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Abstract

Within quantum cellular automaton (QCA) and finite information ontology framework,
we introduce unified axiom: for any local excitation, its external group velocity vext and
internal state evolution velocity v, satisfy information rate conservation

2 2 2
Vext + Uipg = C -

Defining proper time 7 by internal evolution parameter, can directly derive special relativ-

ity’s time dilation, four-velocity normalization and Minkowski line element from this axiom.

In continuum limit of linear Dirac-type QCA, internal Hamiltonian Hj,; gives internal fre-

quency wint, mass obtains information-theoretic definition

2
mc” = Awint,

satisfying Zitterbewegung frequency relation
wzp = 2Wint-

Combining QCA’s winding number and index invariants, massive excitations can be in-
terpreted as optical path quota bound in topologically nontrivial self-referential loops. At
many-body level, introducing local information processing density pinto (), from local infor-
mation volume conservation derives optical metric

ds* = —n?(z)Adt* + n2(2)7i; (v)dz" da?
where n(z) determines local effective light speed
et () = 17 (2)c,

and refractive index
n(@) =~ ().

In weak-field limit, this structure recovers first-order expansion of Schwarzschild metric
and standard light deflection angle, and through information—gravity variational principle
obtains field equation formally equivalent to Einstein equation. Further introducing infor-
mation mass M, combining Landauer principle to analyze asymptotic rest behavior and
minimal dissipation power of high information mass subjects, giving unified information-
theoretic characterization of mass, gravity and complex energetic structures, proposing
testable predictions based on superconducting quantum circuits and quantum simulation
platforms.

Keywords: Quantum cellular automaton; Information rate conservation; Optical metric;
Special relativity; General relativity; Topological mass; Zitterbewegung; Information mass; Lan-
dauer principle



1 Introduction & Historical Context

Special and general relativity characterize universe as four-dimensional manifold (M, g,,,,) with
Lorentz signature. Metric tensor g,,, determines spacetime causal structure and geodesics, field
equation

R, — %Rg,w =81GT),

connects stress—energy tensor 7T),, with curvature. Experimental tests such as gravitational red-
shift, light deflection and gravitational wave detection highly support this geometric narrative.

Quantum theory is formulated in Hilbert space H, states as vectors or density operators,
observables as self-adjoint operators, time evolution generated by unitary groups or semigroups.
Statistical interpretation built on Born rule, with superposition, phase and entanglement form-
ing core structure. Two theories splice in quantum field theory through “field operators de-
fined on background manifold”, but ontological starting points remain separate: one side is
deformable geometric stage, other side is linear space of probability amplitudes.

When approaching Planck scale, continuity assumption of manifold and classical metric loses
empirical support, while Hilbert space structure itself does not depend on continuous spacetime.
This motivates ontology based on discrete, finite information structure as natural candidate.
Quantum cellular automata (QCA) define local, causal and unitary evolution on countable
lattice points, proven to emerge Dirac, Weyl and Maxwell field equations in appropriate limits,
with complete structural and classification theory, serving as precise operator realization of
“universe as quantum computation” framework [see references [1,2]].

On other hand, gravitational lensing theory widely uses “optical metric” geometric method,
viewing light rays as geodesics in optical geometry, calculating deflection angles through Gauss—
Bonnet theorem, establishing equivalence between “gravity bending light” and “geometric optics
in non-uniform refractive index media” [see references [3,4]].

Information thermodynamics connects logical irreversibility with heat dissipation through
Landauer principle: erasing one bit of information in thermal bath at temperature T dissipates
at least heat kT In 2, showing information update is resource consumption process constrained
by physical laws [see reference [5]].

This paper proposes: in unified perspective of QCA and finite information ontology, can use
“information rate conservation” as sole microscopic axiom. Each local excitation in universe pos-
sesses finite “information rate budget” at each microscopic time step, this budget corresponding
to maximal propagation velocity c, allocated in Pythagorean manner between “displacement”
(external motion) and “internal evolution” (local Hilbert space self-referential update). This
paper will prove this axiom sufficient to derive special relativistic geometry, mass—frequency
relation, optical structure of weak-field gravity, and basic constraints on information mass and
dissipation, thereby providing unified information-theoretic characterization of mass, gravity
and complex energetic structures.

2 Model & Assumptions

2.1 QCA Universe and Finite Information

Let A be countable connected graph, nodes representing “spatial cells”. Each node x € A carries
finite-dimensional Hilbert space H, ~ C?. For any finite subset F' € A define local Hilbert space

HF = ® H:E7
zeF
local operator algebra is B(Hr). Global quasilocal C* algebra is

A= B(Hr).
FeA



Quantum cellular automaton specified by *-automorphism « : A — A, requiring existence
of unitary operator U such that

a(A) =UTAU,  Ae A,
with finite propagation radius R < oo such that for any local operator A supported on F have
supp a(A) C Br(F),

where Bgr(F') is radius R neighborhood of F' in graph distance sense. Given initial state wo,
discrete time evolution is
wp = wp o a”, n € Z.

Assume A can embed into three-dimensional Euclidean space with effective lattice spacing
a, single-step evolution corresponding to physical time At. If R = 1, maximal propagation rate

1S
a

= Ar

Finite local dimension and finite propagation radius mean that in any finite spacetime win-
dow, number of distinguishable physical states is finite, universe has upper bound on information
capacity in any finite region.

c

2.2 Single-Excitation Effective Space and External/Internal Velocities

Consider local “single-excitation” mode, in appropriate approximation its effective Hilbert space
can be represented as
Hett ~ Hoom ® Hint,

where Hcowm describes center coordinate or wave packet envelope, Hiyt describes internal degrees
of freedom.

In continuum limit, exists approximate position operator X and momentum operator P
on Hcoow, effective Hamiltonian H.g generates coarse-grained time evolution. Define external

(group) velocity

d 1
Vext = a<X> = E<[X7Heff]>

Internal state |int(t)) € Hint can be viewed as point on projective space CcpPP int—1 equipped
with Fubini-Study metric

dspg = 4(1 — (¢ | ¥ + dy)|?).

Define internal velocity

dsrs
> 0.
dt 20

Vint =
2.3 Information Rate Vector and Universal Conservation Axiom
In two-dimensional “information rate space”
IRiznfo = Span{eexh eint}
define information rate vector
U = Vext€ext T Vint€int; ’u\Q = ngt + viznt'

Axiom 2.1 (Information rate conservation). Ezists constant ¢ > 0 such that for any local
excitation and any time t have
2 2 2
Vext (t) + vint(t) =c.



Define information phase angle
Vint (t)
Vext (t)

6 = 0 corresponds to lightlike mode, # = 7/2 corresponds to completely local internal mode,
0 < 0 < 7/2 corresponds to massive mode.

0(t) := arctan

€ [0,7/2].

2.4 Proper Time and Internal Evolution

For any excitation worldline define proper time 7 satisfying
Vint dt = cdrT,

i.e.
dr
Vint = C —/.

dt
Substituting into information rate conservation

2 2 2
Vext +Uint =C,

letting v := vexy = |dx/dt|, obtain
2

ar _ v
dt c2’

i.e., special relativity time dilation relation. Proper time can be understood as natural param-
eter of “internal information path”, its reduction relative to coordinate time is direct result of

taking positive root

external motion occupying optical path quota.

2.5 Local Information Processing Density and Optical Metric

In many-body situation, introduce coarse-grained local information processing density pinfo(),
representing average path length per unit time per unit volume walked by local Hilbert space
under Fubini—Study metric, or equivalently, effective expectation value of internal Hamiltonian
density. High pino(z) regions can be viewed as regions where “internal computation is highly
active”.

Allow local rescaling of time and space scales in coordinate system (¢, z%), introducing scale
factors m(x), n.(x) such that

dteg = () dt, dlogr = () de.

Unitarity of underlying QCA means global Hilbert volume preserved under evolution. Lo-
calizing this requirement and simplifying to “physical Hilbert volume corresponding to unit
coordinate volume does not change with time”, can model with constraint

mi(z) i (z) = 1.
In isotropic approximation, taking
m(z) =n(x),  ne(z)=n""(z),
four-dimensional line element can be written as

ds? = —n?(z)Edt? +n~2(x)vij (2)da' da?,



where 7;j(x) is three-dimensional spatial metric.
In isotropic case with ~;; = d;5, for null geodesic ds? = 0 have

0= —n*(x)c?dt® +n2(z) dx?,

thus coordinate light speed

dx x
equivalent refractive index
n(z) = c = n %(x).
Coft ()

High pino () means more frequent local internal evolution; by information rate conservation,
external propagation is suppressed; therefore smaller n(z), smaller local effective light speed
ceft(r) = n%(x)c, corresponding to larger refractive index n(x) = n~2(z). This is compatible
with weak-field gravity result

(¢ < 0 is Newton potential), giving n(r) > 1 for ¢(r) = —GM/r, thus ceg(r) < c.

3 Main Results (Theorems and Alignments)

On basis of above model and assumptions, summarize main mathematical results and physical
correspondences of this paper.

3.1 Theorem 1 (Emergence of Special Relativity)

Under information rate conservation axiom

2 2 2
Vext + Uing = €
and proper time definition
Vint dt = cdTt
have:
1. Proper time satisfies
<d7'>2 1 v? ‘ dx
— ) =1-—, V= Vext = |—|-
dt Pz < lat

2. Four-velocity of worldline z#(7) = (ct(7),x(7))
dz# 1

ut = — = y(v) (¢, v), V) = —,
=), =

satisfies normalization under Minkowski metric 7, = diag(—1,1,1,1)

o _ 2
utuy = —C.

3. Line element
ds® = —c2dr? = —dt? + dx?

consistent with Minkowski spacetime metric.

Thus special relativistic dynamics appears in this framework as direct corollary of informa-
tion rate conservation and proper time definition.



3.2 Theorem 2 (Mass as Internal Frequency)
On internal Hilbert space Hiyy introduce Hamiltonian

ih 0r [Wint (7)) = Hing [¥ine (7)) -
If exists eigenstate |¢i) satisfying

Hint [Yint) = Eo |Yint)

then internal state evolves as
|Yint (1)) = e~ iEoT/h |%int) »

define internal frequency

Ey
Wint = ?
Identifying rest energy Ey = mc?, obtain mass—frequency relation
hwint
m=-—5—.
c

3.3 Proposition 1 (Zitterbewegung Frequency and Internal Frequency)
In continuum limit of one-dimensional Dirac-type QCA, effective Hamiltonian
Heg(k) ~ chko, + mctoy,

eigenvalues
E1(k) = £+/(chk)? + m2ct.

In Heisenberg picture, evolution of position operator X (¢) contains rapid oscillation term with
frequency

2F
waB = 5
(Zitterbewegung). In rest limit k = 0, E = mc?, thus
2mc?
wzB(0) = = 2Wing -

3.4 Theorem 3 (Topological Stability and Nonzero Information Phase Angle)

Consider one-dimensional translation-invariant QCA, single-step unitary operator U (k) € U(N)
defines closed curve in momentum space. Winding number
1 w/a
WIU| = / Ok logdet U(k) dk € Z

B % —7/a
preserved under finite-depth local unitary transformations.

1. If W[U] = 0, exists continuous deformation reducing QCA to form containing only
massless propagation modes, with internal frequency wi, possibly zero, corresponding
to vine = 0, 6 = 0.

2. If W[U] # 0, exist local excitations carrying nonzero topological charge, any finite-depth
local unitary cannot continuously deform them to topologically trivial vacuum. To main-
tain topological phase winding, internal Hamiltonian of such excitations must have nonzero
eigenfrequency wins > 0, thus vy > 0, 6 > 0.

Therefore nonzero information phase angle 6 and existence of mass are topologically stabi-
lized by QCA structure, massive excitations can be interpreted as macroscopic manifestation of
optical path quota bound by topologically nontrivial self-referential loops.



3.5 Theorem 4 (Optical Metric and Weak-Field Gravity)

In isotropic assumption, taking

construct optical metric
ds* = —n?(x)Edt* + % (z)yij(z)dz'da?.

In weak-field limit
) =1+e(@),  |e@)| <1,

first-order expansion gives
goo ~ —(1+26)c%,  gij ~ (1 —2¢)7.
In static spherically symmetric case with isotropic coordinates, identifying

¢(r)

where ¢(r) is Newton potential, then
goo = —(1 +2¢/c%)c?, 9i; =~ (1 —2¢/c%)dy,

consistent with first-order expansion of Schwarzschild metric in isotropic coordinates. Refractive
index

n(r) = n~2(r) = 1 - 220

2’

if ¢(r) = —GM/r, then

2GM
> 1, Coft (1) = e

n(r)

Solving for null geodesics under this metric gives light deflection angle

~1
n(r) + 2,

AGM

T

where b is impact parameter, consistent with standard general relativity result.

3.6 Theorem 5 (Information—Gravity Variational Principle)

Consider action
1
Stot [ga pinfo] = m /M vV —3g R[g] d4.%' + /M vV —4g Einfo [pinfw g] d433-

Varying with respect to g"” (ignoring boundary terms) gives
Ryy — $Rgyu = 8nG T2,

where

T(info) — 2 6(\/jg£info).

po /—g  Sghv

If choose Linf, such that T,Siynfo) consistent with standard matter stress—energy tensor in low-

energy limit, then this equation formally equivalent to Einstein field equation.




3.7 Theorem 6 (Information Mass and Asymptotic Rest)

For systems with internal models and self-referential mechanisms, introduce information mass
MI(U) = f(K(U)a D(O’), Sent(a))a

where K is Kolmogorov complexity, D is logical depth, Sept is internal entanglement entropy, f
is monotonically increasing function. Assume average internal information rate vin (M) needed
to maintain given M; is monotonically increasing and bounded by c¢. From information rate
conservation get

U2 (M[) = 02 — U2 (M[)

ext int

If

lim v (M7) = ¢,
Mp—oo

then
lim  vext(My) =0,

Mri—o0

i.e., high information mass subjects tend to asymptotic rest in external geometry.

3.8 Proposition 2 (Landauer Cost of Maintaining Information Mass)

Let system update internal model at rate Rypq, each update erasing average AI bits of old
information, then information erasure per unit time

jerase = RupdAI-

In thermal bath at temperature 7', according to Landauer principle, erasing one bit dissipates
at least heat kT In 2, minimal power consumption is

Prin = kpT'In2 Iopase = kpTIn2 Rypa Al

4 Proofs

This section gives derivation structure of above main results, with detailed calculations in
appendices.

4.1 Proof of Theorem 1
From proper time definition

dr
Vit dt = cdT = Uit = C i

substituting into
2 2 2 o
T+ Vjpt = € U 1= Vext,

obtain

dr\2
2 2(8T\" _ 2
v+c<dt) c,

(@) -1-=

Taking positive root gives time dilation relation

i.e.

dr v2

e Vo



Define Lorentz factor

) = 5 = ——
7 dr /1 —v?/c? ’
four-velocity
dxt
w = == = 9(v) (e, v).

Under Minkowski metric 7, = diag(—1,1,1,1),
ufuy, = 2 A% = =422 <1 — —2) = —c2
c

Define line element ds? = —c?dr?, substituting

d 2
I
c
obtain
ds® = —2dt? + dx2,

i.e., Minkowski metric.

4.2 Proof Outline of Theorem 2 and Proposition 1

Internal evolution equation
ih 0 |'¢int(7_)> = Hint ’¢int(7)>

has eigenstate solution satisfying

|hin (7)) = e TR N Higg [Ying) = Eo [Yin) -

Define
Ey
Wint = —,
int A
if identifying rest energy Fy = mc?, then obtain
hwint
m=—,
c

i.e., Theorem 2.
In continuum limit of Dirac-type QCA, effective Hamiltonian

H.g(k) ~ chko, + mctoy,
eigenvalues
Ei(k) = £+/(chk)? + m2ct

completely consistent with Dirac Hamiltonian. In Heisenberg picture, position operator X (t)

satisfies Ix . p .
i o i
— =—-[H,X] = — =-[H
o= X]=ca, = [Hal,
where o generally denoted as Dirac matrix. Integrating gives

i .
X(t) = X(0)+ H P+ —-H (721" —1)(a(0) — cH ™' P),
second term is uniform motion, third term is rapid oscillation with frequency 2E/h, i.e., Zitter-
bewegung, where
E = +/(cP)? + m2c*.

In rest limit P = 0, E = mc?, oscillation frequency

2mc?

wzp(0) = -

= 2wint,

obtaining Proposition 1.



4.3 Proof Idea of Theorem 3

For translation-invariant QCA, can write single-step unitary as

U= /EB U(k) dk,

winding number

1
WIU] = 5 / Oy log det U (k) dk

is homotopy invariant of mapping from Brillouin zone to U(N), preserved under finite-depth
local unitary transformations. In topologically trivial sector W[U] = 0, exists deformation
reducing U (k) to form containing only massless modes, with internal frequency possibly zero. In
topologically nontrivial sector W[U] # 0, exist non-eliminable Berry phase windings; to realize
such windings, internal Hamiltonian must have nonzero frequency eigenvalue, thus vy, > 0.
This argument can be rigorous through QCA index theory and K theory, see references [1,2]
for details.

4.4 Proof Ideas of Theorem 4 and Theorem 5
Theorem 4 starts from optical metric
ds? = —n?(z)Edt? +n~2(x)vi(z)da'da’.

In weak field taking
n(z) =1+ e(x), le(z)] < 1,
expansion gives
goo =~ —(142¢)c?, gij ~ (1 — 2€)ij.

In static spherically symmetric case, selecting isotropic coordinates and identifying

_p(r)  GM
G(T) - 62 ’ d)(?“) - r )
result consistent with Schwarzschild metric weak-field expansion. Refractive index defined as
- 2¢(r)
nr) =72 =1 - 220,

thus
c

Ceft (1) = o)

Substituting this refractive index distribution into gravitational lensing method based on Gauss—
Bonnet theorem, can obtain light deflection angle A = 4G M/(c?b), see references [3,4].
Theorem 5 uses Einstein—Hilbert term

/ V—g Rd*x
standard variation formula and

5( vV —4g Einfo) = \/ T(mfo 591“’,

obtaining

OSior = 1o / V—=9(Ruw — 1Rgu)og" d*z + / V=g T 5gm d*a.
Requiring 6 S0t = 0 for any compactly supported dg'”, immediately obtain
Ry — SRy = 8nG T2,

10



4.5 Proof Ideas of Theorem 6 and Proposition 2

Assume vip (M) monotonically increasing and

li it (M7) = c.
M]lgoorumt( I) c

From information rate conservation have

2 2 2
vext(MI) =Cc = vint(MI)’
when M — 00, vext (M) — 0, obtaining asymptotic rest.
Proposition 2 comes from Landauer principle: erasing one bit dissipates minimum heat
kpT In2. If erasing per unit time
Terase = RupdAI

bits, then minimal power
Puin = kBT In2 lepase = kpTIn2 RypaAl

independent of system’s specific physical implementation, depending only on erased information
amount and environmental temperature.

5 Model Apply

5.1 Free Particles and Special Relativistic Limit

In single-particle QCA model, assuming continuum limit has effective Hamiltonian with rela-
tivistic dispersion relation
E? = 22 + m2é,
then four-momentum
P = mut

automatically satisfies
2 2

pl'py = —m=c”.
Since Theorem 1 already normalizes four-velocity u*, energy—momentum relation and Lorentz
transformation properties naturally follow. For massless modes (lightlike excitations in topolog-
ically trivial QCA), internal frequency can be zero, vin; = 0, Vext = ¢, internal evolution frozen,
consistent with photon as massless excitation.

5.2 Many-Body Systems and Astrophysics

In macroscopic systems such as stars, galaxies and galaxy clusters, energy density, particle
number density and information processing density are highly correlated statistically: high en-
ergy density usually means large numbers of degrees of freedom participating in high-frequency
interactions, thus larger pinfo (), smaller n(z), larger refractive index n(x), more curved ge-
ometry. At this scale, difference between ping () and stress—energy tensor 7}, can be viewed
as renormalization and coarse-graining effects, observationally difficult to distinguish. There-
fore this framework’s predictions at classical astrophysics tests basically consistent with general
relativity.

Distinguishable tests should focus on systems where information structure can vary while
total energy remains nearly unchanged, such as quantum media with different entanglement
structures or topological phases.

11



5.3 Black Hole Entropy and Information Rate Saturation

Near black hole horizon, Bekenstein—Hawking entropy proportional to horizon area, suggesting
universal upper bound constraint on number of information degrees of freedom per unit area.
In this framework, horizon can be understood as region where pi,g, () reaches saturation value:
here 7n(z) approaches certain limit, causing severe suppression of external propagation, internal
degrees of freedom occupy almost all optical path quota. Black hole entropy can be interpreted
as “maximal information rate integral supportable” on horizon. To rigorously derive

A
SpH =

4G
from QCA information parameters requires combining specific QCA models with renormaliza-
tion analysis.

5.4 Cosmology and Effective Cosmological Constant

At cosmological scales, can define coarse-grained cosmological average information processing
density p{oe™°(t). Its smooth component can be absorbed into effective “information vacuum
energy” term through Ly, playing role similar to cosmological constant or dark energy in
Friedmann equations; if p{o"°(t) varies slowly with time, can produce observational features
similar to dynamical dark energy. This direction requires introducing QCA models and renor-

malization schemes in specific cosmological backgrounds.

6 Engineering Proposals

6.1 “Artificial High Refractive Index” Experiment in Superconducting Mi-
crowave Cavities

Consider high quality-factor superconducting microwave cavity or circuit QED platform with
fixed volume V', containing several controllable electromagnetic field modes. Through external
driving and feedback, can prepare various quantum states in cavity and characterize entan-
glement structure through quantum tomography. Assume through feedback control, fix cavity
total energy Fi. at some value.

Design two types of internal states:

e State A: At given Ei., modes approximately non-entangled or weakly entangled, topo-
logically trivial, corresponding to “low information structure state”;

e State B: At same FEiq, prepare highly entangled, possibly topologically ordered multi-
mode quantum state, corresponding to “high information structure state”.

In standard general relativity, gravity source determined by stress—energy tensor 7}, and
Maxwell field’s T},,, in this setting macroscopically depends only on energy density and pressure,
entanglement structure does not enter source term. Therefore as long as Ei.t and macroscopic
spatial distribution same, states A and B should have same effect on external geometry, Shapiro
delay near cavity also same.

In this paper’s framework, high entanglement or topologically ordered state means higher
Pinfo(2), i.e., more “path length” occurs in internal Hilbert space per unit time, even though
total energy unchanged. This causes changes in 7(z) and refractive index n(z) = n=2(x). If
arrange high-sensitivity interferometer near cavity making probe light beam traverse this region
multiple times, then when switching between states A and B, will measure differential phase

delay in interference fringes

Adinto ~ 2 An(x) dY,
¢ path

12



where w is light frequency, An(x) is refractive index change caused by information structure
difference.

In standard general relativity, since macroscopic 7}, unchanged, predicts A¢ =~ 0; in this
paper’s framework, predicts A¢ # 0. If stable differential phase delay observed under control of
systematic errors and noise, will constitute direct evidence of “entanglement gravity” relative
to “energy gravity”.

6.2 Dirac-QCA Experiments on Quantum Simulation Platforms

Multiple platforms (such as ion traps, optical lattices, photonic circuits) have realized discrete-
time quantum walks and Dirac-type QCA, observing relativistic features such as Zitterbewe-
gung. By adjusting model parameters can realize different effective masses and topological
structures; if further able to characterize internal state evolution rate (e.g., through coher-
ent manipulation and tomography of spin degrees of freedom), then can experimentally test
approximate relation

0 (k) + 2y (k) = &

ext

whether holds, and observe how vy (k) varies with mass and topological invariants. This will
provide quantum simulation support for “optical path quota allocation between internal and
external” picture.

7 Discussion (risks, boundaries, past work)

Existing QCA research has systematically shown how to emerge free quantum field theory and
partial interacting field theory from discrete models, giving rigorous description of QCA index
theory and topological classification [see references [1,2]]. This paper introduces information
rate conservation axiom on this basis, viewing Minkowski geometry and special relativity as
geometric expression of information rate constraints, interpreting Zitterbewegung in Dirac-QCA
as manifestation of internal frequency structure in external coordinates.

Optical metric and application of Gauss—Bonnet theorem in gravitational lensing theory
have shown equivalence between “gravity bending light” and “changing refractive index” [see
references [3,4]]. This paper gives refractive index n(x) microscopic meaning through ping (),
connecting macroscopic optical metric with microscopic QCA information processing.

Information perspective gravity theories also have other schemes, such as work deriving
Einstein equations from local thermodynamics and Clausius relation, and various “entropic
gravity” schemes; Landauer principle provides universal lower bound for information—energy
relation from irreversible computation perspective [see reference [5]]. This paper’s feature is:
starting from discrete QCA ontology, using information rate conservation as microscopic strong
constraint, then deriving interpretation of continuous geometry and mass through Hilbert space
geometry and topological structure, giving optical gravity picture with pinso(z), n(z), n(z) as
core.

Risks to emphasize include: coarse-graining from QCA to continuous manifold and metric
generally not unique, definition of pi,g, () needs to avoid gauge dependence on internal degree of
freedom choice; computability problem of information mass M7 limits its quantitative applica-
tion in specific systems; technical challenges of experimentally realizing “entanglement gravity”
tests are significant. These problems define applicable boundaries of this paper’s framework.

8 Conclusion

Within quantum cellular automaton and finite information ontology framework, introducing
information rate (optical path) conservation as single axiom can give unified description of re-
lations among special relativity, mass, gravity and information mass. Main conclusions include:

13



1. Information rate conservation and proper time definition sufficient to derive Minkowski
geometry and special relativity’s time dilation and four-velocity normalization;

2. Mass can be interpreted as proportionality coefficient m = hwiy/c? of internal self-
referential frequency wint, manifested in Dirac-QCA through Zitterbewegung frequency
WzB = 2Wint;

3. Combination of local information processing density pinfo(z) and optical metric
ds? = —n?(z)Edt* +n~2 ()i (z)da' dx?

recovers first-order expansion of Schwarzschild metric and correct light deflection factor
in weak-field limit;

4. Information-gravity variational principle gives geometry—information unified expression
formally equivalent to Einstein field equation, where Tlsllflfo) generalizes source term action
of information processing on geometry;

5. Information mass M7 and its Landauer cost provide unified characterization of gravita-
tional and dissipation properties of high-complexity energetic systems, high M; subjects
tend to asymptotic rest in external geometry and necessarily accompanied by continuous
entropy output.

Future work includes: constructing explicit Ling, in specific QCA models and verifying its
consistency with standard quantum field theory stress—energy tensor; in black hole and cos-
mological backgrounds, connecting pi,t, With area entropy, cosmological constant, dark energy
and other problems; designing feasible experiments in artificial quantum systems to directly
measure effective light speed or clock frequency behavior varying with entanglement entropy
and information density. If progress achieved in these directions, information rate conservation
could become unified pathway connecting microscopic computational ontology and macroscopic
geometric narrative.
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