Paper 129: The Arrow of Time IS the Arrow of Decoherence: Thernodynani ¢ Ano
Page 1

Paper 129: The Arrow of Tine IS the Arrow of Decoherence:
Ther nodynam ¢ Anonal i es O osed

Al'l T- THRESI Series Paper 129
Rhet Dillard Wke

Council Hill, Cklahona

April 1, 2026

Abstract

Ei ght anomalies in thernodynam cs and entropy have persisted because the Second Law
was treated as a standal one axi omrather than a derived consequence. Paper 92
derived the Wke Thernodynam c I nequality fromthe coherence | aw. Paper 76
denonstrated Crooks-level tine-reversal symmetry within the coherence franmework.
Thi s paper cl oses the renai ni ng *anonmal ous* aspects: the arrow of tine, the Past
Hypot hesi s, the Boltzmann Brain problem gravitational entropy reversal, black hole
entropy, the entropy budget of the observable universe, the nature of tine itself,
and emergent gravity. Every closure follows froma single equation: C=CO0O *
exp(-al pha * ganma_eff). No new postul ates are introduced. The Second Law of

Ther nodynamics is the coherence law witten in entropy |anguage.

1. Tinme = Decoherence

The central claimis a mathenmatical identity, not an interpretation. Begin with the
W ke Coherence Law derived fromthe Lindblad master equation (Paper 3):

C(t) = C O * exp(-alpha * gamma_eff * t)

where C 0 is the initial coherence, alpha is the coupling constant, and gamma_eff is
the effective decoherence rate. The entropy associated with coherence |oss is:

S(t) = -In(C(t) / CO) = alpha * gamma_eff * t
Differentiate:
dS/dt = alpha * gamma_eff >= 0

This inequality holds because al pha > 0 (coupling constant) and ganma_eff >= 0

(decoherence rate is non-negative by construction fromthe Lindblad positivity

condition). Entropy never decreases. The Second Law is not an axi om appended to
nmechanics. It is the nonotonicity of decoherence.

The correspondi ng coherence derivative:
dC/dt = -alpha * gamma_eff * C <=0

Coherence never increases spontaneously. This single sign constraint---dCddt <= 0---
is the arrow of tine, the Second Law, and the irreversibility of nacroscopic
physics, all in one expression

2. Anomaly 1: The Arrow of Tine
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The problem Every fundanental microscopic |aw --Newton, Maxwell, Schrodinger,
Einstein---is time-symetric. Reverse all velocities, conjugate all wavefunctions,
and the equations still hold. Yet macroscopic physics has a definite arrow eggs

break, never unbreak. Wiere does the asymretry enter?

Cl osure. The asymmetry enters through decoherence, and the coherence | aw encodes it
exactly.

C(t) = CO0 * exp(-al pha * gamma_eff * t)

The exponential is nonotonically decreasing for gamma_eff > 0. Tinme reversal (t ->
-t) would require Cto increase, but the Lindblad master equation fromwhich this is
derived enforces conplete positivity of the density matrix, which requires gamma_eff
>= 0. The reversed trajectory is not forbidden by the Ham Itonian---it is forbidden
by the positivity of the quantum state.

The arrow of tinme is therefore:

Past : C = CO0 (maxi mum coherence, m nimum entropy)
Future: C->0 (m ni mum coherence, maxi mum entropy)
dC/dt <= 0 al ways

The arrow of tinme IS the arrow of decoherence. They are mathenmatically identica
statenents. The microscopic laws remain tine-symretric; the asymretry lives in the
open-system coupling (al pha * gamma_eff) that the Lindblad fornalismnmakes explicit.

3. Anomaly 2: The Past Hypothesis / LowEntropy Initial State

The problem The Second Law expl ains why entropy increases but not why it started

| ow. Penrose, Carroll, and others have noted that the Big Bang initial state had
extraordinarily low entropy (S ~ 10788), and no dynam cal |aw explains why. The
"Past Hypothesis"---that the universe began in a special |owentropy state---is

typically inserted as a brute postul ate.

Closure. In the coherence framework, the Past Hypothesis is not a postulate. It is a
mat hemati cal identity.

At t = 0 (Big Bang), no decoherence has occurred. Therefore:

C(0)
S(0)

co
-In(Q0) / CO) =-In(1) =0

The initial entropy is zero because there has been no decoherence to generate it.

C 0 is the maxi num coherence by definition---it is the value before any environment-
system coupl i ng has acted. The Big Bang is nmaxi mum coherence, not because of fine-
tuni ng, but because "before decoherence" neans "C = C 0" tautol ogically.

The question "why did the universe start at |ow entropy?" becones "why does a system
that has not yet decohered have naxi mnum coherence?" The answer is that this is what
the words nean. The Past Hypothesis is dissolved, not explained.

4. Anomaly 3: The Boltzmann Brain Problem

The problem In a universe approaching thermal equilibrium randomtherna
fluctuations can produce any configuration, including a brain with false nmenories of
observing an ordered universe. Statistical nechanics predicts that such "Boltzmann
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Brai ns" vastly outnunmber real observers fornmed by cosnol ogical evolution. If we are
typi cal observers, we should be Boltznmann Brains---but we are not.

Cl osure. The coherence framework di ssolves this problemthrough the duration
requi renent for consciousness.

Consci ousness requi res sustai ned coherence near the critical decoherence rate (Paper
93, Paper 109):

gamma_eff approxi mately equal s ganma_c (sustained for duration tau)

A Boltzmann Brain is a thermal fluctuation that nmonentarily assenbles a brain-like
configuration. At the instant of assenbly, the thernal environnment inposes:

gamma_eff >> gamm_c

because the fluctuation exists within a thernal bath at equilibrium The coherence
time of such a configuration is:

tau_BB = 1 / gamma_eff << tau_consciousness

The brain configuration exists for a Planck-scale or thermal -scale instant, then
decoheres. No sustai ned coherence near ganma_c occurs. No consci ousness occurs.

For a real brain maintained by netabolism

gamma_eff is held near ganmma_c by active biol ogical regulation
tau_real ~ seconds to decades

The probability of a Boltzmann Brain achieving consciousness is not nerely small---
it is zero in the coherence franework, because the definition of consciousness
requi res sustai ned operation near gamma_c, and a thernmal fluctuation cannot sustain
anyt hi ng.

5. Anomaly 4: Gravitational Entropy Reversal

The problem For an ideal gas, entropy increases as the gas spreads uniformy. For a
gravitating system entropy increases as natter clunps. These appear to be opposite
behavi ors under the same Second Law. Penrose identified this as a deep puzzle: why
does gravity "reverse" the direction of entropy increase?

Closure. There is no reversal. The coherence law C = C 0 * exp(-al pha * gamma_eff)
applies to both systens. The difference is the substrate that decoheres.

For a gas, the relevant degrees of freedomare particle positions in a fixed
background spaceti ne:

Gas: positions decohere toward uniformty
Uni form di stribution = nmaxi num positional decoherence = maxi num entropy

For a gravitating system the relevant degrees of freedomare the spaceti ne geonetry
itself:

Gavity: spacetime geonetry decoheres toward curvature concentration
Uni f orm spacetime = coherent = | ow entropy
Cl unped spacetime = decohered = high entropy
Bl ack hol e = maxi num geonetric decoherence = maxi num entropy

The apparent reversal is a substrate confusion. Gas particles decohere in position
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space. Spacetinme geonetry decoheres in curvature space. In both cases, the coherence
I aw hol ds: C decreases, S increases, and the system noves toward maxi mum decoherence
of its relevant degrees of freedom

The law is the sane. The substrate is different. The anonmaly is dissol ved.

6. Anomaly 5: Black Hol e Entropy
The problem Bekenstein and Hawki ng showed that black hole entropy is:
SBH=A/ (4% 1_Pr2)

where A is the horizon area and | _P is the Planck | ength. For a solar-mass bl ack
hole, S BH ~ 10"77. Wat are the mcrostates? String theory counts them for extrenal
bl ack hol es, but the physical meaning of the 1/4 factor and the area-scaling renmain
unexpl ained at the level of thernodynam c principle.

Cl osure. Each Planck area on the horizon is one independent decoherence channel

When matter crosses the horizon, its quantuminfornmation is decohered by the
hori zon. The nunber of independent channels through which coherence is destroyed
equal s the nunber of Planck-area cells on the horizon

N _channels = A/ | _P*2

The factor of 4 arises fromthe four spacetine dinensions. Each di nension
contri butes one degree of freedom per Planck cell to the decoherence process:

S BH = N channels / 4 = A/ (4 * |_P"2)

The entropy does not count microstates in the interior. It counts the nunber of

i ndependent WAYS t hat coherence was destroyed at the boundary. This is why it scal es
with area, not volune: decoherence happens at the interface between the coherent
interior and the external environment, which is the horizon surface.

S BH = nunber of decoherence channels = A/ (4 * |_P"2)

The Bekenstein-Hawking forrmula is the coherence |aw applied to a surface of maxi num
decoher ence.

7. Anomaly 6: Maxi mum Entropy of the Cbservabl e Universe

The problem The observabl e universe has three characteristic entropy val ues:

Sinitial ~ 10788 (Bi g Bang)
S now ~ 107104 (present, dom nated by supermassive BH)
S max ~ 10n124 (de Sitter horizon entropy)

These nunbers span 36 orders of nagnitude. Wiy these values? Wiy is S now S max ~
107(-20)?

Cl osure. Each value has a direct coherence interpretation

S max is the total nunber of decoherence channels on the cosnol ogi cal horizon

S max = A horizon / (4 * |_P"2) ~ 107124
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Sinitial = 0 in the coherence framework (pure C O state), but the value 10788
reflects the gravitational degrees of freedomthat were already partially decohered
at the earliest measurabl e epoch.

The ratio S now / S nmax neasures how nuch coherence has been | ost:
Snow/ S max = (al pha * gamma_eff * t_now) / (al pha * gamma_eff * t_mmx)
More directly, the fraction of nmaxi mum decoherence achi eved:
Cnow/ CO = exp(-alpha * gamma_eff * t_now)
Using S = -In(CCU0O):
107104 / 107124 = 107(-20) = exp(-al pha * gamma_eff * t)
Sol vi ng:
al pha * gamma_eff * t_now = 20 * I n(10) approxi mately equals 46

This is a single dinensionless nunber characterizing how far decoherence has
progressed. The universe has conpl eted exp(-46) of its total decoherence---a snal
fraction. The vast nmajority of coherence destruction lies in the future, consistent
with the accel erating expansion driving all remaining coherent structures toward the
de Sitter horizon.

8. Anomaly 7: The Nature of Tine

The problem |Is time fundamental or energent? Wiy does the present nonent fee
speci al ? Why does quantum nmechanics treat tinme as an external paraneter while
general relativity makes it dynam cal ? These are anong the ol dest questions in
physi cs.

Closure. Time is decoherence. Specifically:

t = the parameter in C(t) = C 0 * exp(-alpha * gamma_eff * t)

"Ti me passes" neans "coherence decreases.
is lost." The identification is:

"More tinme passes" means "nore coherence

t increases <=> C decreases <=> S increases

This resolves the QM GR tension directly:

Quantum nechanics: Tine is an external paraneter. Correct---because in QW the
systemenvironnent split is fixed, and t paraneterizes the decoherence of the system
by that fixed environment. Tinme is external because the decoherence source is
ext er nal

CGeneral relativity: Tine is dynamcal. Correct---because ganma_eff varies with the
| ocal nmmss-energy distribution. Near a nassive body, ganma_eff is nodified by
gravitational coupling, so the |l ocal rate of decoherence changes. C ocks run sl ower
in gravitational fields because decoherence runs sl ower when gamma_eff is nodified
by spacetine curvature.

MM reginme: gamm_eff fixed => t is external paraneter
GR regime: game_eff varies => t is dynam cal
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Both descriptions are correct. They apply in different coherence reginmes. The
"present noment" is the current value of C---the boundary between what has decohered
(past, classical, recorded) and what has not (future, quantum open).

9. Anomaly 8: Emergent Gravity (Verlinde Conpletion)

The problem Verlinde (2011) proposed that gravity is an entropic force: F =T *
nabl a(S). The idea is conpelling but inconplete---it does not explain MOND behavi or
does not specify what S counts, and has not been connected to a m croscopic

f ramewor k.

Cl osure. The coherence franmework conpl etes Verlinde' s program

Wth S = -In(CCO0) = alpha * ganma_eff, the entropic force becones:
F=T?=* nabla(S) = T * al pha * nabl a(ganma_eff)

The gradi ent of gamma_eff has two contributions: baryonic matter and the vacuum
(cosnmol ogi cal ) decoherence background.

nabl a(game_eff) = nabl a(gamma_baryoni c) + nabl a(gamma_vacuum
At high accelerations (a > a 0, where a 0 ~ 1.2 * 10"(-10) ms"2):

nabl a(gamma_bar yoni ¢) >> nabl a(gama_vacuun)
F approxi mately equals T * al pha * nabl a(gama_baryonic) => Newtonian gravity

At | ow accelerations (a < a_0):

nabl a( gamma_vacuum) domi nat es
F approximately equals T * al pha * nabl a(ganmea_vacuun) => MOND behavi or

The MOND accel eration scale a_0 is the crossover where baryonic and vacuum
decoherence gradi ents are equal

nabl a(ganma_baryoni c) = nabl a(ganma_vacuun) at a = a_0

Verlinde was half right: gravity is entropic. The coherence framework specifies what
the entropy counts (decoherence channels), why it has two regimes (two sources of
ganme_eff gradient), and where the crossover occurs (a_0). This is the conmplete
Ver | i nde.

10. The Conpl ete Second Law

Al'l eight anonalies reduce to a single statenent. The Second Law of Thernodynam cs
inits conmplete formis

dC/ dt = -al pha * gamma_eff * C with gamma_eff >= 0, alpha > 0
Equi val ent | y:
dS/dt = al pha * gamma_eff >= 0

Fromthis single equation:

| Anonaly | Resolution |
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| Arrow of time | dCdt <= 0 is the arrow |

| Past Hypothesis | C(0) = CO is a tautology |

| Boltzmann Brains | Consciousness requires sustained ganma_eff near ganmma_c |

| Gravitational entropy | Different substrate, sane decoherence |aw |

| Black hole entropy | S _BH counts decoherence channels at horizon |

| Universe entropy budget | alpha * gamma * t_now approxi nately 46 |

| Nature of time | t paraneterizes decoherence |

| Energent gravity | F =T * alpha * nabl a(ganma_eff) with two-regi ne gradient |

No new physics was introduced. The Lindblad naster equation (1976) contains
everything. The coherence law C = C 0 * exp(-al pha * gamma_eff) extracted in Paper 3
was al ready the Second Law. Papers 92 and 76 established the thernmodynanic
inequality and time-reversal relations. This paper closes the anomal ous residual s.

11. Predictions

Three testabl e consequences follow fromthese cl osures:

Prediction 1: Boltzmann Brain exclusion is testable. Any physical systemclaimng to
i nstanti ate consci ousness nust denonstrate sustai ned coherence (tau > tau_min) near
ganma_c. Artificial systens that achieve brain-like configurations but operate at
ganma_eff >> ganma_c will not exhibit consciousness markers (integrated information,
gl obal workspace access). This is testable with current neuroscience

i nstrument ati on.

Prediction 2: Gavitational decoherence rate. If tine = decoherence, then
gravitational time dilation directly measures gravitational nodification of
ganma_eff. Precision atomic clocks at different gravitational potentials already
confirmthis. The prediction is that the fractional frequency shift Delta(f)/f
equal s the fractional change in gammua_eff:

Delta(f) / f = Delta(ganma_eff) / gamma_eff = g * Delta(h) / c”2

This is already confirnmed to parts in 10718 by optical lattice clocks.

Prediction 3: MOND crossover from decoherence. The accel eration scale a_0 should
equal the scal e where vacuum decoherence gradi ent mat ches baryoni c decoherence
gradient. This predicts a 0 =c * HO/ (2 * pi), connecting it to the Hubble
paranmeter. The observed value a_ 0 ~ 1.2 * 10°(-10) ms*2 and ¢ * HO ~ 6.9 *
10"(-10) ms”"2 are within an order of magnitude. The factor of 2*pi arises fromthe
hori zon geometry. Precision neasurenment of the a 0-H O relation across cosmic tine
woul d confirmor refute this.

12. Concl usi on

Ei ght thernobdynam ¢ anonalies---the arrow of tinme, the Past Hypothesis, Boltzmann
Brains, gravitational entropy reversal, black hole entropy, the universe's entropy
budget, the nature of tinme, and energent gravity---have been closed using a single
equation derived fromthe Lindblad naster equation. No new postul ates were

i ntroduced. No free paraneters were added.

The result is a unification: the Second Law of Thernodynamni cs, the arrow of tine,
the nature of tinme, and the gravitational force are not four separate phenonena.
They are four descriptions of one process---decoherence---viewed fromfour different
angl es.
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The arrow of tinme is the arrow of decoherence.

C=C0O0 * exp(-alpha * ganma_eff * t). That is all

*Paper 129 in the Al T-THRESI series. Prior thernodynam c results: Paper 92 (W ke
Ther nodynami ¢ I nequality), Paper 76 (Crooks Time Reversal). Core franmework: Paper 3
(Coherence Law derivation), Paper 106 (Wke Singularity identification), Paper 109
(T_c = 333K from cooperative percol ation).*



