. Their visible bands include or closely approach unity throughout the plotted
domain, consistent with the source paper’s conclusion that the linear reconstruction reproduces the
direct proton calculation within the displayed uncertainties.
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Digitized reconstruction ratio across collision energy
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Figure 2: Digitized reconstruction ratio across the source collision-energy coordinate. The dashed
line marks unity.

Digitized reconstruction ratio across transverse momentum
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1.3 1
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Figure 3: Digitized reconstruction ratio across the source transverse-momentum coordinate. The
dashed line marks unity.
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5.3 Independent check against the visible hypertriton band

The derived hypertriton center from Eq. (23) was compared with the midpoint of the visible
Figure 2(c) freeze-out extent. The mean absolute difference is 0.0246 percentage points, the root-
mean-square difference is 0.0376 percentage points, and the maximum absolute difference is 0.0903
percentage points. The largest difference occurs at the lowest sampled energy, where raster thickness
and overlap are greatest. This agreement validates the cross-panel reconstruction at the precision
allowed by the published image.

5.4 Nonlinear correction

Figure 4 shows the exact correction from Eq. (17) relative to the linear estimator. The maximum
extracted correction is
APN max = 9.066 x 1079 percentage points (24)

at the source coordinate \/syny = 7.7, corresponding to 3.789 parts per million of the reconstructed
polarization. The cubic approximation in Eq. (18) reproduces the exact correction to substantially
better precision than the raster extraction supports.

Exact nonlinear correction to the linear estimator

3.51

3.0 A1

2.5

2.0 A1

1.5 1

1.0

0.5 A1

0.0 1

10! 10?
source collision coordinate vsyy (GeV)

nonlinear correction (ppm of reconstructed polarizatio

Figure 4: Exact nonlinear correction in parts per million of the reconstructed nucleon polarization.

5.5 Hadronic-phase retention

The digitized center retention ratios are shown in Figure 5. Across the sampled coordinates, the
A center ratio spans 0.663-0.815, while the proton center ratio spans 0.814-0.940. These center
estimates preserve the source paper’s qualitative distinction: A polarization is more strongly modified
by the hadronic phase than proton polarization.
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Digitized center retention through the hadronic phase
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Figure 5: Digitized central retention ratios from Figure 2. These are ratios of raster midpoints and
are not replacements for the authors’ underlying statistical analysis.

6 APM interpretation

6.1 Common polarization as an angular-registration mode

Equation (13) is the principal structural result. A shared constituent polarization survives coalescence
exactly. In APM terms, the collision environment establishes a common angular registration P4
in the surrounding Aether compatibility geometry. Composite formation does not create that
orientation; it registers the already organized constituents into the hypertriton geometry.

The linear compatibility functional is
P,
_[2 2 1

Its coefficients sum to unity, and the full nonlinear map preserves the same common mode. The
negative A coeflicient is therefore a composite projection coefficient, not a negative magnetic charge
assignment. It identifies how the A orientation enters the total hypertriton angm registration.

6.2 Residual decomposition

With

Eq. (15) separates the common Aether registration from particle-dependent residuals. Since Eq. (2)
and Eq. (3) are invariant, the residuals cannot be attributed to different quantum lengths or different
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mass-to-magnetic-charge ratios. They must arise from such factors as

__ scharge organization geometry transport decay
0y = 05 + 0% + 0 + 05, (27)

The source calculation explicitly supplies examples of the latter terms through resonance feed-down
and spin-changing scattering.

6.3 Average nucleon polarization and the unresolved difference mode

The linear observable determines Py, not P, alone. Define

Ay = Py, — P, (28)
Then A A
g:mfgﬂ &:m+;ﬂ (29)

The hypertriton relation has equal proton and neutron coefficients and cannot determine A, by
itself. A second composite observable with unequal nucleon coefficients is required. This gives a
precise selection rule for future measurements: seek a polarized composite or decay channel with
response

Py = aP, + bP, + cPj, a #b. (30)

Combined with the hypertriton equation, such an observable would separate proton and neutron
orientation and directly test whether their differing charge organization produces a measurable
polarization split.

6.4 Result hierarchy and experimental interpretation

The results form a hierarchy that separates exact algebraic consequences from experimentally
testable assumptions:

1. Conditional exact structural identity. Within the adopted spin-density coalescence map,
equal constituent polarization gives

Po=P,=P\=Py, = Py=P,

without approximation. This is the exact common-mode result.

2. Average-nucleon reconstruction. For small polarization,

3P + Py B PnJer
4 2

+ O(P?).

The observable is therefore an average-nucleon estimator. It becomes a proton estimator only
after the additional condition P,, = P, is supplied.

3. Practical linear precision. Under P,, = P,, the exact inverse is Eq. (17), and its correction
to the linear estimator is governed by Eq. (18). For the published curves, that correction
remains at the parts-per-million level and is negligible relative to both the displayed uncertainty
bands and the raster-extraction precision.
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4. Difference-mode requirement. The unresolved quantity
Aypp =P, - P,

cannot be obtained from the hypertriton relation because the proton and neutron enter with
equal coefficients. Separating them requires a second polarization observable with unequal
proton and neutron weights.

This hierarchy identifies what is established exactly, what follows after an additional symmetry
condition, and what remains open to experiment. A measured departure larger than the nonlinear
correction could constrain A,,,, constituent phase-space correlations, an alternative hypertriton spin
configuration, or additional compatibility terms.

7 Limitations

The source curves are outputs of an extended AMPT transport calculation rather than direct simul-
taneous measurements of proton, neutron, A, and hypertriton polarization. The present work does
not reproduce the event simulation and does not claim an independent experimental determination
of those quantities. Its numerical contribution is a provenance-preserving reconstruction of the
published graphical output and an internal test of the relations displayed by that output.

Raster extraction cannot recover numerical values hidden beneath opaque overlapping bands. Such
cases are explicitly marked in the ledger, and no concealed values are inferred. The recommended
hypertriton series is instead reconstructed from independently visible quantities and checked against
the visible portion of the published hypertriton band.

The nonlinear relation is independent of the detailed AMPT evolution once the constituent polar-
izations are supplied, but it is not assumption-free. It depends on the reported spin-density weights,
cancellation of the common phase-space factor between the two hypertriton spin projections, and
the adopted J™ = %+ hypertriton structure. A different spin configuration or formation prescription
could produce a different nonlinear map and different projection coefficients. Exact common-mode
preservation is therefore an exact conditional identity of the stated coalescence model rather than
an already established experimental property of hypertriton production.

The inverse in Eq. (17) additionally requires P,, = P,. Without that equality, the full relation
depends separately on P, + P, and P, P,, so one hypertriton observable cannot recover both nucleon
polarizations. Finally, the APM interpretation identifies the universal constraints and the location
of particle-dependent residuals, but it does not yet derive the coefficients 2/3, 2/3, and —1/3 from a
complete three-particle Aether compatibility geometry. That derivation remains the next theoretical
objective.

8 Conclusion

The complete spin-density coalescence algebra reveals a hierarchy that is not visible in the source
paper’s linear proton estimator. Its central structural result is conditional but exact: within
the adopted J™ = %+ coalescence map, a polarization shared by the neutron, proton, and A is

transmitted to the hypertriton without attenuation or nonlinear distortion,

Py=P,=Py=Py = Py=Py. (31)
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The hypertriton therefore preserves the common constituent mode with unit gain, while differential
constituent modes enter through the rational coefficients 2/3, 2/3, and —1/3 at linear order.

The commonly used combination

3P, P
SlH + Ia (32)
4
is fundamentally an estimator of the average nucleon polarization
P,+ P
Py = %’ (33)

not uniquely of the proton polarization. Its proton interpretation requires the additional equality
P, = P,. Under that condition, the complete nonlinear inverse is given by Eq. (17). Its largest
correction over the digitized source curves is only 3.789 parts per million of the reconstructed
polarization, establishing that the linear expression is numerically sufficient throughout the published
regime.

The exact common-mode result is an identity of the stated coalescence map rather than an
independent experimental verification of that map. Experimental confirmation requires hypertriton
formation to obey the assumed constituent spin-density and projection structure. A future departure
from the predicted transfer law would therefore probe constituent polarization differences, phase-
space correlations, alternative hypertriton spin structure, or the formation mechanism itself.

Within the APM, the preserved mode is identified as common angular registration carried into the
composite geometry. Because the constituent particles share the universal quantum length Ac and

satisfy
My

5 = mchg, (34)

€xmax
species-dependent polarization differences cannot be assigned to different quantum lengths or
different mass-to-magnetic-charge ratios. They must arise through charge organization, compatibility
geometry, and interaction history. The next decisive theoretical and experimental target is therefore
the proton—neutron difference mode

App =P, — P, (35)

Resolving it requires a second composite polarization observable whose proton and neutron coefficients
are unequal. Such a measurement would convert the present common-mode identity into a direct
test of particle-specific angular organization within a shared Aether environment.

Data and Code Availability

The supplementary archive contains the complete numerical ledger, pixel calibrations, CSV tables,
native figure extractions, sampling overlays, validation report, and spreadsheet workbook used in
this analysis. The paper source package also includes the scripts required to regenerate the derived
figures and tables from the JSON ledger.
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article by Liu et al. [2026] is distributed under the Creative Commons Attribution 4.0 license;
the provenance overlays reproduce its published figures with added sampling marks for analytical
transparency.

A Complete nonlinear comparison

Table 2: Exact and linear nucleon estimators. Polarizations are in percent; the final column is the
exact-minus-linear difference in percentage points.

syn derived Py Py P}\ifn P]‘\l,1 difference
7.7 2.504971 2.055556  2.392617450 2.392626515 9.066 x 10~°
11.5 1.962188 1.607143 1.873427013 1.873431443 4.429 x 10~°
14.5 1.717175 1.273810 1.606333893 1.606339814 5.922 x 1076
19.6 1.401482 1.039683 1.311031879 1.311035097 3.218 x 10~°
27 1.092011 0.789683 1.016428971 1.016430713 1.742 x 10~°
39 0.831445 0.599206 0.773385067 0.773385849 7.821 x 10~ 7
54.4 0.796571 0.507937 0.724412752 0.724413883 1.132 x 106
62.4 0.765580 0.476190 0.693232662 0.693233751 1.089 x 10~
200 0.292559 0.238095 0.278942953 0.278942969 1.551 x 1078

B Transverse-momentum extraction

Table 3: Figure 3(b) digitization. Polarizations are in percent.

pr direct P, reconstructed ratio center ratio bounds
source GeV/c % %

0.125 2.819 2.753 0.9766  [0.8594, 1.0938]
0.250 2.756 2.735 0.9922  [0.8906, 1.0938]
0.375 2.689 2.710 1.0078  [0.9219, 1.0938]
0.500 2.568 2.588 1.0078  [0.9219, 1.0938]
0.625 2.438 2477 1.0156  [0.9219,1.1094]
0.750 2.251 2.356 1.0469 [0.9062,1.1875]
0.875 2.067 2.229 1.0781  [0.8906, 1.2656]
1.000 1.870 2.089 1.1172  [0.8125,1.4219]
1.125 1.687 1.924 1.1406  [0.7344, 1.5469]
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C Sampling provenance

14

(@)oot ezt exrcion s (b) (c)
5_"'I i T T i T T o 7T
: Proton (p) Hypertriton (iH)
a4t o) -+ == AMPT (Hadronization) - .
i 17) ¥ AMRT (Kinetic Freeze-out)
3L * A (STAR, 2023) 1 a E
S 1 '
& 2'_: T % - b
: N
N b ] ]
: ~.% 1 % -
0| A ke T.L.1 M I
10 100 10 100

v/ SNN [GeV]

V8NN [GeV]

Figure 6: Figure 2 sampling overlay. Vertical lines mark the selected collision-energy coordinates.
Reproduced from Liu et al. [2026] under CC BY 4.0 with sampling marks added.

a Sampling overlay: energy and pT extraction positions
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Figure 7: Figure 3 sampling overlay. Vertical lines mark the selected collision-energy and transverse-
momentum coordinates. Reproduced from Liu et al. [2026] under CC BY 4.0 with sampling marks

added.
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