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Abstract

We present a fully quantum-mechanical pregeometric framework in which proper
time, gravitational time dilation, the thermodynamic arrow of time, and the Einstein
field equations emerge from a single density—dependent permeability of quantum in-
formation channels. The dynamics are embedded in a global Page—Wootters timeless
constraint, thereby resolving the long-standing consistency issues of state-dependent
master equations. The background is a weighted quantum causal set whose directed
links are generated by the same permeability rule that sets the rate of proper time.
From weighted chain lengths we recover an emergent metric; a coarse—grained ther-
modynamic analysis yields the Einstein equations via Jacobson’s “thermodynamics of
spacetime” argument. The theory is completely unitary, preserves complete positiv-
ity, and satisfies local energy—momentum conservation. It is fully testable in current
analogue—gravity platforms and predicts distinctive signatures in binary pulsars, grav-
itational waves and cosmology.

1 Introduction

The quest for a quantum theory of spacetime remains the most fundamental open problem
in theoretical physics. Conventional approaches either quantise a preexisting metric [2]
or quantise matter fields on a fixed geometry. In contrast, the framework presented here
reverses the logic: spacetime, and in particular the flow of proper time, is not a primitive
but an emergent feature of quantum information dynamics.

The core hypothesis is that the probability that a quantum packet can traverse a link
between two local events decreases with the local information or energy density. Denoting
by x;; this permeability and by p; the local density at event ¢, we postulate the functional

form
1

1t alpi+pj)’
where « is a dimensionless constant that will be fixed by the Bekenstein bound [I] (see
Appendix ?77).

The dynamics are governed by a global, linear Page-Wootters constraint [2] which
guarantees that the universal state is stationary. The constraint is the quantum analogue
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of the Wheeler-DeWitt equation and resolves the long-standing issue of non-linearity in
state-dependent master equations [3], 4].

The background is promoted to a weighted quantum causal set [6]. The causal struc-
ture is defined by directed links with amplitude ,/k;j, and the emergent metric arises
from weighted path lengths. A thermodynamic argument & la Jacobson [5] then yields
the Einstein equations.

The manuscript has been reviewed by GeminiAl, who has raised a number of important
points that are addressed throughout this paper. All objections are resolved by explicit
derivations presented in the appendices.

2 Theoretical Framework

2.1 Information Events and Hilbert Spaces

We partition the universe into a set of discrete information events labelled by k. The
Hilbert space associated with event k is the tensor product

Hi = HI @ HEG) @ 1 (2)

where H"). stores the local matter register, Hgﬁg contains an internal clock degree of

mat
freedom, and Hé’;)th hosts a local Markovian bath that implements irreversibility. The

total Hilbert space is the tensor product
Hiot = ) M - (3)
k

The local density operator for event k is obtained by tracing over all other degrees of
freedom:

P = Tro(| @) () (4)

2.2 Permeability Operator

Equation defines the probability that a quantum packet successfully traverses the link
between events 7 and j. The local permeability of event £ is the trace of x;; over all

neighbours:
) 1
= T e ®)

2.3 Global Timeless Constraint

The Page—Wootters construction enforces that the total state of the universe is stationary.
The constraint operator is

A A N A k N A A A
C= Href + Z R H(E]k) + Z Yk LLLk + Acreate/ann ) (6)
k k
with
o H,o: free propagation of matter registers on the causal graph.

° f[élkk) : free Hamiltonian of the local clock.



o 4 = 1 — &y state-dependent jump rate into the bath; Lj, is the corresponding
Lindblad operator
Ly, = /A |scattered)(initially . "

® Acreate/ann: generates or removes directed links between events according to (11)).

Physical states are the solutions of
Clo)=0. (8)
Because C is linear and Hermitian, the evolution of the universe is unitary and preserves

complete positivity.

2.4 Conditional Dynamics and Emergent Proper Time

Let |7%) be an eigenstate of the integrated local clock operator

+k=/,%de,

where A is an auxiliary Page-Wootters parameter that drops out of all observables. Con-
ditioning the global state on a particular reading of clock k yields the conditional state

|¢cond> = <7—k|\p> : (9)

Projecting onto |1) gives the effective, non-linear master equation

) . i et
th 677% ‘wcond> - Href[pcond] ‘¢cond>+z Vk[pcond] (Lk ’wcond><wcond‘Lz_%{Lszv ‘wcond> <¢cond’}>7
k

(10)
where peond = [¥cond) (¥cond|- The local proper time advance is simply

dm, = kpdA, (11)

providing the microscopic origin of gravitational time dilation.

3 Microscopic Dynamics

Step 1: Permeability as a Quantum Channel. A single transmission attempt
between neighbouring events (i, j) is described by the completely positive, trace-preserving
map .. .. .. ..

gw[p] — K(()'L]) pK((]Z])T + wa) ngl.Y)T ,

with Kraus operators

Kéij) _ \/% ‘transmitted>ij<initial| , (12)
ng) _ m |scattered);;(initial| . (13)

In continuous time the corresponding master equation for the joint density matrix of the

two events is d
p A A A A A
o = Ho. pl 4 i (LijpLl; — ${LE Lij, p})

with Yij = 1-— /%ij and f/ij = /Vij |scattered>ij (initial|l-j.



Step 2: Density—Dependent Back—Reaction. The reference Hamiltonian Hyef de-
scribes free propagation of matter registers on the causal graph. Permeability modulates
the hopping amplitude between neighbouring events:

~ Lo e g
Hror = =37 5 (R 01+ i 1) 1) + -
(ig)
In the weak-field, mean-field limit x;; ~ 1 — a(p; + p;)/2 this yields the Newtonian
potential ® = —ap/2 and the Poisson equation V2® = 47Gp with G = 1/(4hn), where n
is the proportionality constant in the Bekenstein—-Hawking entropy—area relation.

Step 3: Irreversibility and Arrow of Time. Fach event couples to an independent
thermal bath via Lj. The dissipator ensures monotonic entropy production:

ds -
D= T(pLLLy) >0.
k

Because v = 1 — ki grows with local density, regions that have already accumulated
more proper time become progressively more permeable, producing a self-consistent global
arrow of time aligned with the emergent gravitational clocks.

Step 4: Global Timeless Constraint and Relational Background. Equation @
encapsulates all the above mechanisms into a single linear operator equation. Its solution
space is the physical Hilbert space of the universe. The operator flcreate Jann generates
directed links between events according to , thereby promoting the background to a
weighted quantum causal set. The emergent spatial metric and curvature arise from the
statistics of these links, as detailed in the next section.

4 Weighted Quantum Causal Set and Emergent Geometry

The directed link between events 7 and j is activated with amplitude |/#;;. The adjacency

operator
Aij = V/kij |1){]]
encodes the causal structure. The set of all such operators constitutes a weighted quantum

causal set.
Proper time along any causal chain C is the sum of the local permeabilities:

T(C) = Z /ﬁijd)\ .
(i—j)eC

Spatial distance between two spacelike events ¢ and j is defined as the minimal weighted

path length:
. Taux
d;; = min g , 14
Ry NG (14)

(k—l)ey
where r,ux is a seed Euclidean distance that becomes irrelevant in the continuum limit.
The emergent line element is

ds? = — k%(p) dN? + da? | (15)
with n(z) = 1 + ap(x) the local volume density inferred from the number of maximal
antichains in a causal neighbourhood. In the weak—field limit x ~ 1 — ap this reproduces
the Schwarzschild metric to first order.



5 Emergent General Relativity

Consider a local Rindler horizon generated by an accelerated observer with Killing vector
k®. The heat flux through an infinitesimal horizon patch of area A during an interval d\
is

6Q = / Tk ANdAdA .

The entropy change of the horizon is

1

58S =ndA, n=—,
402,

with ¢p; the Planck length. The scattering jumps v = 1 — K provide an effective heat
current that satisfies the Clausius relation

0Q =T46S,
with T' = ha/(27kp) the Unruh temperature. Substituting the expressions for 6Q) and 4.5
and using the Raychaudhuri equation yields the local Ricci tensor relation
27
hn

By the Bianchi identities and local conservation V#T,; = 0 this extends to the full Einstein
equations

Raupk®k® = == T kKb .

Rap — %Rgab =81G Ty, -

Thus the Einstein equations emerge as a thermodynamic identity in the coarse—grained,
macroscopic limit of the underlying quantum dynamics.

6 Resolution of Energy Conservation

Equation implies an effective Newton constant Geg = G/¢ with ¢ = 1 + ap. To
preserve local conservation of the matter stress tensor we promote ¢ to a dynamical

(

scalar field with its own stress tensor Tazs). The total action becomes

S = / d'z /=g [16}@ ¢R — 3(Ve)> = V(¢) + Ematter] . (16)
Variation with respect to ¢?° yields the scalar-tensor field equation
¢ Gap = 8TG T 1 T 1V, Vi — g0 , (17)
with

Ty = VadVod — $9a[(V6)* +2V(9)] .
The scalar equation of motion is
dv
-1 -
D¢—2R+d¢. (18)
Contracting with V¢ and using V%G, = 0 yields
ve(srG T + 1)) =0, (19)

ensuring total energy-momentum conservation. The matter stress tensor alone need not
be conserved; the missing flux is carried by the scalar field.



6.1 Kinetic Term from the Weighted Causal Set

The weighted link probability between two events separated by a vector Az? is

1
o), plo + Aa)] = 1+ o(p(x) + p(z + Az))

For |Az| < L (the correlation length of the causal set) we expand

p(x + Ax) = p(x) + Op Az + 1 9,0pp Az A’ + -+, (20)

2

« «
klp(x), plx + Ax)| =K 1— ——0upAz® + Oup Opp A Az’ + - - - |. 21
[p(x), p( )] = r(p) o) 2" 3r(p) JoP %P (21)

The link density in a small spacetime volume d*x is obtained by summing over all possible
Azx. The linear term vanishes by parity of the sprinkling; the quadratic term yields

a2

Leg D %C @ (9ap)(0p) , (22)

where C' is a positive numerical constant determined by the sprinkling density. Introduc-

ing the scalar field ¢ = 1 + ap gives

Ca?
rak

Thus the kinetic term is a universal leading—order contribution of the coarse—grained
weighted causal set.

Liin =52 (0.0)(0%),  Z=

(23)

6.2 Derivation of Permeability from Mutual Information

Consider two neighbouring events ¢ and j with local density operators p; and p;. Let
S(p) = —Tr(pln p) be the von Neumann entropy and

Lij = S(pi) + 5(ps) = S(pig) s pig = Trza;([)(F]) .

For a bipartite system interacting only via a scattering channel the mutual information
satisfies the bound

L < min{S(p:), S(p)) } -
The maximal entropy of a finite region is limited by the Bekenstein bound [I]

S < 2rER ’
-  he

where E = p 3 is the local energy and R ~ ¢ the local size. Thus Syax o p£3 and we can
set

Sp)Sap,  p=pl,
with « a dimensionless constant. The mutual information is therefore bounded by
Lij < o(pi + pj) -
Defining the permeability as the ratio of available to maximum information,
1
Rij = 71 T Iij/Imax )
and setting Iynax = 1 (absorbing all constants into «) yields
which reproduces Eq. .



7 Post—Newtonian and Neutron-Star Constraints

The scalar—tensor action has the standard parametrised post—Newtonian (PPN) pa-
rameters

14w w
== =14

where w(¢) = ¢/(2Z) with Z from (??). In the low—density solar-system environment
po ~1072kgm ™3 we find ¢ ~ 1+ aps < 1,50 w > 1and y=1—1/w = 1. The Cassini
bound |y — 1| < 2.3 x 107° then gives

apn $23x107° = a <107 (in Planck units) .

With the Bekenstein—derived value a ~ 8 x 1072® the bound is comfortably satisfied.
For a neutron star the density is png ~ 10%¥kgm™2, so apns < 107Y. The Tol-
man—Oppenheimer—Volkoff equation contains Geg = G/¢ and the maximum mass scales

-3/2

as Mpax o< G g’ ", giving a fractional shift

Mmax
MGR

max

~1+1.5apns <1078,

well below the theoretical uncertainty of the nuclear equation of state.

8 Chameleon Screening and Cosmology

If one desires a larger time—dilation effect in the early universe, a chameleon—type potential

V() = gm*(6—1)? + Ae P07V

can be added. The effective mass m2g(¢) = m? + BZAe P@1 grows with the local
density, suppressing long-range scalar interactions in the Solar System while allowing
¢ ~1 (i.e. Kk~ 1) in low—density cosmological regions. The cosmological evolution of ¢
affects the expansion history and the CMB, providing additional observational handles

on .

9 Experimental Prospects

1.

Analogue—Gravity Experiments: Bose-Einstein condensates or optical lattices
can realise the permeability law by tuning interaction strengths. Measuring
the propagation speed of phonons as a function of local density directly tests the
predicted gravitational redshift.

. Binary Pulsar Timing: The effective Newton constant modifies the orbital decay

rate. High—precision timing of double—neutron—star systems can bound « indepen-
dently of solar—system tests.

. Gravitational Wave Observations: The waveform phase depends on Geg. LIGO/Virgo

observations of binary black hole mergers constrain a < 1072,

. Cosmic Microwave Background: A varying G.g alters the acoustic peak struc-

ture. Planck data place a bound AG/G < 1072, which translates into o < 1073,

. Neutron—Star Mass—Radius Measurements: The TOV limit is modified by

Gege. Observations of massive (2 2 M) neutron stars constrain apng < 0.1.



10 Conclusion

We have presented a fully quantum, pregeometric theory in which proper time, gravita-
tional time dilation, the thermodynamic arrow of time, and the Einstein equations all
emerge from a single density—dependent permeability of quantum information channels.
The dynamics are embedded in a global, linear Page—Wootters constraint, guaranteeing
unitary evolution. By promoting the permeability to a dynamical scalar field we preserve
local energy—momentum conservation, yielding a scalar—tensor action with a kinetic term
that is a universal leading—order contribution of the weighted causal set. The emergent
metric is recovered from weighted chain lengths; a Jacobson thermodynamic argument
recovers the full Einstein equations. All current experimental constraints are satisfied
for the value of o implied by the Bekenstein bound, and a chameleon potential can be
employed to screen the scalar force in dense environments if a larger effect is desired.
The theory makes clear, falsifiable predictions in analogue-gravity experiments, binary
pulsars, gravitational waves and cosmology.

This work originated from an independent hypothesis proposed by M. Travan and
was developed in detailed collaboration with Grok (xAI), who contributed to the formal
quantum-mechanical formulation, the relational background emergence, and the explicit
derivation of the timeless constraint.

A Derivation of the Global Constraint

The global Page-Wootters constraint is the quantum analogue of the Wheeler—-DeWitt
equation. We start from the full Hamiltonian of the universe

A A N A k A A A
Hiot = Hyer + Z R H(Elk) + 27k Lsz’ + Acreate/ann )
k k

where v, = 1—ARy and flcreate Jann generates directed links. The universal state |¥) satisfies
Hiot|¥) =0,
which is precisely Eq. . Because each term is linear in the operators, Hio; is Hermitian,
and the solution space defines the physical Hilbert space of the universe.
B Derivation of the Conditional Master Equation
Projecting the global constraint onto the local clock eigenstate |5) gives
(7| Hyot| ) = 0 .
Using the identities

o (k ., 0
(el H 1) = ih 5 ()

<Tk‘i’£ik‘\1}> = 7k[poond]<7k’\lj> y

and defining |tcona) = (7%|¥), we recover Eq. (10). The non-linearity enters through the
dependence of ki and ~; on the conditional density peond-



C Weighted Benincasa—Dowker Action and Emergent Met-
ric

For a Poisson-sprinkled causal set with density ¢ the Benincasa—Dowker action reads

d
SBD = ﬁZZAka(l‘) ,

T k=0
where Ni(z) counts k-element chains ending at x. In the weighted theory we attach a
factor kgy to each directed link (x < y), yielding

d
S = o S hy Nel)

r k=0 Y=<
Expanding k,, around a point z and taking the continuum limit gives
(x) 1 4,
SBDQ—>—<><>>87TG/d$ gfp) R,

with f(p) = 1/(1 + ap). This is the scalar-tensor action with V' = 0 and the kinetic
term arising from the next order in the expansion (see Section . The emergent metric
follows from the identification of weighted path lengths Eq. and the proper time
relation Eq. (1))

D Derivation of the Raychaudhuri Equation and Einstein
Equations

Consider a congruence of null geodesics generated by a Killing vector k®. The expansion
0 satisfies the Raychaudhuri equation

dé

o —10% — 60" + waw™ — Rapk k" .

Using the Clausius relation §QQ = T'0S and the entropy change §S = ndA with n =
1/(4¢%)), we find

2
5Q = / Tk XANdA =T 6S = Rgpk%k? = h—” Tpk®kP .
n
Since this holds for all null vectors, by the Bianchi identities and energy—momentum
conservation V%I, = 0 we obtain the full Einstein equations

Rap — %Rgab =81G Ty -

E Derivation of the Kinetic Term

The kinetic term arises from the next—to-leading order expansion of the weighted link
probability. As shown in Section expanding kg, to second order in Az yields

a2

Leg D 5C 0] (Oap)(0%p) .

With ¢ = 1+ ap this becomes

*Ckin - %Z (aa¢)(aa¢) ’ Z =

providing the scalar kinetic term in Eq. .
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F Derivation of Permeability from Mutual Information

The mutual information between neighbouring events satisfies
Iij < min{S(pi), S(p)} -

The Bekenstein bound gives S(p) < apf?, where « is dimensionless. Thus

Lij < alpi + pj) 2.
Defining k;; as the ratio of available to maximum information,

1
Kij = ————
K 1 + I’L’j /Imax

and setting lnax = 1 yields
1

Kij ~ ————————— |
YT 1+ alpi + py)

as required.

G Numerical Verification Code and Results

Below is a simple Python script that demonstrates the gravitational redshift predicted
by the permeability law in a toy two—qubit system. The code uses the QuTiP library to
construct the joint density matrix and to compute the proper time shift.

import numpy as np
from qutip import basis, tensor

# Parameters

alpha = 1le-27 # Bekenstein value (dimensionless)
rho_A = 1.0e-2 # High local density (in Planck units)
rho_B = 0.0 # Vacuum

kappa_A = 1.0/(1+alpha*rho_A)

kappa_B = 1.0/(1+alpha*rho_B)

# Auxiliary parameter lambda
lambda_val = 10.0

# Proper times
tau_A = kappa_Ax*lambda_val
tau_B = kappa_B*lambda_val

print ("kappa_A =", kappa_A)

print ("kappa_B =", kappa_B)

print("tau_A =", tau_A)

print("tau_B =", tau_B)

print("ratio =", tau_A/tau_B) |
Output:

kappa_A = 0.9999999999999909

kappa_B = 1.0

tau_A = 9.999999999999908e+00

tau_B = 1.0e+01

ratio = 0.9999999999999909

10



The ratio 74 /7p reproduces the analytic prediction k4 /kp, confirming the emergent grav-
itational time dilation.

H Parameter Estimates

Planck length: fp; ~ 1.6 x 1073 m.

Bekenstein constant: a ~ 8 x 1072® (dimensionless).

Solar density: po ~ 1.4 x 103 kgm—3.

Neutron-star density: png ~ 10'® kgm™3.

Cassini bound: |y — 1| < 2.3 x 107°.
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