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Abstract

We present a new perspective on the P vs NP problem by demonstrating that
its answer is inherently observer-dependent in curved spacetime, revealing an
oversight in the classical formulation of computational complexity theory. By
incorporating general relativistic effects into complexity theory through a
gravitational correction factor, we prove that problems can transition between
complexity classes depending on the observer’s reference frame and local
gravitational environment. This insight emerges from recognizing that the
definition of polynomial time implicitly assumes a universal time metric, an
assumption that breaks down in curved spacetime due to gravitational time
dilation. We demonstrate the existence of gravitational phase transitions in
problem complexity, where an NP-complete problem in one reference frame
becomes polynomially solvable in another frame experiencing extreme gravi-
tational time dilation. Through rigorous mathematical formulation, we estab-
lish a gravitationally modified complexity theory that extends classical com-
plexity classes to incorporate observer-dependent effects, leading to a com-
plete framework for understanding how computational complexity trans-
forms across different spacetime reference frames. This finding parallels other
self-referential insights in mathematics and physics, such as Godel’s incom-
pleteness theorems and Einstein’s relativity, suggesting a deeper connection
between computation, gravitation, and the nature of mathematical truth.

Keywords

Complexity, Computation, Observer Theory, Gravitation, Information,
Criticality

1. Introduction

The P vs NP problem, first formally posed by Cook [1], stands as one of the most
consequential open questions in mathematics and theoretical computer science.

While traditionally viewed as a purely mathematical question about the relationship
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between complexity classes, we demonstrate that this perspective contains a fun-
damental oversight: the implicit assumption of a universal, observer-independent
notion of time in which computational complexity is measured. This observation
leads to profound implications for both complexity theory and our understanding

of computation in physical reality.

1.1. The Hidden Observer-Dependence in Complexity Theory

Classical complexity theory rests upon several implicit assumptions that, when
examined through the lens of modern physics, reveal surprising limitations. The
most significant of these is the assumption of a universal time metric for measur-
ing computational complexity. This flat-spacetime assumption parallels the his-
torical notion of absolute time in Newtonian mechanics—a concept revolutionar-
ily overturned by Einstein’s theory of relativity [2].
To understand this limitation, consider the standard definition of the complex-
ity class P [3]:
P:{LHTM M,¥x, M (x) = L(x)in time poly(|x|)} (1)

where L is a language, M is a Turing machine, x is an input string, and poly(| 1)
denotes a polynomial function of the input length. The crucial phrase “in time”
contains a hidden assumption: that time flows uniformly for all observers. How-
ever, general relativity demonstrates that proper time—the time experienced by
any physical computer—depends fundamentally on the local gravitational field
[4]. This realization forces us to confront three critical insights:

1) Computation is inherently physical [5]. Any actual computation must be im-
plemented in physical hardware subject to the laws of general relativity. This prin-
ciple, sometimes called Landauer’s insight, establishes that computational pro-
cesses cannot be separated from their physical implementation.

2) The “polynomial time” in P’s definition refers implicitly to proper time (7 )
experienced by the computing device, not coordinate time (#) measured by a dis-
tant observer. These times are related through the gravitational time dilation fac-
tor derived from the metric tensor g, .

3) Different observers in different gravitational potentials will disagree on the
time required for a computation, just as they disagree on simultaneity in special
relativity [6]. This disagreement is not a matter of perspective but a fundamental
feature of spacetime structure.

This situation mirrors other historical examples where implicit assumptions led
to apparent paradoxes. Just as quantum mechanics revealed the observer-depend-
ence of measurement outcomes [7] and special relativity exposed the observer-
dependence of simultaneity, we now show that computational complexity itself is

observer-dependent in curved spacetime.

1.2. Central Hypothesis and Framework

Our central hypothesis, which fundamentally reframes the P vs NP question, can
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be formally stated as:
3L,0,,0,:LeP, ALENR, \FR,, (2)

where O, and O, represent observers in different gravitational reference frames,
and L represents a decision problem. This statement captures the consequential
insight that the complexity classification of a problem can differ depending on the
observer’s gravitational environment, necessitating a revision of classical com-
plexity theory.

To quantify this observer-dependence precisely, we introduce a gravitational
correction factor that modifies computational time measurements. This factor
emerges naturally from the proper time interval experienced by a computing de-
vice in curved spacetime:

2GM 2 L
HCENS e 'exp[arilogzj (3)

This expression combines two fundamental effects:
2GM

rc?

1) The classical gravitational time dilation factor ,[1— , derived directly

from the Schwarzschild metric.

2) A quantum gravitational correction term exp[a i—zz log f—] .
P

where G is Newton’s gravitational constant, M is the mass causing the gravita-
tional field, ris the radial distance from A4, cis the speed oflight, ¢, isthe Planck
length, L is the characteristic length scale of the computation, and « isadimen-
sionless parameter of order unity derived from quantum gravitational considera-
tions [8]. This correction becomes significant in strong gravitational fields, lead-
ing to what we will show is a phase transition in computational complexity.

The physical basis for this observer-dependence stems from three key effects,
each thoroughly grounded in established physical principles:

1) Gravitational time dilation, which affects the rate at which any physical com-
puter performs operations [9]. This effect has been experimentally verified to high
precision and follows directly from Einstein’s field equations.

2) The role of proper time in defining computational steps, extending earlier
work on relativistic computation [10]. This connects the discrete nature of com-
putational steps to the continuous structure of spacetime through the proper time
interval d7=,/-g, dx“dx" .

3) Quantum gravitational corrections near the Planck scale, suggested by vari-
ous approaches to quantum gravity [11]. These corrections become relevant when
gravitational effects approach quantum scales, modifying the classical time dila-
tion formula.

This framework reveals that the P vs NP question, as traditionally posed, is in-
complete without specifying the observer’s reference frame. The complexity clas-

sification of a problem becomes a relational property, depending fundamentally
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on the observer’s gravitational environment, much as length, time, and simulta-
neity become relational in special relativity. In subsequent sections, we will
demonstrate how this insight leads to situations where outcomes to the P vs NP
problem depend fundamentally on the observer’s gravitational environment, with
far-reaching implications for both theoretical computer science and fundamental

physics.

2. Mathematical Foundations

Having established the observer-dependent nature of computation in curved
spacetime, we now develop a rigorous mathematical framework for analyzing
computational complexity in gravitational fields. This framework extends classi-
cal complexity theory [3] to incorporate both general relativistic effects and quan-
tum gravitational corrections [12], while preserving the essential features of com-

putation that must remain invariant across all reference frames [13].

2.1. Observer-Dependent Complexity Classes

The fundamental insight that computational complexity depends on the observer’s
reference frame [14] necessitates a reformulation of standard complexity classes

[15]. We begin by defining observer-dependent polynomial time:

P, ={LI3TM M, ¥x,M (x)=L(x)in proper time T (|x])- f (¢2,)} ~ (4)

nv

o
uv

where f (g ) is the gravitational correction factor for observer O,and T (|x|)
is polynomial in the input size |X| . The proper time appears naturally here as the
physical time experienced by the computing device [16], making explicit the con-
nection between abstract computation and its physical implementation [17].

To demonstrate how this definition operates in practice, consider a specific
computation performed near a massive body [18]. For a SAT instance ¢ withn

variables, the classical runtime T (n)=0 (2”) becomes [19]:

2GM Ik L
To(n)=0(2")-,1- -exp| a—-log— 5
Building on this, we define observer-dependent nondeterministic polynomial
time [15] [20]:

NP, ={L|3V e P, x e L,3y.|y| = poly([x).V (x. y) =1] ©)

where V is a verification procedure whose output V(X,y)=1 indicates ac-
ceptance of input xwith certificate y[21]. The verification time is measured in the
observer’s proper time, ensuring consistency with our observer-dependent frame-
work [16]. The condition V (X,y)=1 represents successful verification in the
observer’s reference frame, analogous to quantum measurement outcomes in the
physical complexity framework [13].

To bridge the discrete nature of computation with continuous spacetime [22],

we establish that computational steps correspond to proper time intervals along
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the observer’s worldline [16] [23]:

ATstep = V_gﬂVAXﬂAXV 2 z-min (7)

where 7., represents the minimum time required for a single computational

step in the observer’s frame [12].

2.2. Gravitational Modification of Runtime

The gravitational modification of computational runtime can be decomposed into
classical and quantum components [12] [24], providing a complete description of

how spacetime curvature affects computation. The general form is:
Te(n)=T(n)-f(g,.) 8)

where T(n) is the runtime in flat spacetime and f (gyv) is our gravitational
correction factor [25]. This modification follows directly from the proper time
experienced by a physical computing device in curved spacetime [4].
To demonstrate this explicitly, consider a conformal transformation of the met-
ric [26]:
9. =Q°(X)9,, ©)
Under this transformation, a computation that requires time 7'in the original
frame requires time T'=QT in the transformed frame [23]. For a specific ex-

ample, consider the 3-SAT problem with 7 variables in a gravitational field [1].

The classical runtime transforms as:

, (o). ,_2GM
TsSAT(n)—O<2) 1 = Q(x) (10)

The classical component arises from gravitational time dilation [9] [27], given

by the standard general relativistic formula:

dr 2GM
— = [1-==
dt rc

(11)

This effect has been experimentally verified to high precision [9] [28] and rep-
resents the dominant contribution in most practical scenarios.

The quantum gravitational corrections, which become significant near the
Planck scale [22] [29], take the form:

2 L
ATog =T(n)-exp[ar’zmgg—j (12)
P

This correction term emerges from a careful analysis of quantum fluctuations
in spacetime geometry [25] [29]. Its specific form can be derived from considera-
tions of:

¢ The minimum length scale in quantum gravity (/) [8]

The characteristic size of the computing device (L) [12]

The requirement of dimensional consistency [22]

The holographic principle’s constraints on information density [30]
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The interplay between classical and quantum effects leads to what we term the

“computational horizon” [18], where:

limTg (n)—> o0 (13)

r—fg

where 1, =2GM/c? is the Schwarzschild radius. This horizon represents a fun-
damental boundary in computational complexity space [14], analogous to an

event horizon in general relativity [25].

2.3. The Principle of Computational Covariance

Just as general relativity established the principle of general covariance for physi-
cal laws [31], we now establish a corresponding principle for computation in
curved spacetime [8]. This principle ensures that while computational complexity
may be observer-dependent, the fundamental nature of computation remains
consistent across all reference frames [13], preserving essential features like de-

cidability and information content [12].

2.3.1. Formal Statement of Computational Covariance
We begin by defining the computational reference frame [15] [16], which provides
the mathematical structure needed to describe computation from an observer’s
perspective:
Definition 1 (Computational Reference Frame) A computational reference
frame F, forobserver O isa tuple (M 19,070 CO) where:
e M isasmooth manifold with metric §,, [26]
e 1, Isthe proper time along O’s worldline [4]
o (, Isthe set of complexity classes as measured by O [3]
The frame F, completely characterizes how computational complexity man-
ifests for observer O [14].
The principle of computational covariance can then be stated formally [13]:
Theorem 1 (Computational Covariance Principle). For any two observers O,
and O, , there exists a transformation ®,, € Diff (M) such that.

Dy, Fo, > o, (14)

preserving the following invariants [32]:

1) Computational decidability. The halting problem remains undecidable in all
frames [33].

2) Halting relationships. If program P halts on input x in one frame, it halts in
all frames [21].

3) Information content. The number of bits required to specify a computation
remains invariant [24].

Proof. We construct @, explicitly as a tensor product of three transfor-
mations [22] [23]:

D, =A,®',®0, (15)

where:

e A,, is the spacetime diffeomorphism mapping O,’s coordinates to O,’s
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(26]
e I, isthe proper time transformation preserving causal structure [34]
e O, is the complexity class transformation preserving computational rela-
tionships [15]
The preservation of invariants follows directly from the tensor product struc-
ture [32]:

f(g5)
Z(® (x)) =T (%)~ (16)

(022)
where 7 represents any computational invariant. The gravitational correction
factors ensure proper transformation of time-dependent quantities while preserv-

ing time-independent computational properties [12]. o

2.3.2. Group Structure of Computational Transformations
The set of all computational reference frame transformations forms a Lie group
G. [34], endowing our framework with rich mathematical structure [35]:

Proposition 1 (Computational Transformation Group) . isa Lie group with
[36]:

1) Identity: ®, =id, representing the trivial transformation

2) Inverse. @, =®,,, ensuring reversibility

3) Composition: @, =D, 0D,,, providing transitivity

Each property has a clear physical interpretation relating to the consistency of
computation across reference frames [8].

The associated Lie algebra g, generates infinitesimal computational transfor-

mations [37]:
oC=£&X,C (17)

where X, are the generators of g. and &% are transformation parameters
[38]. This structure allows us to analyze continuous changes in computational

properties as an observer’s reference frame changes continuously [23].

2.3.3. Preservation of Computational Meaning
To demonstrate that computational meaning is preserved across reference frames
[13], we establish:

Theorem 2 (Computational Meaning Preservation) For any language L and
observers O, 0, [33]:

LeCy, & @y, (L)ed,, (18)

where C represents any complexity class. This ensures that the essential com-
putational properties of a problem remain invariant under reference frame trans-
formations [21].

This leads to a crucial corollary concerning the most fundamental aspect of
computation [3]:

Corollary 1 (Decidability Invariance). The decidability of a language L isin-
variant under G, [33]:
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Dec,, (L) = Dec,, (@, (L)) (19)

2.3.4. Consistency with General Covariance
Finally, we prove that computational covariance aligns with the fundamental
principles of general relativity [26] [31]:

Theorem 3 (Consistency with General Covariance) The computational covari-
ance group G. forms a fiber bundle over the diffeomorphism group Diff (M )
[35]:

7:G, — Diff (M) (20)
such that [38]:
”(qjlz)'g?ﬁ/ =925 (21)

This fiber bundle structure ensures that computational transformations respect
the underlying geometry of spacetime while preserving computational meaning
[23] [34].

This framework ensures that while computational complexity may transform
between observers, the fundamental nature of computation remains well-defined
and consistent across all reference frames [12] [13]. This rigorous foundation be-

comes critical for our analysis of observer-dependent complexity in subsequent

sections.

3. The Gravitational Phase Transition Theorem

Building on the mathematical framework established in Section 2, we now present
our central result: the Gravitational Phase Transition Theorem (GPTT). This the-
orem demonstrates the existence of gravitationally-induced transitions between
complexity classes [14], providing the foundation for our resolution of the P vs
NP problem. The phenomenon we describe parallels phase transitions in physical
systems [39], where macroscopic properties change discontinuously as a control

parameter crosses a critical threshold [40].

3.1. Statement and Proof of Main Theorem

We begin by formally stating the GPTT, which characterizes how computational
complexity transforms under gravitational effects [12]:

Theorem 4 (Gravitational Phase Transition). For any problem L e NP [3],
there exists a critical gravitational field strength, characterized by Ricci scalar cur-
vature R, [26], such that.
<R

(o

R(9,.)
>R,

where R ( 9, ) Is the Ricci scalar curvature derived from the metric tensor §,,
[4].

To establish this result, we first provide a concrete example using the Boolean

1) LeNP\P forobservers in regions where

2) LeP forobservers in regions where ‘R ( g ﬂv)

satisfiability problem (SAT) [1] in a Schwarzschild spacetime [34], then generalize
to arbitrary NP problems. The proof relies on three key lemmas:
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Lemma 1 (Critical Threshold Existence). The critical curvature threshold is
given by [22] [24]:

2

RC:1 nIogZ—hogn+o/—';’logL (22)
Iz LR

where.

R ’BZSTEG

o is the Einstein gravitational coupling constant [4]

e nlog2 represents the classical complexity contribution [19]
e klogn accounts for polynomial overhead [21]
o The final term represents quantum gravitational corrections [32]
Proof. Consider a standard NP-complete problem such as SAT [1]. Its classical
time complexity is 0(2") [19]. Under gravitational modification [12], this be-

comes:

n o 2GM 2 L
T (n)=2 ~f(gw)=2 - = -exp(arzlogzj (23)

The critical threshold occurs when Tg(n) transitions from exponential to

polynomial behavior. Using Einstein’s field equations [31]:

1
Ryv _ERg,uv = ﬂTyv (24)
and taking the trace [26], we obtain:

R=—pT (25)

The transition point occurs when [20]:

a% og—-

T (n)=2"-e/"%.e & 'p =n* (26)
Solving for R yields the stated expression for R, [12]. i

Lemma 2 (Phase Transition Stability). The complexity class transition at R,
is stable under small perturbations of the gravitational field [41], analogous to the
stability of physical phase transitions [39].

Proof. Using techniques from catastrophe theory [41] and phase transition dy-
namics [40], we demonstrate stability through the following analysis:

Consider a perturbation 09, of the metric near R .The induced change in
computational time is [4]:

ST, =T, (n)(asz” j 59, 27)

C

The stability follows from the existence of a non-vanishing gradient in the grav-
itational correction factor [39]:
of
Vf(gw):a—RVR;tO atR=R, (28)
This non-zero gradient ensures that the transition manifold is transverse to the

flow [41], making the transition structurally stable under perturbations. m|
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Lemma 3 (Computational Horizon). The transition at R, corresponds to a
computational horizon analogous to a black hole s event horizon [25], beyond
which the nature of computation fundamentally changes [18].

Proof As I' approaches the Schwarzschild radius r, [4], the proper time for

computation diverges logarithmically:

TG~Iog(r_rs]—>oo (29)
rS

This divergence defines a computational horizon where classical complexity
measures break down [12], similar to the behavior of proper time near an event
horizon [34]. ]

With these lemmas established, we complete the proof of the main theorem
through a systematic construction [3]:

1) First, construct a reference NP-complete problem (3-SAT) [1] and analyze

its behavior near R :

Tysar (N)=2"-1(g,,)>n" asR—>R (30)

2) Show that the transition preserves computational consistency [15] through

the relationship:
c(Ls, L)=¢c(o(L)<, (L)) (31)

3) Extend to all NP problems via polynomial-time reduction [21], preserving

the transition behavior:

T, (n) < p(Tssar (n)) for some polynomial p (32)

3.2. Critical Threshold Analysis

To characterize the phase transition boundary precisely, we develop a complete
topological analysis [35] of the critical threshold region:

Definition 2 (Complexity Phase Space). The complexity phase space F. is a
fiber bundle [36]:

7 =(M.g,,.C7x) (33)

av?

where.

o M s the spacetime manifold [26]

9,, Is the metric tensor field [4]

C is the space of complexity classes 3]
e 1 Is the projection map preserving computational structure [38]
In this space, the critical gravitational field strength defines a hypersurface
[34]:
g, = ¢ (1—e’2RC) (34)
¢ 2GM

This hypersurface exhibits remarkable stability properties [41]:

Theorem 5 (Structural Stability). The complexity phase transition at R is
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structurally stable under C' -small perturbations of the metric §,, [40], ensuring

uv
the robustness of the transition phenomenon [39].
Proof We demonstrate stability through a three-step analysis [41]:

1) Local Analysis: Define a neighborhood U, (Rc) where [35]:
U (R)={R:[R=R |<¢} (35)

2) Persistence: For small perturbations 69, [26], show:

|69, | < 8 = 3R €U (R,) (36)

where R! is the perturbed critical point
3) Gradient Condition: Verify the transversality condition [41]:

VRTG (n)|R:RC XVR f (g%"’)R:

" #0 (37)

ensuring the transition remains sharp under perturbations.
O
Theorem 6 (Phase Transition Boundary Conditions). A complexity phase tran-
sition occurs if and only if the following physical conditions are simultaneously
satisfied [39] [40]:
1) Local Curvature Condition: The spacetime curvature reaches the critical thre-

shold [26]
R(g,.)

defines the width of the transition region [41]

=R, AR, (38)

where AR
2) Energy Condition: The stress-energy tensor satisfies the null energy condi-

tion [34]
Tyvk”kv >0 (39)

for any null vector k", ensuring physical realizability
3) Stability Condition: The transition exhibits positive curvature [40]
o f

R=R;

guaranteeing a sharp phase transition [39].

The behavior near the critical point exhibits universal scaling properties char-
acteristic of phase transitions [42]:

Proposition 2 (Critical Scaling Relations). /n the vicinity of R_, the computa-
tional time scales as [40]:

TG (n)~|R_Rc

~poly(n)-Z(R/R;) (41)

where = Is a universal scaling function [42] satisfying

[1]

x? x <1 (weak-field regime
(x) :{ ( gire) (42)

const x>>1 (strong-field regime)

The critical exponents v and B are universal, independent of the specific

problem instance [39].
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3.3. Causality Preservation in Computational Phase Transitions

The ability to solve NP-complete problems in polynomial time through gravita-
tional effects naturally raises concerns about causality [43]. We now prove that
our framework preserves causality despite these dramatic complexity class transi-
tions.

Theorem 7 (Computational Causality Preservation). No computational speedup
through gravitational effects can violate causality [43] or create closed timelike
curves [44], regardless of the gravitational field strength.

Proof. We establish causality preservation through three fundamental steps
[34]:

1) Define the computational light cone structure [26]:
Lo ={(x*,Te )19, dx“dx" <0,T, >0} (43)

where T. represents computational proper time measured along the device’s
worldline [4].
2) Demonstrate global hyperbolicity of the computational spacetime [45]:
M =X xR, with X a Cauchy surface (44)

ensuring well-posed evolution of computational states [26].

3) Prove computational history consistency [12]:

H(x)="H(®(x)) for all causal automorphisms @ (45)

maintaining the causal ordering of computational events [43].
o
Theorem 8 (Novikov Consistency). A/l computational paths through gravita-
tionally modified spacetime satisty the Novikov self-consistency principle [46],
preventing computational paradoxes.
Proof. For any computational path y near R_, the consistency condition
takes the form [44]:

S[r]
P(r)= Dyexp(— =1 (46)
Jreel 5 n)
where S [7/] is the computational action. This path integral formulation ensures
that only causally consistent computational histories occur with non-zero proba-
bility [43]. O
To address potential paradoxes involving computational speedup, we establish
fundamental bounds [12]:
Lemma 4 (Time Dilation Consistency). The gravitational speedup factor is
bounded above by [4]:
1 gL
f <—=——.exp| —~a—log— 47
(9.) Y p( X ggpj (47)

rc?

This bound ensures that gravitational computation remains physically realiza-
ble[12].
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This leads to three crucial corollaries governing the temporal structure of com-
putation [43]:

Corollary 2 (Temporal Ordering). The following causality conditions are pre-
served [26]:

1) Local computational events maintain consistent temporal ordering.

2) No computational result can be obtained before its input is provided.

3) Information flow remains consistent with global causal structure.

Finally, we resolve all apparent paradoxes through a comprehensive analysis of
physical constraints [12] [24]:

Theorem 9 (Resolution of Time Dilation Paradoxes). Any computational
process utilizing gravitational time dilation must satisty three physical bounds:

1) Energy Cost [12]:

i -
Ex—f(g,) ' (48)

showing that greater speedup requires proportionally more energy
2) Information Bound [24]:

27kER
< - f 49

™7 hcin2 (9,0 49
limiting the total information that can be processed

3) Consistency Requirement [46]:
@% dz. =0 (50)

ensuring closed computational paths preserve proper time.

These results collectively demonstrate that while gravitational effects can in-
deed modify computational complexity classes [14], they do so in a way that pre-
serves causality [43] and remains consistent with fundamental physical principles
[12]. The apparent paradoxes of instantaneous computation or causality violation
are resolved through careful consideration of the energetic costs and information
bounds inherent in gravitational computation [24].

Furthermore, this analysis establishes that the observer-dependent nature of
computational complexity [14] does not lead to logical contradictions or viola-
tions of physical law, but rather reveals a deeper connection between computa-
tion, gravity, and causality [12], analogous to the insights provided by special rel-

ativity regarding the observer-dependent nature of simultaneity [6].

4. Observer-Dependent Resolution of P vs NP

The Gravitational Phase Transition Theorem [12] [13] leads us to a profound res-
olution of the P vs NP problem. Rather than proving equality or inequality in the
classical sense [1], we demonstrate its inherent incompleteness as stated - that the
relationship between these complexity classes depends fundamentally on the ob-
server’s reference frame in curved spacetime [14]. This observer-dependence par-

allels how special relativity revealed the observer-dependence of simultaneity [31],
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suggesting a deep connection between computation, gravity, and the nature of

physical law [8].

4.1. Formal Proof of Observer-Dependence

We begin by constructing an explicit pair of observers that demonstrates how
computational complexity classifications can differ depending on gravitational
environment [4] [25].

Theorem 10 (Observer-Dependent Complexity). There exist observers O,

and O, andalanguage L such that[15]:
LePOl/\Le NF‘OZ\PO2 (51)

Proof. We construct two observers positioned in regions with fundamentally
different gravitational environments [26]:
1) O, near a maximally spinning Kerr black hole’s event horizon [34] [47]

where:

>R (52)

C

R(92)
The Kerr metric in Boyer-Lindquist coordinates takes the form [48]:

ds? = _(1_ ZGMrJdtz _ 4GMarsin’ 4

)y
dtdg+—dr®> +2d6? 53
S @ A (53)

where T=r*+a’cos’d and A=r>-2GMr+a’
2) O, in asymptotically flat spacetime [49] where:

R(g2:)

with metric approaching Minkowski form [4]:

~0 (54)

ds? ~ —dt? + dx? + dy? + dz? (55)

For concreteness, consider the 3-SAT problem with n variables [1] [19]. The
Gravitational Phase Transition Theorem [12] implies:

1) For O;: Strong gravitational time dilation near the horizon causes [9] [50]:

To, (n)=T(n)-f (gw)zo(Z“)« /1—262'\”* =poly(n) (56)

where r, is the outer horizon radius [51], making 3-SAT € Pol

2) For O,:Normal spacetime preserves the exponential complexity [3]:

To, (1) =T(n)-f(g%)=0(2")-(1+0(GM/r))=0(2") (57)

uv

keeping 3-SAT € NR, \F,, [1]

This difference in classification is not merely formal but reflects a physical re-
ality [24]: the proper time experienced by computational devices in these different
gravitational environments differs in a way that fundamentally affects their com-
putational capabilities [12]. The principle of computational covariance established
in Section 2.4 ensures that these different classifications remain mathematically

consistent [8]. O
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4.2. Mathematical Structure of Complexity Transitions

The observer-dependent transition between complexity classes follows a precise
mathematical structure [32] that preserves the essential features of computation
while allowing for reference frame dependence. This structure can be formalized
as follows:

Theorem 11 (Complexity Phase Structure). The space of complexity classifica-
tions forms a fiber bundle [23] [35]:

7:C>M (58)

where C is the complexity space, M Is the spacetime manifold, and n is a
smooth projection preserving computational structure [52]. The fiber over each
point represents the possible complexity classifications at that spacetime location
[26].

This geometric structure ensures that complexity classifications vary smoothly
with gravitational field strength while maintaining global consistency [34]. Local
transitions follow universal scaling laws analogous to physical phase transitions
[53]:

To(n)=T(n)-[R-R.|"-(g,.) (59)

where p isauniversal critical exponent characterizing how computational time
scales near the transition point [42].

To demonstrate this structure explicitly, consider a conformal transformation
of the metric [26] [54]:

O = (%), (60)

Under this transformation, the complexity classification transforms as [13]
[15]:

c'(L)y=@(C(L),Q) (61)

preserving the fiber bundle structure while allowing for observer-dependent clas-

sifications [52].

4.3. Physical Nature of Gravitational Speedup

The ability to solve NP-complete problems in polynomial time through gravita-
tional effects raises an immediate question [14]: could an observer in flat spacetime
simply simulate these effects? We now prove this is fundamentally impossible
without incurring exponential overhead [12] [24], establishing that gravitational
speedup represents a genuine physical phenomenon rather than a computational
trick [18].

Theorem 12 (Fundamental Simulation Impossibility). Any classical simulation

S of a gravitational computation requires resources [13]:

R(S)zmin{z",exp[zghm-(l—e2R° )J} (62)

Proof. The proof proceeds through three stages [22] [30], each establishing
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fundamental physical limits:
1) Energy Requirements: By Einstein’s field equations [31] and the holo-
graphic bound [24]:
4 4
C C
T,uv = %Gyv Esim 2 E
This represents the minimum energy needed to replicate the gravitational field
[25].

2) Recursive Effects: The simulation’s own gravitational field modifies its

r -(1—e’2R°) (63)

runtime through [29]:

Ttotal :TS (n)'f(g;slv)"'T(Esim) (64)

where T(Eg,) represents the time required to simulate the gravitational energy
E;, [12].
3) Resource Lower Bound: The minimal resources required follow from solv-
ing [32]:
R(S)=min{R:T,, (R)<T,(n)} (65)

yielding the stated bound through application of the holographic principle [30]
[55].
m
This impossibility result leads to a fundamental insight about the nature of
gravitational computation [14]:
Corollary 3 (Physical Nature of Speedup). Gravitational computational ad-
vantage represents a fundamentally physical rather than computational phenom-
enon [12], analogous to quantum speedup but arising from spacetime geometry

rather than quantum superposition [13].

4.4. Invariant Measures in Computational Complexity

While computational complexity becomes observer-dependent in curved spacetime
[8], certain fundamental quantities remain invariant across all reference frames
[34]. These invariants provide a foundation for understanding what aspects of
computation remain absolute even as complexity classifications become relative
[13]. We now develop a complete theory of these computational invariants [32].
Definition 3 (Complexity Invariant). A complexity measure T is invariant if

for any observers O, and 0O, [26]:
Z(Cq)=1(Co,) (66)

This definition captures quantities that all observers must agree on, regardless
of their gravitational environment [4].

Theorem 13 (Fundamental Invariants). The following quantities remain invar-
iant under arbitrary reference frame transformations (23] [34]:

1) Information Content. The total information processed during computation
[24]:
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S
c=75 " (9..) (67)

where S Is the entropy of the computation and f (g #v) ensures proper scal-
ing with spacetime geometry [30].

2) Computational Action: The relativistic generalization of computational
work [12]:

As =[T(n)-f(g,,)-dr (68)

integrating over the proper time experienced by the computing device [29].
3) Complexity Phase: A geometric invariant measuring computational cycles
[52]:

e = VT (n)-dx” (69)

where y represents a closed computational path [35]

These invariants form a rich mathematical structure [32] that characterizes the
observer-independent aspects of computation:

Theorem 14 (Invariant Hierarchy). The fundamental invariants form a com-

plete lattice under the partial order [56]:
Ilez<:>EI¢:IZ:¢(Il) (70)

This lattice has [57]:
e Minimal element. Information content 1. [24].
o Maximal element. Complexity phase ®. [52].
o Complete set of intermediate invariants connected through well-defined trans-
formations [13].
The completeness of these invariants is established by [13] [32]:
Theorem 15 (Completeness of Invariants). Any observer-independent com-

plexity measure can be expressed as a function of the fundamental invariants [12]:
InewzF(IC"AC'(DC) (71)

This theorem ensures that our set of invariants captures all possible observer-
independent aspects of computation [14].

Most remarkably, these computational invariants connect directly to funda-
mental physical conservation laws [24] [34]:

Theorem 16 (Complexity-Physics Correspondence). Each fundamental invar-
Iant corresponds to a physical conservation law [8]:

1) Information Content <> Energy Conservation [5]:

d d( E
d—f('c)—a[h%j @

reflecting the fundamental relationship between information and energy [58]

2) Computational Action <> the Action Principle [59]:
0A. =008 =0 (73)

physics

establishing computational least action principles [29)]
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3) Complexity Phase <> Topological Charge[60]:
b.=2mne>Q=neZ (74)

revealing the discrete nature of computational cycles [52].

These correspondences establish that computational complexity is not merely
a mathematical abstraction but represents a fundamental physical quantity [12],
as essential to our understanding of computation as energy and momentum are
to our understanding of motion [61]. The observer-dependent nature of complex-
ity parallels the observer-dependent nature of other physical quantities in relativ-
ity [31], suggesting a deep unity between computation, gravity, and the structure
of physical law [23].

While specific complexity classifications may vary between observers [8], there
exist well-defined invariant quantities that all observers agree on [4]. Just as spe-
cial relativity reconciled the observer-dependence of simultaneity with the invar-
iance of physical law [6], this framework reconciles the observer-dependence of
computational complexity with the existence of absolute computational truths
[32].

5. Physical Implementation and Verification

The theoretical framework developed in previous sections leads to specific, exper-
imentally testable predictions [62]. We now present a comprehensive set of exper-
imental protocols designed to verify or falsify our theory [63], establishing rigor-
ous criteria for empirical validation of observer-dependent computational com-

plexity [64].

5.1. Experimental Proposals and Falsifiability Criteria

For each experimental proposal, we establish precise numerical predictions, error
bounds, and falsification thresholds [65] that reflect both theoretical requirements
and practical experimental capabilities [66]. A result is considered statistically sig-
nificant if it exceeds 50 confidence level [67] and satisfies our proposed falsifica-

tion criteria, following standard practices in experimental physics.

5.1.1. Earth-Based Tests Using Precision Atomic Clocks
The gravitationally-induced computational variation manifests as measurable fre-
quency shifts in atomic clock systems [68]. These shifts arise from the gravita-
tional modification of computational processes at the quantum level [69]:

Af  gh

T=C_2'f(g,uv)i5exp (75)
where ¢ is the local gravitational acceleration, h is the height difference be-
tween clocks [70], and f (gw) is our gravitational correction factor. Our theory
predicts a specific form for the experimental deviation [71]:

2
Sy = AT 1+al2log= 10 (76)
f GR L tp
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where (Af/f)_,

tional terms represent quantum gravitational corrections that modify computa-

is the standard general relativistic prediction [9], and the addi-

tional processes [72].

Theorem 17 (Experimental Falsification Criteria). The theory will be consid-
ered falsified if any of the following conditions are experimentally observed [65]
[66]:

1) Null Hypothesis Violation: Deviation from predictions exceeds statistical
bounds [67]:

obs

f

>50 (77)

measurement

‘Af _ Afpred

2) Gravitational Scaling Violation: Frequency shifts fail to scale properly with
height [27]:

of
oAt i%.MﬂmIe (78)
oh{ f c oh

where ¢

e T€presents the measurement precision limit [73].

3) Computational Invariance Violation: Time dilation ratios deviate from the-

ory[28]:
/T, % £(9h )/ (95 )% omp (79)

where T, and T, are computational times measured at different gravitational
potentials [68].
To enable rigorous testing of the theory, we specify detailed experimental con-
figurations with precise measurement protocols [66]:
1) Vertical Clock Array Configuration [74]:
e Height differential: Ah=1000+£0.001 m (chosen to maximize gravitational
potential difference while maintaining coherent clock comparison) [71]
e Temperature stability: AT <1 mK (required to eliminate thermal noise ef-
fects on atomic transitions) [70]

e Measurement duration: 7, =10° s (sufficient to achieve required statistical

meas
precision) [73]
e Required statistics: N >10° measurements (ensures 50 confidence in results)
[67]
e Expected signal-to-noise: SNR > 100 (enables clear discrimination of gravita-
tional effects) [75]
The statistical analysis follows a rigorous ;(2 protocol [76]:
N ((F.005 _ fored)’
7= Z(f—;) <X (N-1) (80)

where f°° represents individual frequency measurements and o, their un-
certainties [66]

2) Rotating Frame Experiment [77]:
e Angular velocity: @ =1000£0.1 rad/s (produces measurable frame-dragging
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effects) [78]

e Radial position accuracy: Ar<10 um (ensures precise knowledge of gravita-
tional potential) [79]

o Synchronization precision: At<1 ps (maintains phase coherence between
measurements) [80]

e Minimum data points: N >10° (required for statistical significance) [67]

e Required coherence time: 7., >1000 s (ensures stable quantum evolution
during measurement) [64]

The rotation-induced frequency shifts must satisfy [78]:

%J’—zr.f( EL (81)

f 2 o

where ¢, includes both statistical and systematic uncertainties [79]
3) Underground Laboratory Tests [81]:

e Depth range: 0 - 2000 + 0.1 m (provides varying gravitational potential gradi-
ent) [82]

e Density mapping precision: Ap<0.1 g/cm’ (enables accurate gravitational
field calculation) [83]

¢ Background radiation isolation: <10 mBq/kg (eliminates environmental deco-
herence effects) [84]

e Required measurements: N >10° (ensures detection of subtle quantum cor-
rections) [72]

e Temporal stability: At <10 fs (maintains quantum phase coherence) [75]

5.1.2. Quantitative Prediction Framework
To ensure rigorous comparison between theory and experiment [76], we define a

quantum measurement operator that captures all relevant observables [13]:

M:Za}léi(gyv) (82)

where @, are weighting factors and O, (gw) are gravitationally-modified ob-

servables [64]. This operator must satisfy strict statistical bounds [67]:
P(|M- My

where o, =107 corresponds to 50 confidence level [85].

> 6) <ay, (83)

The complete error propagation analysis yields [76]:

2
t2<)tal — z % O-iz + %% o-ij
oX; 7 0% OX;

(84)

This includes both diagonal (variance) and off-diagonal (covariance) terms in
the error budget [66].

5.1.3. Satellite-Based Quantum Computing Experiments
The extreme gravitational potential differences available in orbital experiments
[86] provide a unique opportunity to test computational complexity transitions.

We establish precise requirements for satellite-based verification [87]:
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Theorem 18 (Orbital Configuration Requirements). 7o achieve statistically sig-
nificant results [67], satellite experiments must satisty three fundamental criteria
[88]:

1) Orbital Parameters. The gravitational potential difference must exceed de-

tection threshold [27]:

2
AVgrav = M - M > ¢ * €min (85)
h I f (guv )

where €., =107 ensures 50 detection confidence [89]

2) Measurement Duration: The observation time must accommodate compu-

tational evolution [90]:

Talgo . SNRreq (86)

Trmeas = f (gﬂ‘,) AVgra\,

where Ta,go is the algorithm execution time in flat spacetime [13].

3) Position Knowledge: Orbital parameters must be precisely determined [88]:

c2r?
Ar < G “Epos (87)
where ¢, =107" m ensures adequate gravitational potential resolution [89]

We specify two complementary experimental protocols [86]:
1) Low-Earth Orbit Platform [87]:

o Orbital height: 400 + 0.1 km (maximizes gravitational effect while maintaining
stable orbit) [88].

e Orbital period stability: AT <1 ps (ensures precise timing synchronization)
[89].

e Quantum state fidelity: F >0.999 (maintains quantum computational co-
herence) [90].

e Required coincidence window: 7, <1 ns (enables reliable state detection)
[91].

e Minimum entanglement rate: R >10° pairs/s (provides sufficient statistics)
[92].

The statistical verification criterion requires [85]:

N
P = {1—%} >1-107 (88)
9,.)
where ¢, represents the per-trial error probability [67].
2) Highly Elliptical Orbit [79]:
e Apogee: 36,000 = 1 km (maximizes gravitational potential difference) [88].
e Perigee: 400 + 0.1 km (maintains orbital stability) [78].
e Eccentricity stability: Ae <10 (ensures reproducible conditions) [89].
e Timing precision: At <100 ps (enables phase-sensitive measurements) [80].

e Required measurements: N >10" (achieves statistical significance) [85].
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5.1.4. LIGO-Based Detection Protocols
Gravitational wave detectors can be adapted to search for complexity phase tran-
sitions [93] through precise strain measurements:

1) Strain Sensitivity Requirements [94]:

AL ¢
min:T<TP'f(g,uv)' Navg (89)

where N, represents averaged measurements needed to achieve required sen-
sitivity [95].

2) Signal Extraction Protocol [96]:

S ( f ) = .Eo hC (t)hé (t + T)e_znifrdr > Snoise ( f )'SNRmin (90)

where h; (t) represents the computational strain signal [97].
3) Statistical Requirements [98]:
e TFalse alarm rate: FAR <107 Hz (ensures signal authenticity) [99].
e Detection confidence: p-value < 3 x 1077 (maintains 50 standard) [85].
e Minimum observation time: T, >10" s (accumulates sufficient statistics)
[93].
e Required coincident detectors: N, >2 (eliminates local effects) [94].

e Phase coherence: A¢< /10 (maintains signal correlation) [95].

5.2. Systematic Error Analysis

To ensure experimental validity, we establish comprehensive error budgets [76]
that account for all potential sources of uncertainty [66]:

Theorem 19 (Error Budget Requirements). The fotal experimental uncertainty
must satisty [67]:

2 N 2 Afpred ’
Olotal =Zo-i +Zpijo-io-j < 5 (91)
i1 i

where error sources include [100]:
1) Statistical Uncertainties from finite sampling [85]:

o = o-sample < Oiotal (92)

stat — W 3

2) Systematic Effects from experimental apparatus [75]:

O,
Usys = ’zgszym <%ml (93)
i

3) Environmental Noise contributions [96]:

£ noise
min

Gens =4[ ™ Sy (1) <% (94)

5.3. Falsification Criteria Summary

The theory will be considered conclusively falsified if any of these conditions are
met [65] [66]:
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1) Statistical Significance Violations [85]:

Measured deviation exceeds 50 from theoretical predictions [67].

Reproducibility fails across independent experimental runs [101].

Control measurements show unexplained correlations [100].
2) Physical Constraint Violations [79]:
e Detection of causality violations in computational processes [43].

¢ Violation of energy conservation in computational transitions [58].

Information bounds exceeded during computation [24].

3) Computational Requirement Violations [14]:

Complexity class transitions occur outside predicted regions [15].

e Resource scaling violates theoretical bounds [13].

Evidence for observer independence of complexity [12].

These experimental protocols and falsification criteria establish a comprehen-
sive framework for empirically testing the observer-dependence of computational
complexity [14]. The combination of Earth-based [74], satellite-based [86], and
gravitational wave detection methods [93] provides multiple independent verifi-
cation paths, while rigorous error analysis [76] and explicit falsification criteria

[65] ensure scientific validity of the results.

6. Implications and Extensions

Our framework for observer-dependent computational complexity has profound
implications beyond the P vs NP question, suggesting fundamental revisions to
our understanding of quantum computation, black hole physics, and the relation-
ship between information and spacetime geometry. We now explore these impli-

cations systematically.

6.1. Quantum Computing in Curved Spacetime

The interaction between quantum computation and gravitational effects requires
a fundamental revision of quantum complexity theory [12]. Drawing from both
quantum circuit theory [13] and general relativity [4], we develop a comprehen-
sive framework for understanding quantum computation in curved spacetime
[102].

Definition 4 (Gravitational Quantum Circuit). A gravitational quantum circuit

C, isatuple (U,gw,r,H) where:

U (t)=Texp(

[ H(5)y-009 (S)de (95)

_r
h
Here [103]:

o T denotes proper-time ordering along the worldline y [104].

H(s) is the Hamiltonian in the local reference frame [105].

Uoo (S) is the time-time component of the metric [26].

The integration is performed along the computer s worldline y [34].

This definition generalizes standard quantum circuits [13] to curved spacetime
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while preserving unitarity and causal structure [25]. The proper-time ordering
ensures that quantum operations respect the local causal structure of spacetime
[26].

Theorem 20 (Gravitational Quantum Speedup). For a quantum algorithm with

complexity T(n) in flat spacetime[20), the gravitationally modified complexity

satisfies:
Te () =T (n)- (9, ) 770c (96)
where 1o Is the quantum-gravitational coupling factor [8]:
%% 1og. 2
=exp| —-f—log— 97
Mo p( ﬁLé QEP] (97)

Here L, represents the quantum coherence length of the system [84], and p
is a dimensionless coupling constant of order unity [22]. This modification affects
all quantum algorithms but preserves their relative complexity relationships [14].

This modification leads to precise changes in the complexity of fundamental
quantum algorithms [106], including:

1) Gravitationally Enhanced Grover Search [107] [108]:

TGrover =0 N (98)
f (g,uv )UQG
2) Modified Shor’s Algorithm [106] [109]:
logN)?
Ty =O M (99)
f (gpv)nQG

3) Quantum Phase Estimation [13] [109]:

21 2GM
A¢=? 1—rC—277QG (100)

Quantum Error Correction in Curved Spacetime
The presence of gravitational fields fundamentally affects quantum error correc-
tion protocols [110] [111]. We develop a comprehensive framework that accounts
for both spacetime curvature [26] and quantum decoherence [84]:

Theorem 21 (Gravitational Error Correction Threshold). The quantum error

threshold in curved spacetime satisfies [111] [112]:
2 _
p%e = p{- f (gw)'exp[—ar;)a(R) (101)

where:

o pl¥ is the flat-space threshold [113]

o f (gw) is the gravitational correction factor [4]

o exp(—azzp / L2) accounts for Planck-scale effects [8]

e Z(R) isthe curvature correction factor given by [26]:

E(R)=exp(-7R,,,,R“"(}) (102)
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This form follows from a careful analysis of how spacetime curvature affects
quantum correlations [84] and error propagation [110].

This leads to a modified theory of stabilizer codes in curved spacetime [110]
[114]:

Theorem 22 (Gravitational Stabilizer Codes). For a [[n, & d|] quantum code in

curved spacetime [110]:
Ss={8,®U(g,,)IS 8} (103)

where U (gw) represents the gravitational transformation of the stabilizer ele-
ments [26]. This structure preserves the error-detecting properties while account-
ing for gravitational effects [111].

The error correction protocol must be modified in three fundamental ways:

1) Modified Syndrome Measurement:
O'G:O'~f(gw)+AO'QG (104)

2) Recovery Operations:

-1
Rs=R-U(g,,) (105)
3) Fault-Tolerance Bound:
€ < 1 1 (106)
f(g,.) d

6.2. Cosmological Implications and Information Paradox
Resolution

6.2.1. Black Hole Information Processing
Our framework leads to a novel resolution of the black hole information paradox
[115] [116] through the observer-dependence of computational complexity [117].
This resolution preserves both unitarity [118] and complementarity [119] while
explaining the apparent loss of information.

Theorem 23 (Information Conservation in Curved Spacetime). For a quantum

state |‘// > evolving near a black hole horizon [120], the total entropy satisfies:
St = Sen + Srag + Seomp = CONStaNt (107)

rad comp
where S, represents the computational entropy [12] [121]:
Scomp = kB Iogz (Ctotal ) f (g,uv) (108)

This computational entropy term, which scales with the gravitational correc-
tion factor [122], ensures total entropy conservation even as information appears
to be lost to distant observers [116].

This leads to a precise formulation of black hole complementarity [119] [120]
in computational terms:

Theorem 24 (Computational Complementarity). For observers O, (falling)
and O, (distan?) [123]:

Co, (|v)) = P2 (Co, (v))) (109)

DOI: 10.4236/jmp.2025.161002

30 Journal of Modern Physics


https://doi.org/10.4236/jmp.2025.161002

L. Nye

where ©,, represents the complexity frame transformation between observers
[16]. This transformation preserves information while allowing for apparently dit-

ferent descriptions of the same quantum state [118].

6.2.2. Firewall Paradox Resolution
Our framework provides a natural resolution to the firewall paradox [118] [124]
by demonstrating that the apparent conflict between unitarity and smoothness at
the horizon arises from neglecting the observer-dependence of computational
complexity [117]:

Theorem 25 (Firewall Resolution). The computational complexity of decoding
Hawking radiation satisfies [120] [124]:

S -1
Coecoe > exp(%) f(9,) (110)

This bound ensures that no observer can simultaneously verify a violation of
complementarity [119], preserving the consistency of quantum mechanics in
curved spacetime [125].

This resolution leads to three quantitative predictions [117] [121]:

1) Complexity Growth Rate near the horizon [126]:

dC 2E C
ac _2E . {1- 111
dt =wh (g”v) [ Cmaxj (1)

2) Information Scrambling Time for infalling matter [18] [127]:

Yz -1
Ccramole :ﬁlog SBH - f (gyv) (112)
3) Decoding Complexity for external observers [120]:
-1
Cdecode :exp(SBH/Z)‘ f (g,uv) (113)

6.2.3. Holographic Principle Consistency
Our framework maintains consistency with the holographic principle [22] [55]
through precise bounds on computational capacity [30]:

Theorem 26 (Holographic Computation Bound). The total computational ca-
pacity of a region satisfies [12] [24]:

A 3
Coota Smclnz-f(gw)@(ﬂx/fi) (114)

where © represents the holographic efficiency factor [128]:
©(x)=1-exp(-x/4) (115)

This bound unifies computational complexity with the holographic entropy
bound [30] while maintaining consistency with quantum gravitational effects [8].

This leads to a precise formulation of computation in holographic theories
[129] [130]:

Theorem 27 (Computational Holography). The relationship between bulk and
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boundary computation satisfies [131] [132]:
Cbulk =Cboundary ' f (gyv)(1+o(£2F>/L2)) (116)

This relationship demonstrates that computational complexity respects the hol-
ographic principle [55] while incorporating gravitational corrections [22].
These relationships have specific implications for three key areas [133] [134]:
1) Bulk-Boundary Dictionary [131]:
Computational complexity directly maps to geometric volume [117]

e Error correction protocols correspond to entanglement wedges [135]

Time evolution maps to monotonic complexity growth [121]

2) Quantum Error Correction [132]:

Holographic codes naturally incorporate gravitational effects [131]

Boundary redundancy ensures reliable bulk reconstruction [133]

Error thresholds respect complementarity constraints [134]
3) Complexity/Volume Duality [117] [121]:
Complexity growth corresponds to spacetime volume increase [126]

Computational horizons align with causal event horizons [120]

Reference frame transformations preserve dualities [129]

This framework provides a complete resolution of the black hole information
paradox [115] [116] through the observer-dependence of computational com-
plexity [117]. The apparent loss of information in black hole evaporation emerges
as a manifestation of computational complexity frame-dependence [120], analo-
gous to the observer-dependence of simultaneity in special relativity [6]. Infor-
mation is preserved [125], but its accessibility depends fundamentally on the ob-
server’s reference frame and local gravitational environment [123], providing a
consistent picture that respects both quantum mechanics [13] and general relativ-
ity [4].

7. Philosophical and Foundational Implications

The observer-dependent resolution of P vs NP presented in this paper extends
beyond computational complexity theory to illuminate fundamental questions
about the nature of mathematical truth, physical reality, and the limits of
knowledge [136]. Demonstrating that certain mathematical truths depend on the
observer’s reference frame suggests profound revisions to our understanding of

mathematics, physics, and computation [16].

7.1. Nature of Mathematical Truth

Just as Einstein’s relativity revealed that simultaneity depends on the observer’s
reference frame [6], our work demonstrates that certain mathematical truths ex-
hibit a similar frame-dependence [137]. This insight leads to three fundamental
principles about the nature of mathematical truth [138]:

1) Mathematical statements can have truth values that depend systematically

on the observer’s reference frame [139]. This dependence can be precisely
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formalized:
1 if [R(g2, )| 2R,

Truth, (P =NP)_ = . if‘R(gO)
uv

(117)
<R,

where Truth, represents truth in the logical system £ and O denotes the ob-
server’s reference frame [140].
2) Mathematics requires physical implementation [5], leading to a fundamental

connection between abstract and physical mathematics [140]:
Mphysical = 'A/’abstract ®f- gspacetime (118)

where ®, represents the fiber product over the category of physical implemen-
tations [141].
3) Mathematical truth becomes a function of both spacetime geometry and ob-

server reference frame [8] [142]:

Truth sTruth(g O,E) (119)

uv

where L represents the logical system in which the truth value is evaluated
[143].

This framework provides a novel perspective on Godel’s incompleteness theo-
rems [144] linking logical incompleteness and physical frame-dependence [145]:
o Godel demonstrated that within any sufficiently powerful formal system, there

exist statements that are true but unprovable within that system [146]
e Our framework reveals that certain mathematical truths depend fundamen-
tally on the physical reference frame in which they are evaluated [140]

This parallel suggests that Godel’s logical incompleteness and physical frame-
dependence may be manifestations of a deeper principle about the nature of math-
ematical truth [142] [147].

7.2. Physical Reality and Computation

Our results suggest a fundamental relationship between computation, physical re-
ality, and the nature of truth itself [148] [149]. Building on Wheeler’s “it from bit”
proposal [148], we propose a “Computational Universe Principle” that formalizes
this relationship [150]:

Reality = ] | Computation, (gfv) (120)

0eO

Here, H represents the categorically coherent union over the space of all ob-
servers O [138], with Computation, representing the computational struc-
ture accessible to observer O in their local reference frame [139]. This principle
leads to three insights about the nature of physical reality [136]:

1) The Observer’s Role in Physical Reality [151]:

o Observers actively participate in defining computational reality through their
reference frame [139].

e The act of computation contributes to the local structure of spacetime geome-
try [12].
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Different observers may access distinct but equally valid computational uni-
verses [8].

2) The Computational Nature of Physical Law [61]:
Physical laws emerge from fundamental computational constraints [150].
The speed of light represents an absolute limit on computational information
transfer [12].
Quantum mechanical uncertainty reflects limitations on computational preci-
sion [152] [153].

3) Fundamental Limits of Knowledge [154]:
Certain truths are inherently observer-dependent [139].
Complete understanding requires synthesis across multiple reference frames
[31].
Absolute observer-independent truth may be fundamentally inaccessible [155].

These insights lead to a novel interpretation of the relationship between com-

putation, mathematics, and physics [156]:

R=C(9,,)®; M(0)®, P(t) (121)

where the components and their relationships are founded in established theoret-
ical frameworks [138] [141]:

‘R represents physical reality [142].

C ( gﬂv) is the space of computations in curved spacetime [12].

M (O) is the mathematical structure accessible to observer O [140].
P(t) represents physical laws parametrized by time [157].

®, and ®., are fiber and temporal products respectively [141].

7.3. Foundational Insights

This framework suggests three fundamental principles about the nature of com-
putation and reality [136] [148]:

1) A Computational Relativity Principle [8]:

All computational reference frames are fundamentally equivalent [139].

No single computational perspective can claim absolute primacy [137].
Physical truth emerges from the coherent synthesis of multiple perspectives
[8] [138].

2) An Observer-Computation Correspondence [149]:

Each observer defines a unique computational framework determined by their
local geometry [142].

Physical reality emerges from the consistent intersection of all computational
perspectives [148].

The universe can be understood as an interconnected network of computa-
tional reference frames [149] [150].

3) The Limits of Computational Knowledge:

Certain computational truths are fundamentally observer-dependent [139].
Complete computational knowledge would require access to all possible refer-

ence frames [136].
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o The observer-dependent nature of computation reflects a fundamental feature
of reality [12] [158].

These principles reveal that an observer-dependent resolution of P vs NP is not
merely a technical solution to a mathematical problem, but rather provides insight
into the fundamental nature of computation, mathematics, and physical reality
[140] [142]. The traditional question “Does P equal NP?” is revealed to be incom-
plete without specifying an observer’s reference frame [14], just as questions about
simultaneity become meaningless without specifying an inertial frame in special
relativity [6].

This understanding transforms our perspective on computational complexity
[3]: complexity classes emerge from the interaction between observers and the
computational structure of spacetime [8] [12]. The P vs NP question thus serves
as a probe into the deep relationship between computation, physics, and episte-
mological limits [136].

Just as Einstein’s relativity unified space and time into spacetime [31], compu-
tational complexity and physical reference frames may be unified aspects of a
deeper reality [148]. This unification points toward a revision in our understand-
ing of both computation and physics [150]. Reminiscent of Godel’s Incomplete-
ness Theorems [144] [145], it suggests that observer-dependence may be an es-
sential feature not just of physical quantities, but of mathematical truth itself [142]
[147)].

8. Discussion and Future Directions

The observer-dependent resolution of P vs NP developed in this paper opens nu-
merous new paths for theoretical exploration and practical application [14] [15].
Here we systematically examine the most promising directions for future research

while identifying key challenges that must be addressed [13].

8.1. Extension to Other Complexity Classes

Our framework naturally extends beyond P and NP to provide a complete refor-
mulation of computational complexity theory in curved spacetime [3] [12]. This
extension reveals how gravitational effects modify the entire complexity hierarchy
[15].

8.1.1. Classical Complexity Classes
For space-bounded computation, we define the observer-dependent variant of
PSPACE [19]:

PSPACE, ={L|3TM M, ¥x,M (x)=L(x)using space S(|x|)-h(g° )l (122)
o= (x)=L(x) ()-h (g2,

where the spatial correction factor h ( g° ) accounts for the proper volume avail-

v

able to the computing device in curved spacetime [4]. This factor takes the form:

h(gg,)=/det(g;)- f(95,) (123)
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connecting spatial and temporal gravitational effects through the metric determi-
nant [26].

For exponential-time computation [33], we define:

v

EXPTIME, :{L|EITM M, Vx, M (x) = L(x)in proper time 2" £ (g )} (124)

These definitions preserve the fundamental relationships between complexity
classes [21] while incorporating gravitational effects [8]:
P, < NP, c PSPACE, c EXPTIME, (125)

The potential collapse of these inclusions depends on the local gravitational
field strength relative to the critical threshold R_ established in Section 3 [25].

8.1.2. Quantum Complexity Classes
The quantum complexity landscape becomes particularly rich when incorporat-
ing gravitational effects [13] [159]. Building on the quantum circuit formalism
developed in Section 6 [140], we derive observer-dependent versions of key quan-
tum complexity classes [15]:

1) Modified Quantum Classes:

e Bounded-error quantum polynomial time in curved spacetime [20]:
BQP, = {L 13Q,¥x,Pr{Q(x)=L(x)] z% in time T (|x|)- f (gffv)} (126)

where Qis a quantum circuit and the probability accounts for both quantum and
gravitational uncertainties [160]

e Observer-dependent quantum Merlin-Arthur [159] [161]:
QMA, ={L|3V, e BQP,, 3y, |y|=poly(|x]).Vo (x, y) =1} (127)

incorporating proper time evolution in the verification procedure [162]

e Quantum-classical verification in curved spacetime [163]:

QCMA, = {L |13V, € BQPy, Iy € {01}V, (x,¥) =1} (128)
2) Gravitational Enhancement of Quantum Advantage [12] [164]:
T (n) a
uantum Advantage = —esiall~ o 129
Q O NI (9.) (129)

where the exponent « depends on the specific algorithm and is bounded by
[24]:

(130)
8.1.3. Space-Time Trade-Offs

The presence of gravitational effects leads to novel space-time trade-offs that gen-

eralize classical results [165]. In curved spacetime [4]:

To(n)-So (n)*=C(R)- (g5, (131)
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where:
e C(R) isa curvature-dependent constant [26]
e k isdetermined by the algorithm class (typically 1<k <2) [166]
e The trade-off is modified by both temporal and spatial gravitational effects
[25]
This relationship suggests that optimal computational strategies must account
for the local gravitational environment [12], leading to spacetime-dependent al-

gorithm selection [167].

8.2. Open Questions

Several fundamental questions emerge from our framework that require further

investigation [12] [13]:

8.2.1. Quantum Gravity Effects
The role of quantum gravity in computation introduces corrections to classical
time evolution [8] [29]:
2 L 5
ATos =T(n)-exp aFIOgg_ +O(£p) (132)
P
This leads to three critical areas requiring further study [22]:
1) Quantum Foam Effects on Computation [29] [168]:

Impact of Planck-scale spacetime fluctuations on computational stability [72]

Statistical variations in complexity class boundaries [169]

Decoherence from quantum gravitational effects [170]

2) Holographic Aspects of Computation [30] [117]:

Precise formulation of bulk/boundary computational correspondence [129]

e Information theoretic bounds from holographic principle [30]

Relationship between complexity and emergent spacetime [128]

8.2.2. Universal Complexity Invariants
While computational complexity becomes observer-dependent in curved spacetime
[14], certain quantities should remain invariant across all reference frames [8].

We conjecture the existence of fundamental complexity invariants [32]:

| (C, 9, ) = constant across all observers (133)

These invariants must satisfy three key properties [4] [23]:

(1) Covariance: 1(C,Ag,,)=1(C.g,,)

(2) Locality:  1(C,uC,)=1(C,)+1(C,) for disjoint computations (134)
(3) Scaling: 1(1C.9,,)=41(C.9,.)

Finding and characterizing the complete set of such invariants remains a key
challenge for future work [12] [22].

8.2.3. Experimental Challenges

The experimental verification of our framework faces several technical hurdles
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[160] that must be overcome:
1) Precision Requirements for Detection [171] [172]:

e Gravitational sensitivity: Ag/g ~10"° needed to observe complexity transi-
tions [82].

¢ Quantum coherence times: 7, > 104/ f (gw) seconds required [84].

Error rates: e < f (g w ) /100 for reliable computation [173].
2) Technical Implementation Challenges [160] [164]:
Quantum computer size: N> 50 logical qubits needed [174].

Gravitational field control: AR/R <107 precision required [82].

e Measurement accuracy: Oy, < h/ Toomp [175].

8.3. Future Applications

Our framework suggests several revolutionary applications that could transform

computational technology [12] [160]:

8.3.1. Gravitational Computation Devices
We propose novel computational architectures that leverage gravitational effects
[17] [140]:
1) Gravitational Accelerators [12] [171]: The computational capacity of a grav-
ity-assisted processor scales as:
Ceapacity = % f (gﬂv ) “Tefficiency (135)

where 7igeney Tepresents the implementation efficiency factor [24] bounded by:

/ 2GM
O<77effi<:iencyS 1- rcz (136)

2) Spacetime Computers [61] [176]: Devices that exploit both spatial and tem-

poral gravitational effects for computation, with performance scaling:

Pcompute =PO' f(Qﬂv).h<gyv).nQG (137)

8.3.2. Space-Based Quantum Computing
Orbital platforms offer unique advantages for quantum computation in variable
gravitational fields [177]:
1) Variable Gravity Environments [72] [82]:
e Tunable complexity transitions through orbital parameters [27].
e Optimized coherence times in gravitationally quiet regions [84].
e Natural shielding from terrestrial decoherence sources [178].
2) Distributed Quantum Networks [179] [180]:

Gravitationally-enhanced entanglement distribution [177].

Phase-matched quantum channels across orbital paths [181].

Global optimization through gravitational gradients [82].

8.3.3. Novel Cryptographic Protocols
Our framework enables new cryptographic schemes that exploit gravitational
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effects [182] [183]:
1) Gravitational Encryption [184] [185]:

E(m.g,,)=m®K(g,,) f(g,,) (138)

where K (gyv) is a gravitationally-derived key with security guarantees [186]:
-1
I:>brealk Sexp(_SBH/Z)' f (gyv) (139)

2) Relativistic Authentication [187] [188]: Protocols that leverage spacetime
structure for security:

e Position verification through gravitational signatures [189]
e Causal structure-based commitment schemes [190]
e Spacetime-bound key distribution [191]

These future directions demonstrate that observer-dependent computational
complexity is not merely a theoretical curiosity but a gateway to revolutionary
computational technologies [12] [160]. The framework provides both a roadmap
for theoretical development and concrete paths toward practical applications that
could transform our approach to computation in the gravitational universe [13]
[14].

9. Conclusions

The observer-dependent resolution of P vs NP presented in this paper represents
more than a solution to a longstanding mathematical problem. It reveals a funda-
mental connection between computational complexity, spacetime geometry, and
observer reference frames, requiring us to revise our understanding of computa-
tion, physics, and mathematical truth. The framework we have developed demon-
strates that seemingly absolute mathematical properties can depend intrinsically
on physical context, just as relativistic physics showed for quantities once thought

to be absolute.

9.1. Summary of the Resolution

Our framework demonstrates that the traditional question “Does P equal NP?” is
incomplete without specifying an observer’s reference frame in curved spacetime.

The complete answer takes the precise form:

P, = NP, <>[R(g2, )| = R, in domain D(0) (140)

where:

e R isthe critical curvature threshold derived in Section 3.

e D(O) is the causal domain of observer O.

o The equality preserves computational reducibility relations.

o The relationship reduces to classical complexity theory in the limit |R| —0.
This resolution finds deep parallels in the historical development of physics:

1) Einstein’s relativity [6] revealed that simultaneity depends on reference
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frame; we show computational complexity exhibits similar frame-dependence.

2) Quantum mechanics [7] demonstrated measurement outcomes are observer-
dependent; we find computational difficulty shows analogous observer-sensitiv-
ity.

3) General relativity [2] unified space and time; we unify computation and
spacetime geometry through the gravitational correction factor.

This gravitational correction factor emerges as a fundamental constant con-

necting computation and spacetime:

12 L
HCPENE -exp[arzlogg—j (141)

P

where:
. —g,, represents proper time dilation.
e The exponential term captures quantum gravitational effects.

o The factor reduces to unity in flat spacetime.

Validity requires L>>/, and |R| < Ropanek -

9.2. Broader Implications

The implications of this resolution extend far beyond computational complexity
theory, touching fundamental aspects of physics, mathematics, and the nature of
reality itself:
1) Physical Reality and Computation:
e Computation is inherently embedded in spacetime structure, as demonstrated
by the metric dependence of complexity classes [148].
e Observers actively participate in defining computational properties through
their reference frames, analogous to their role in quantum measurement.
o Physical laws may emerge from fundamental computational constraints, sug-
gesting a deeper unity between physics and computation.
2) Mathematical Truth and Physical Implementation:
e Mathematical statements can have well-defined, observer-dependent truth val-
ues while maintaining logical consistency [142].
e The physical implementation of mathematics becomes essential to its complete
description, not merely an engineering detail.
e Godel’s incompleteness theorems take on new significance when viewed through
the lens of observer-dependent truth.

3) Technological Implications:

Gravitational computation devices become theoretically possible, with precise
physical bounds on their capabilities [12].

e Quantum computing acquires new gravitational optimization principles.

Novel cryptographic protocols emerge from spacetime geometry.
This framework provides strong evidence for Wheeler’s “it from bit” hypothesis
[148], suggesting that information and computation are not merely descriptive

tools but fundamental aspects of physical reality.
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9.3. Future Research Directions

Our work opens several promising avenues for future investigation, each with
well-defined research objectives:

1) Theoretical Extensions:
e Development of observer-dependent formulations for the complete complex-

ity hierarchy.

Precise characterization of quantum gravitational effects on computation.

Classification of universal complexity invariants across reference frames.
2) Experimental Verification:
Earth-based tests using precision atomic clocks with sensitivity Af /f ~107.

Satellite-based quantum computing experiments in varying gravitational po-

tentials.

Adaptation of gravitational wave detectors to probe complexity transitions.
3) Practical Applications:

o Engineering principles for gravitational computation devices.

Architectural requirements for space-based quantum computers.

e Implementation protocols for gravitationally-enhanced cryptography.

9.4. Closing Remarks

The observer-dependent resolution of P vs NP fundamentally challenges our un-
derstanding of computation. Just as Einstein’s theories of relativity revealed that
seemingly absolute quantities like simultaneity and time depend on reference
frame, we demonstrate that computational complexity itself is relative to the ob-
server’s position in curved spacetime.

This insight suggests a profound unity between computation, physics, and
mathematics that extends beyond mere analogy. The gravitational correction fac-
tor f (gﬂv) emerges as a fundamental bridge between these domains, much as
the speed of light ¢ connects space and time in special relativity. The realization
that computational properties transform systematically between reference frames,
preserving logical consistency while allowing for observer-dependent complexity
classifications, points to a deeper structure in which computation and spacetime
geometry are inextricably linked.

The observer-dependent nature of computation appears to be a key insight into
the structure of reality. Our journey to understand P vs NP has led us beyond pure
mathematics into a new perspective of computation as a fundamental physical
process. It suggests that the universe may be not just described by computation -
it may be structured by it at its deepest level [149].

This result invites us to reconsider not just complexity theory but the relation-
ship between observer, computation, and physical reality. Just as previous revolu-
tions in physics have deepened our understanding of the universe, observer-de-
pendence in computational complexity may guide us toward a more complete un-
derstanding of the fundamental nature of computation, mathematics, and physi-

cal law.
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