Neutrinos as Entropy Carriers: A Unified
Framework for Entropy Transport and
Quantum Decoherence

Abstract

We present a theoretical framework examining when entropy transport constraints arise in
astrophysical and cosmological contexts,and propose neutrinos as dominant carriers in specific
high-flux, rapid-timescale regimes. Through analysis of three transport regimes (equilibrium,
steady-state, and transient reorganization), we identify scenarios where conventional carriers
(photons, phonons) cannot provide sufficient entropy export rates. We demonstrate that neutrinos
satisfy the transport requirements in these constrained regimes and develop both thermodynamic
transport theory (Tier-1) and quantum measurement observables (Tier-2) based on neutrino
oscillations and weak interactions. While speculative, the framework generates falsifiable
predictions for laboratory interferometry, reactor experiments, and astrophysical observations,
connecting established neutrino physics to entropy transport and quantum decoherence
mechanisms.

In Plain English

Think of the universe like a giant computer hard drive that sometimes needs "defragmentation."
Most of the time, the cosmic hard drive works just fine - stars maintain their temperature
differences, galaxies evolve smoothly, and entropy (disorder) flows naturally where it needs to
go through well-understood processes.

But occasionally, extreme cosmic events create situations where enormous amounts of disorder
need to be moved around very quickly - like when a massive star's core collapses in seconds,
creating conditions so dense that normal "file transfer" methods (light particles called photons)
get completely jammed up. It's like trying to defragment a hard drive when the normal data
transfer pathways are completely clogged.

This is where neutrinos might come in as nature's "express defrag utility." These nearly massless,
barely-interacting particles have exactly the right "permissions" - they can zip through almost
anything at light speed, penetrating the densest cosmic environments where light gets trapped.
While we can't prove this role definitively, we can show that neutrinos have all the right
properties to serve as the universe's emergency entropy transport system.

The strongest evidence comes from supernova explosions, where we already know from
observations that 99% of the energy escapes as neutrinos rather than light - suggesting neutrinos
really do handle the heavy lifting when it comes to rapid entropy transport in extreme situations.



Most of the time, no special "defrag" is needed - the universe's entropy distribution represents
natural, stable arrangements. But in those rare, extreme moments when rapid reorganization is
required, neutrinos might be the only particles capable of doing the job.
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1. Introduction and Scope

1.1 Three Regimes of Entropy Transport

The universe exhibits entropy gradients spanning 18+ orders of magnitude, from the cosmic
microwave background (T ~ 3K, S ~ 10 k_B) to supernova cores (T ~ 10""K, S ~ 10% k _B).
However, not all gradients represent transport "problems" requiring special mechanisms. We
distinguish three regimes:

Equilibrium (EQ): No net flux, no local production. 6 =0,J s=0,dS D/dt=0

In simple conduction, this implies isothermal conditions (VT = 0). A gradient here would be
inconsistent with EQ unless other effects exactly compensate. No enhanced transport needed.

Non-equilibrium steady state (NESS): Constant in time, with ongoing flux exactly carrying
away internally produced entropy. 6 >0, J s #0, dS_D/dt= 0 because [D o = #{6D} J s'n

Example: main-sequence stars maintain temperature gradients as the solution - gradients are
necessary to carry luminosity outward, not a transport limitation.

Transient reorganization: Local entropy must decrease on timescale 1 (ordering, phase
transitions, core collapse). The entropy balance dS_D/dt=[D ¢ - #{6D} J s'n

requires export exceeding production: § {dD}J sn>] Do

Transport Constraint Criterion: Let S_req = |AS _D| -] {to}*{t:} [D o dV dt be the required
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net export. For carrier ¢ with maximum flux J{s,c}”{max} and boundary area A, any process of

duration t must satisfy:

A-J {s,c}"{max}-t1>S req



When this inequality fails, transport limitations genuinely constrain the dynamics - this is where
enhanced transport mechanisms become necessary.

1.2 Carrier Limitations and Neutrino Advantages

Photon Limitations: In stellar cores (n_e ~ 10%*° cm™), Thomson scattering yields mean free
paths A_y ~ 107¢ cm, causing diffusion-limited transport.

Phonon Limitations: Confined to condensed matter; cannot operate across cosmic voids or
vacuum regions.

Convection Limitations: Requires material medium; fails in optically thick or low-density
environments.

Neutrino Advantages:

e Universal presence (cosmic neutrino background)

o Extreme penetration capabilities: Neutrino mean free path varies widely: in main-
sequence stellar cores it is far larger than the stellar radius (A_v > R_x; essentially free-
streaming), whereas in core-collapse conditions at nuclear densities it can be A_v ~ 10% -
10° cm, leading to a neutrinosphere where the optical deptht v ~ 1.

o Light-speed propagation across cosmic distances

e Unique oscillation mechanism providing inherent entropy generation

o Environmental coupling via MSW effect

1.3 Channel Dominance Criterion (sufficiency, not necessity)

Criterion: In a domain with characteristic scale £, let A_c be the carrier's mean free path. If for
carriers ¢ and d,

Ac>land A d K L,

then ¢ dominates the entropy transport term V-J_s in the balance equation, while d is diffusion-
limited.

Application: In stellar cores and supernova interiors, photons are opacity-limited (A_y < 0)
while neutrinos satisfy A_v = { over sizable regions — NET dominates transport there. In
vacuum/low-density regimes, both channels can free-stream and the dominance depends on
spectra and densities.

Remark: This is a sufficiency statement; other carriers could dominate if they satisfy the same
inequalities.

Claim (Conditional dominance): Within the Standard Model, in high-opacity (photon-trapped)
regimes and at early-universe post-decoupling epochs, neutrinos satisfy the Channel Dominance



Criterion and therefore dominate the entropy transport term V-J_s. Outside these regimes,
dominance is contingent on optical depths, spectra, and couplings.

1.4 NET Framework

Building on this theoretical context, we propose that neutrinos function as carriers of entropy
transport complementary to photon-carried radiative transport. This framework extends
established neutrino physics into three domains:

1. Entropy Observables: Neutrino oscillations generate measurement-level entropy
patterns (Tier-2), while collisions/opacity set thermodynamic transport (Tier-1).

2. Quantum Decoherence: Neutrino interactions provide a universal decoherence floor for
quantum systems

3. Cosmological Entropy: Neutrinos dominate entropy transport in extreme astrophysical
environments

1.5 Methodology

We employ rigorous mathematical frameworks from:

e Neutrino oscillation theory (PMNS matrix, MSW effects)

e Quantum information theory (Shannon entropy, von Neumann entropy, coherence
measures)

e Open quantum systems (Lindblad operators, decoherence theory)

e Continuity equations for transport phenomena

Scope & Definitions (clarifying entropies)
Thermodynamic/Kinetic Entropy s_v (Tier 1):

s v=-k B f d*p/2n)* Tr[p_p Inp_p + (I-p_p) In(I-p_p)]

Its transport obeys 0t s v + - J{s,v} =c_v >0 (Sec. 3.3). We reserve "entropy transport"
exclusively fors vandJ {s,v}.

Entropy Observable H_II (Tier 2):

H_TI(x) =-X Bp_B(x) logzp_P(x), p_p = Tr[IT_p p(x)]

This is basis-dependent (flavor POVM) and varies under unitary oscillations. We use H_II to
define observable CP-odd and MSW-modulated signals. We do not identify H I with

thermodynamic entropy.

Throughout, "NET channel" denotes the neutrino entropy transport channel; "radiative channel”
denotes the photon channel.



2. Fundamental Physics: Neutrinos as Entropy Generators

This section develops Tier-2 (entropy-observable) results; thermodynamic transport is treated in
Sec. 3.

2.1 First-Principles Derivation of Observational Entropy Production

Density Matrix Evolution: Consider a neutrino initially in pure flavor state [v_a). The density
matrix evolves as:

p(x) =U(x) p(0) Ut(x)
where p(0) = [v_a){v_a| and U(x) is the PMNS evolution operator (vacuum) or U_m(x) (matter).
Flavor Projectors: Define flavor basis projectors I f=|v_B){v_PB|for B=e, u, .
Basis-Dependent Entropy: The Shannon entropy in the flavor basis is:
H_ITI(x) = -X_B p_B(x) logz p_B(x), p_B(x) = Tr[IT_B p(x)]
H IT is a measurement-level entropy observable; it is not a thermodynamic state function.
Critical Distinction: While the von Neumann entropy S(p) = -Tr[p log p] = 0 remains constant
(pure state), the basis-dependent Shannon entropy H(x) varies with evolution. This occurs
because:
1. Information Scrambling: Measurement in the flavor basis "scrambles" coherent
superposition information
2. Observational Entropy: H(x) represents entropy accessible to flavor-sensitive detectors,
not fundamental thermodynamic entropy

3. Basis Dependence: The same quantum state has different entropy values depending on
measurement basis

Key Result: The entropy production rate is:

dH_IVdx =-3. B (dp_P/dx) loga p_B(x) =3 B (dp_P/dx) loga(1/p_f(x))

Derivation: ForH II=-) Bp Blog:p B:

dH_Tldx = -5, B [(dp_p/dx) logs p_B+p_B - (1/n2) - (/p_P) - (dp_p/dx)] = -3
(dp p/dx)[logap B+ 1/In 2]

Since Y. B p P =1 (normalization), we have . B (dp_p/dx) = 0, so the constant term cancels:

dH IT/dx =-) B (dp_P/dx) logzp B=>. B (dp_B/dx) log2(1/p_B)



Definition (Observational/measurement entropy): Given a density matrix p(x) evolving
unitarily and a POVM {II B} (here, flavor projectors), define

H_II(x) =-X_B p_P(x) logz p_P(x), p_p(x) = Tr[IL P p(x)]

By contrast, the von Neumann entropy S(p) = -Tr[p log p] is invariant under unitary evolution.
Lemma 2.1 (Non-invariance of observational entropy under oscillations): For a pure flavor
initial state p(0) = [v_a){v_a| and nontrivial PMNS mixing, H TI(x) is nonconstant with x, while

S(p(x)) = 0 for all x.

Proof: Unitary evolution preserves spectrum of p, hence S is constant. Butp B(x) =
|(v_BIUX)|v_a) oscillate with x unless mixing is trivial; thus H TI(x) varies. O

Theorem 2.2 (Entropy-rate bound via Fisher information): Let p_B(x) be flavor probabilities
and

Ix)=% B (@ xp_Py/p_p

be the Fisher information of the flavor measurement w.r.t. baseline-to-energy variable x = L/E.
Then

|dH_TVdx| = [3._B (9_x p_B) loga(1/p_B)| < (1/In 2)VNI(x)NT_B p_B[In(1/p_P)I?

Proof: Apply Cauchy-Schwarz to vectorsa p=0 x p_p\p_Bandb p=~p pIn(1/p_p), then
convert logarithm base. O

Corollary (State-independent ceiling): Since }° B p B[In(1/p_P)]* < (In N)* for N flavors,
[dH_II/dx| < (In N)/(In 2)VI(x)

Corollary (Quantum Fisher control): Let [ Q(x) be the quantum Fisher information of p(x).
By monotonicity I(x) <1 Q(x),

\dH_IT/dx| < (In N)/(In 2)VI_Q(x)

2.2 Entropy Production Bounds and Efficiency

Maximum Entropy: For N flavor channels, the maximum Shannon entropy is:
H max =log: N

For three-flavor neutrinos: H max = logz 3 = 1.585 bits.

Normalized Entropy Efficiency: Define a dimensionless efficiency measure:



n(x) = H(x)/H_max
2.3 CP-Asymmetric Entropy Production

In three-flavor vacuum the CP-odd probability difference is

AP {oB}M{CP}(x) =P _{ap}™*{(v)} - P_{af}"{(V)} =£16] {CP}sin A {21} sin A {31} sin
A {32}

Linearizing H IT=-) B p P log. p_P about a CP-even background,
AH_{CP}(x) = -25 AP{aB}"{CP}(x) log2 p_B(x),

using > S AP{af}"{CP} = 0. This displays the explicit ] {CP} scaling and the standard L/E
structure.

Proposition 2.3 (CP-odd entropy observable): Define the CP-odd entropy difference
AH_{CP}(x) = H_II"{(v)}(x) - H_II"{(v)}(x)

To leading order in CP violation, the entropy difference is:

AH_{CP}(x) =28 [p_B (W)} (x) - p_BN ()} ()] - (OH_11/0p_f)|{p_P{(0)}} + O(J_{CP}?)
where p_p*{(0)} = (p_P*{(v)} + p_B"{(v)})/2 and OH_IV0p_p = -(log2 p_p + log: e).

Physical interpretation: Since CP-odd probability differences p B~ {(v)} - p P {(vV)} xJ {CP}
(Jarlskog invariant), the entropy asymmetry scales linearly with the fundamental CP violation
parameter:

AH_{CP}(x) xJ {CP} - g(x)

where g(x) depends on oscillation phases and the local flavor composition.

3. Entropy Transport (Tier-1) and Entropy-Observable
Dynamics (Tier-2)

Tier-1 equations below use kinetic-theory sources; Tier-2 quantities such as H I1 are discussed
only as observables and not as sources in these balances.

In this section, H c denotes thermodynamic entropies s_c/(k_B In 2) unless explicitly labeled
H II (Tier-2 observable).



3.1 Multi-Channel Decomposition
Total entropy density decomposes by carrier:
s total=s v+s y+s ph+s other

where s_v (neutrinos), s_y (photons), s_ph (phonons), and s_other represent distinct transport
channels.

3.2 Continuity Equations
Thermodynamic (Tier-1) transport. For each carrier c,
0ts c+V-J c=0 c(xt)>0,
where 6_c is the entropy production density arising from emission/absorption, diffusion,
viscosity, and inelastic collisions (the collision integral). For neutrinos, 6_v depends on the
weak-interaction collision term C[p] in the quantum kinetic equation (see §3.3). Tier-2 quantities
(e.g., H TII) are not used in Tier-1 balances.
Physical Interpretation:

e o _v: Thermodynamic entropy production from weak collisions

e J v: Directional entropy current
o The transport equation describes how neutrino-matter interactions generate entropy

3.3 Quantum Kinetic Derivation

Starting from the quantum kinetic equation:

(0 t+v'V x)p=-i[H, p] + C[p]

the thermodynamic entropy production emerges naturally:

0ts+VJ v=cyv

with 6_v > 0 given by Spohn's inequality applied to the CPTP collision semigroup generated by
C[p]. Unitary oscillations change flavor composition but do not create thermodynamic entropy;

entropy production arises from collisions/emission/absorption.

Theorem 3.1 (Quantum H-theorem for neutrino Kinetic entropy): Let p_p(x,t) obey the
quantum kinetic equation

(0t +v-Ix) p_p =-i[H_p, p_p] + C[p]_p

10



with C a completely positive, trace-preserving (CPTP) collision superoperator satisfying detailed
balance w.r.t. a local equilibrium p~eq_p. Define the kinetic entropy density

s =-J] &*p/(2m)* Tr[p_p In p_p + (I-p_p) In(I-p_p)]

Then the entropy production 6 =0 ts+ V-j_s obeys ¢ > 0.

4. Quantum Decoherence: The Neutrino Floor

Results here concern Tier-2 observable dephasing signatures, they do not imply macroscopic
thermodynamic entropy production under unitary propagation in vacuum.

4.1 Open System Dynamics

Quantum systems coupled to multiple baths evolve as:
p=-i[H_sys, p] +L_v[p] + L_ph[p] + L_v[p] + ...
The neutrino contribution takes the collisional form:

L v[p] =] dE ® v(E)[dQ (do v/dQ)(E, Q) [e*{iq-X/h} p e {-iq-X/h} - p]
4.2 Decoherence Rate Scaling
For spatial superpositions of size Ax with local particle density n_sys:
I v(Ax) = (1/n_sys) | dE ® v(E)[dQ (do_v/dQ)E, Q) [1 - cos(q-Ax/A)]
Dimensional Analysis:

e @ v(E): [particles/(area-time)]

e do v/dQ: [area/solid angle]

e dQ: [solid angle]

n_sys: [particles/volume]

Result: [particles/(area-time)] x [area] / [particles/volume] = [volume/time]/[volume] = [1/time]

v

Key Predictions:

I' v grows with neutrino flux ® v
I' v increases with superposition size Ax
I' v inversely scales with system particle density n_sys

[ ]
L]
]
e Energy and angular dependence from neutrino kinematics

11



4.3 Order-of-Magnitude Estimates
Representative flux scales:

e Solarvat Earth: ® O ~6x10'"° cm™2s™!

e Reactorvat 10m: ® R~ 10" cm™s™!

e Beam experiments: ® B ~ 10'2-10"* cm2s™!

e Supernova at Earth: ® SN ~ 10'' cm? (total fluence)

Result: Terrestrial I' v provides an irreducible decoherence floor, typically far below
photon/phonon rates but universally present.

5. Quantum Information Theoretic Analysis
5.1 Coherence Measures

For three-flavor neutrino density matrix p_v:

Shannon flavor entropy: H flavor=- P alog:P_a

von Neumann entropy: S(p) = -Tr(p log p)

I coherence: C_11 = S /i#i} |p ij}|

Relative coherence: C _rel = S(p_diag) - S(p)
5.2 Neutrinos as Quantum Channels

Neutrino propagation represents quantum channels A(p) =) K ip K if:

e Oscillations: Unitary channel
e Decoherence: Dephasing channel with Kraus operators
e MSW effect: Modified unitary channel

Channel Capacity: Quantum capacity remains nonzero in oscillatory regimes, while classical
capacity suffers under decoherence.

5.3 Entanglement and Information Transfer

Neutrino-environment scattering creates entangled states:

) =2 c_ij v_D[E_j)

Mutual information quantifies entropy transfer:

12



I(v:E)=S(p_v) +S(p_E) - S(p_vE)

6. NET—Radiative Complementarity
6.1 Comparative Entropy Carriers
Comparison:
« Photons: strong interactions, dominate in transparent media

e Phonons: confined to condensed matter
o Qravitons: hypothetical, negligible

o Neutrinos: ubiquitous, weakly interacting, oscillatory. Only neutrinos provide a universal

entropy floor across laboratory and cosmological contexts.

6.2 Complementarity Metric
We define a simple pairing metric to quantify the relative role of neutrinos vs photons:
C(r) =s_v(r) / (s_v(r) + s_y(r))
Here s v, s v are thermodynamic entropies (Tier-1).
e C(r) = 0: Photon-dominated entropy transport
e (C(r) = 1: Neutrino-dominated entropy transport

e Transition marks the "neutrinosphere"

Coupled entropy balance: Let s_c be entropy densities and J_c fluxes for ¢ € {v,y}. With
exchange term E (entropy transferred v<>y per unit volume/time),

Ots v+tVJ v=Xv-T vs v-E0 ts y+VJ y=Z yv-T ys y+&
6.3 Astrophysical Applications

Early Universe: e+ annihilation reheats photons after neutrino decoupling, fixing the ratio
T v/T vy and the partition of entropy between NET and radiative channels.

Stellar Interiors: photons are trapped by high opacity (diffusion-limited) while neutrinos stream

out, so neutrinos become the primary entropy exhaust.

Supernovae: nearly all entropy/energy escapes via neutrinos within seconds, while photons leak

slowly over thousands of years as an afterglow.
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7. Experimental and Observational Program
7.1 Laboratory Tests
A. Decoherence Floor Measurements
e PredictI' v(Ax) for atom interferometers under reactor on/off conditions
e Synchronized beam exposures with phase tracking
o Day-night solar neutrino correlation studies
B. Entropy-Oscillation Correlation
e Map H Vv(L/E) against known oscillation parameters
o Verify entropy peaks at oscillation maxima
e Test MSW matter effect predictions

C. CP-Asymmetry Detection

o Compare entropy curves for v vs v beams
e Search for 6-dependent phase shifts in entropy oscillations

7.2 Reactor Experiments

Prediction: Tiny increase in I' total when high-flux reactor operates within ~10-20m of
sensitive interferometer.

Method: Measure I' total - (I'_ y+ T _ph+ I gas + ...) to isolate neutrino contribution.

7.3 Cosmological Validation
Supernova Models: Verify neutrino entropy flux dominance over photons during core collapse.

Early Universe: Reproduce standard neutrino decoupling entropy transfer, reinterpreting as
NET transport.

Cosmic Neutrino Background: Search for quantum memory effects encoding early-universe
entanglement.

8. Extensions to Void-Entropy Field Theory
8.1 VERSF Coupling

Postulate a void-entropy potential S(x,t) whose dynamics is driven partly by neutrino entropy
production:
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0tS+VJ S=xvS v+ yS y+..-AS

JS=-DSVS+avJv+tayd y+..

Here k_v, o v encode how neutrino-carried entropy sources and advects the void-entropy field.
8.2 Phenomenological Predictions

Entropy-oscillation locking: H v(L/E) peaks at oscillation antinodes

Directional currents: Net J v # 0 along beam baselines

Decoherence floor: Universal I'_v scaling with flux and superposition size
Matter modulation: Density profiles reshape entropy generation

b=

9. Critical Assessment and Limitations
9.1 Assumptions & Scope
Key Clarifications:

e We do not claim thermodynamic entropy of the neutrino field increases under unitary
evolution; we claim measurement entropy in the flavor basis varies with x and can be
treated as an entropy source term in a coarse-grained transport theory.

e All CP-odd statements are formulated in terms of J_CP and reduce to zero when J CP =
0.

e The transport section uses CPTP dynamics + detailed balance to invoke a quantum H-
theorem; removing these assumptions removes the guarantee ¢ > 0.

9.2 Theoretical Concerns

Speculative Extensions: The NET interpretation and void-entropy field couplings extend far
beyond established physics. While the mathematical formalism is rigorous, the physical
interpretation requires extraordinary evidence.

Scale Separation: Neutrino decoherence rates are predicted to be many orders of magnitude

below dominant environmental effects, potentially placing them below practical detectability
thresholds.

9.3 Experimental Challenges

Signal Magnitude: Predicted neutrino decoherence effects are extremely small, requiring
unprecedented experimental sensitivity.

Background Subtraction: Isolating neutrino contributions from dominant photon/phonon
decoherence presents significant challenges.
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10. Falsifiable Predictions Summary

Entropy-oscillation correlation: H v(L/E) follows known oscillation patterns
CP-dependent asymmetry: Measurable differences between v and v entropy curves
Decoherence floor: I' v > 0, scaling with flux and superposition size

Matter effects: Enhanced entropy generation at MSW resonance densities

Directional currents: Non-zero entropy flux gradients along neutrino beams
Cosmological memory preserved in CvB: Search for quantum memory effects encoding
early-universe entanglement

A e

All predictions are falsifiable in principle, ensuring scientific robustness.

11. Conclusions

This framework proposes neutrinos as fundamental entropy processors in the universe,
complementing photon-carried information with entropy transport and quantum decoherence
effects. Key achievements include:

e Rigorous Mathematical Foundation: Connects established neutrino oscillation physics
to entropy transport via quantum information theory

o Falsifiable Predictions: Multiple testable consequences spanning laboratory and
cosmological scales

o Unified Description: Links oscillation physics, matter effects, decoherence theory, and
cosmological entropy flows

o Novel Observables: Introduces entropy-based neutrino observables beyond traditional
flavor probabilities

All transport statements about 'entropy' refer to Tier-1 kinetic entropy s_v; Tier-2 results concern
observables derived from flavor measurements and are proposed as new experimental signatures
(CP-o0dd entropy differences, MSW-locked entropy oscillations).

The ultimate test will be whether neutrino-induced entropy effects can be detected in laboratory

settings, and whether cosmological observations support the proposed NET-radiative
complementarity in extreme astrophysical environments.
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Technical Appendices

Appendix A: Detailed Mathematical Derivations
A.1 First-Principles Density Matrix Evolution

Initial State: Pure flavor state p(0) = |va)(va| with zero von Neumann entropy.
Evolution Operator: In vacuum, the PMNS matrix gives:

U(x) = Pt diag(e" {-im:*>x/2E}, e" {-im2*x/2E}, e"{-ims>x/2E}) P

where P is the PMNS matrix and x = L/E.

Evolved Density Matrix:

p(x) = U(x) p(0) Ut(x) = U(x) [va){va| Ut(x)

Flavor Probabilities: Define flavor projectors I1p = [vB){(vp|. Then:

P_{aB}(x) = Tr{TIB p(x)] = [(vBIU(X)Iva)l?

Key Insight: While S(p(x)) = -Tr[p(x) log p(x)] = 0 (pure state), the basis-dependent Shannon
entropy varies:

H(x) =->8 P{ap}(x) log: P_{af}(x) # constant
A.2 Normalized Efficiency Analysis
Definition: Entropy efficiency n(x) = H(x)/H_max where H _max = log: N.
Properties:
e 1MnE€[O0,1] forall x
e n =0 for pure flavor states
e 1 =1 for maximally mixed states (equal probabilities)
Efficiency Bound:
|dn/dx| = |dH/dx|[/H_max < (In N)/(In 2) - VI(x)/H_max

This provides a dimensionless measure of entropy production efficiency that connects to the
Fisher information bound from Theorem 2.2.
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A.3 Oscillation-specific control of I(x)

For three flavors in vacuum,

ox p{aB} = X{i>j} [A{eB} {1} sin(2A_{ij}) + B_{af} {ij} cos(ZA_{ij})] x [1.267 x 1073
Am?_{ij}(eV?) / GeV]

where the numerical factor includes unit conversions for x in [km/GeV], and:

AMij}{ap} oc Re(UiaiyU_{oj} U{BiUPj}), BMiji{ap) ecim(UioiiU_{oj}U{pitU{Bj})
Dimensional Analysis:

x = L/E: [km/GeV] = [length/energy]

0 x: [GeV/km] = [energy/length]

p_{af}: dimensionless

Ox p{af}: [energy/length]

Am?: [eV?] = [energy?]

1.267 x 1073/GeV: [1/energy]

e Overall: [energy?] x [1/energy] = [energy] = [energy/length] v/

Hence:

I(x) =28 (0x p{af})?/piaB}(x) = (1.267 x 107)2 3.5 [3 {i>]} [A_{aBi{ij}] + [B_{af} " {ij}[]°
[Am?_{ij}(eV2)/GeV]*/p_{aB}(x)

Physical interpretation: Larger mass-squared differences Am? {ij} and stronger mixing (larger

PMNS matrix elements) enable faster entropy-observable production rates, subject to the
corrected Fisher information bounds.

A.4 Worked Example (Two Flavors)

For two-flavor oscillations: P_ee(x) =1 - sin?(20)sin’A, P_eu(x) =1 - P_ee(x), with A = 1.267
Am? x.

The Shannon entropy is: H TI(x) =- P _ee loga P_ee - (1-P_ee) log2(1-P_ee)
Using the general formula dH IT/dx =) B (dp_p/dx) log2(1/p_P):
dH_IT/dx = (dP_ee/dx) logz(1/P_ee) + (dP_ep/dx) log2(1/P_ep)

Since P epu=1-P ee, we have dP_ep/dx = -dP_ee/dx. Therefore:

dH IT/dx = (dP_ee/dx) logz(1/P_ee) + (-dP_ee/dx) log2(1/(1-P_ee)) = (dP_ee/dx)[log2(1/P_ee) -
log2(1/(1-P_ee))] = (dP_ee/dx)[log2((1-P_ee)/P_ee)] = (1/In 2)(dP_ee/dx) In[(1-P_ee)/P_ee]
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where dP_ee/dx = -sin*(20) sin(2A) (1.267 Am?).

Verification: This matches our general formula since: log2(1/P_ee) - log2(1/(1-P_ee)) = logz((1-
P _ee)/P_ee)

At maximal mixing sin*(20) = 1, H_IT oscillates between 0 and 1 bit.

A.5 MSW-Enhanced Rate Bound (State-Dependent)
For an effective mixing angle 0 m and effective splitting Am* m,
|dH/dx| < (1/In 2) (1.267 Am? m) sin*(20_m) |[In[(1-P_ee)/P_ee]||

This gives a quantitative "peaks at resonance" statement: the rate scales with sin?(26_m), which
is maximized at MSW resonance.

Appendix B: Two-Flavor Complete Analysis
B.1 Density Matrix Evolution

For two-flavor system (v, vit) with mixing angle 0:

Mixing Matrix:

U =[[cos 6, sin 6], [-sin 6, cos 6]]

State Evolution: Initial [v.) evolves as:

v(t)) = cos 0 e {-iEit}|vi) + sin 0 e {-iEat}|v2)

Flavor Basis Density Matrix:

p(t) = [[P_ee, p_eu], [p_pe, P_pp]]

where:
P _ee(t) =1 - sin*(20) sin*(Am?t/4E)

P nu(t)=1-P_ee(t)

p_eu(t) =-(1/2) sin(20) sin(Am?t/2E) e {-i(E:+E2)t/2}
B.2 Quantum Information Measures

von Neumann Entropy: S(p) = 0 (pure state)
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Relative Entropy of Coherence:

C_rel(p) = S(p_diag) - S(p) = S(p_diag)

This oscillates with baseline, demonstrating coherence redistribution as the mechanism of
apparent "entropy production."

Appendix C: Day-Night Entropy Effect
C.1 Physical Setup

Solar neutrinos detected at night propagate through Earth matter, while daytime neutrinos travel
directly. This produces a measurable entropy difference.

C.2 Calculation Method

Using PREM Earth density profile p(r) and solar flux spectrum:

Day Path: Vacuum oscillations only Night Path: Matter-enhanced oscillations through Earth
Entropy Difference:

AH(E) = H night(E) — H_day(E)

C.3 Predictions

e Positive AH(E) near MSW resonance energies (~few MeV)
e Peak amplitude depends on Earth density profile
e Observable in principle with sufficient detector sensitivity

Appendix D: Numerical Decoherence Floor Estimates
D.1 Representative Flux Values
Solar Neutrinos at Earth:
e Flux:® O~6x10°cm2s™!
e Energy: ~MeV scale
e Cross-section: 6 VN ~ 107 cm?
Nuclear Reactor at 10m:
e Flux:® R~10®%cm3s!
e Energy: ~few MeV
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e Cross-section: 6 VN ~ 107*-107*? cm?
Accelerator Beam (Near Detector):

e Flux: ® B~10"-10" cm™s! (bursts)

e Energy: GeV scale

e Cross-section: 6 VN ~ 107** cm?
Supernova at Earth:

e Total fluence: ~10' cm™ over ~10s

e Energy: ~10-100 MeV
e Cross-section: 6 VN ~ 107*%-107* cm?

D.2 Decoherence Rate Formula

I v(Ax) =] dE ® W(E) | dQ (do/dQ)(E) [1 - cos(q-Ax/h)]

D.3 Order-of-Magnitude Results

Diffusive (phase-noise) limit: Expanding the translation operator,

eMiq-X/h} p eM-iq- X/h} = p - (120°) [q°'X, [q-X, p]],

gives a dephasing Lindbladian

L vip]=-(D_0/2) [X,[X,p]],D 9= | dE ® v(E) [do (do/dQ)(E) q¥/h?

For a superposition of path separation Ax, I' v = D _¢(Ax)>. For N independent targets, I' v
scales linearly with N (or with number density x volume).

Scaling law: 6" v « 6@ v (Ax)? N. Absolute values remain extraordinarily small for lab-scale
N, but the scaling gives a clear optimization path (maximize flux and path separation, minimize

environmental backgrounds).

Per-target estimates for mesoscopic superpositions (Ax ~ pm):

e Solar: ' v~ 1072°s! per target
e Reactor: I' v~ 107" s! per target

e Beam: I v~ 107'°s™ per target (during bursts)
e Supernova: I' v~ 107! per target (during event)

For macroscopic systems with N ~ 10% atoms, multiply by N for total rates, though
environmental decoherence typically dominates by many orders of magnitude.
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Detectability criterion: Let I' _env be the aggregate non-neutrino decoherence rate and 8I" v the
reactor-on minus reactor-off change. A necessary condition for detection over integration time T
with estimator variance Var(I") = I"_env/T is

8T v = (I _env/T)

which, using our numbers, implies T in the 10'>--10'° s range unless I"_env is suppressed by

many orders of magnitude (cryogenic UHV, magnetic/vibrational isolation, etc.). This quantifies
the challenge without hand-waving.

Appendix E: Extended VERSF Field Theory
E.1 Void-Entropy Field Equations

Field Definition: Postulate void-entropy potential S(x,t) with dynamics:
0tS+VJ S=x vSv+xkyS y+x phS ph-AS

Current Definition:

JS=-DSVS+a vJ v+a yJ y+o phJ ph

E.2 Coupling Parameters

K_V, K_7Y, K_ph: Source coupling strengths for neutrinos, photons, phonons a_v, a_v, a_ph:
Advection coupling strengths D_S: Void-entropy diffusion coefficient A: Decay/dissipation rate

E.3 Limiting Cases
Standard Transport: kK v — 1, a_v — 0 reduces to conventional entropy transport

VERSF Extension: Non-trivial k v, a._v encode speculative void-entropy interactions

Appendix F: Experimental FAQ
F.1 What Interactions Actually Cause Collapse?

General Principle: Decoherence occurs when the environment gains "which-path" information
about the quantum state, creating system-environment entanglement.

Mechanisms Include:

o Photon scattering: Phase/directional changes correlated with system state
o Phonon emission/absorption: Lattice vibrations encoding energy differences

22



o Spin exchange: Particle collisions transferring spin/momentum information
e Charge coupling: Fluctuating fields interacting with system charges

Neutrino Role: In principle, neutrino scattering can cause collapse by transferring measurable
momentum/spin. However, cross-sections are so small that such events are effectively negligible

on laboratory timescales.

Practical Implication: Neutrinos provide a universal entropy floor rather than active
decoherence mechanism under terrestrial conditions.

F.2 Why Focus on Entropy Rather Than Energy?

Information Content: Entropy measures the information content and disorder in quantum states,
providing insight into quantum-to-classical transitions beyond energy considerations.

Oscillation Sensitivity: Flavor entropy directly reflects neutrino mixing and oscillation physics
in ways that energy measurements cannot capture.

Universal Relevance: Entropy transport is fundamental to thermodynamics, statistical
mechanics, and information theory across all physical scales.

Appendix G: Detailed Experimental Protocols
G.1 Reactor On/Off Decoherence Test

Setup: Position sensitive interferometer within 10-20m of high-flux nuclear reactor.
Measurement Protocol:

Baseline decoherence rate measurement (reactor off)

Measure total decoherence I"_total (reactor on)

Subtract known contributions: I' v=T total - (I' y+ I ph+T gas+..)
Compare I'_v with predicted flux-dependent scaling

e

Expected Signal: AT ~ 1077 s™! increase (extremely challenging detection)
Controls: Temperature, electromagnetic fields, vibrations, air pressure, humidity
G.2 CP-Asymmetry Search Protocol

Beam Requirements: Well-characterized v vs v beams with known energy spectra
Analysis Method:

1. Reconstruct flavor entropy H(L/E) for both beam types
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2. Compute difference AH(L/E) =H v(L/E) - H v(L/E)
3. Fit to predicted CP-phase dependence
4. Extract o CP from entropy data independently of flavor probability measurements

Systematic Challenges: Beam flux normalization, energy calibration, detector response
differences

G.3 Supernova Core Collapse Analysis

Physical Context: Core collapse supernovae represent extreme environments where NET
genuinely dominates energy and entropy transport.

Quantitative Analysis:
Core Conditions:
e Density: p ~ 10" g/cm?® (nuclear density)
e Temperature: T ~ 30 MeV (~3.5x10" K)
e Neutrino luminosity: L v ~ 10% erg/s
o Photon mean free path: A_y ~ 107¢ cm (trapped)
e Neutrino mean free path: A_v ~ 10° cm (streaming in outer core)
Entropy Transport Comparison:
J syv=@nr)' L v/T ~10% erg/(s-K-cm?)
J s,y = (4nr?) ! (40T*3px) VT ~ 10 erg/(s-K-cm?)

Ratio: J_s,v/J s,y ~ 3.7x10® (neutrino transport dominance)

Neutrinosphere: Clear boundary at r_vsphere ~ 10 km where ©_v = 1, marking transition from
NET-dominated to radiative transport.

Observable Signatures:
e Total energy: E v ~3x10% erg (99.99% neutrinos)
o Timescale: Neutrino burst lasts ~10s vs photon breakout at ~3 hours

e For galactic supernova: ~10'7 entropy units arriving at Earth over 10s

This represents the strongest evidence for NET framework because it's based on established
supernova physics.

G.4 Early Universe Validation

Neutrino Decoupling Epoch:
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e Temperature: T dec ~ 1 MeV
e Redshift: z dec ~ 10
o Entropy transfer: From radiation to neutrino/photon partition

Current Temperature Ratio: T v/T y=(4/11)"{1/3} =0.714
Entropy Partition (after e+ annihilation): T v/T y=(4/11)"{1/3}. Using g *s:
s v/(s vts v)=0.49,s y/(s vts y)=0.51.

(Small percent-level corrections from non-instantaneous decoupling are included in N_eff =
3.046.)

Reinterpretation: Standard cosmology already demonstrates NET-radiative complementarity;
our framework provides new language for understood physics.
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