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General relativity, despite its profound successes, fails as a complete theory due to presence of

singularities. While it is widely believed that quantum gravity has the potential to be a complete
theory, in which spacetime consistently emerges from quantum degrees of freedom through

computational algorithms, we argue that this goal could be fundamentally unattainable. We

examine how this limitation could emerge in various contexts, depending on whether or not every
mathematically valid result is physically realized. In the ¯rst case, G€odel's incompleteness
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theorems, along with related results by Tarski and Chaitin, imply that no theory formulated as a

formal axiomatic system can be complete, and that within any computational framework, a fully

consistent internal truth predicate is impossible. In the second case, if only a subset of mathe-
matical truths is realized in nature, we argue that this selection cannot be determined by any

purely computational process. Hence, a meta-theoretical approach based on nonalgorithmic

understanding is indispensable in every case. We discuss some possible consequences of this

observation for describing physical systems and note that a nonalgorithmic approach should be
essential for any theory of everything.

Keywords: Quantum gravity; G€odel's incompleteness theorems; undecidability.

1. Introduction

Physics was developed to describe and predict phenomena occurring in spacetime.

However, the theory of general relativity{linking gravity to the curvature of spacetime{is

a theory of spacetime itself. It has had overwhelming success in explaining gravitational

phenomena, from the perihelion precession of Mercury to the recent detection of gravi-

tational waves.1,2 Despite its success, general relativity predicts its own breakdown at

singularities, which occur at the center of black holes and at the initial instant of the big

bang.3,4 At these points, the very structure of spacetime breaks down and becomes

ill-de¯ned. Thus, this theory is not complete as it cannot describe physics at such points.

Singularities are not exclusive to general relativity; they emerge across various

¯elds of physics,5,6 at scales where a given model no longer adequately describes the

system. They are expected to disappear when the full theoretical framework is ap-

plied. A prominent example is °ow discontinuities in classical °uid mechanics, which

are associated to curvature singularities of an e®ective (acoustic) metric and are

resolved through a full quantum hydrodynamic framework.7,8 Similarly, in di®erent

approaches to quantum gravity, such as loop quantum gravity (LQG) and string

theory, curvature singularities are replaced with ¯nite, well-de¯ned structures. In

loop quantum cosmology (LQC), a symmetry-reduced model of LQG, the big bang

singularity is resolved through a \quantum bounce," where the universe transitions

from contraction to expansion.9,10 In string theory, the fuzzball paradigm replaces

black hole singularities with extended structures.11,12

The disappearance of singularities suggests something deeper: spacetime as

represented by the smooth manifold of classical relativity is an emergent structure

that breaks down in certain situations. This is similar to the emergence of e®ective

manifolds in condensed matter physics from a mean-¯eld representation of under-

lying quantum dynamics.8 In the context of string theory, using double ¯eld theory

(DFT), T-duality can be incorporated as a fundamental symmetry.13 T-folds, a

concept based on it, extend spacetime geometry by allowing transition functions

involving T-duality transformations. This further reinforces the idea that spacetime

is an emergent structure within quantum gravity, as spacetime is not always well-

de¯ned in this case.14 Likewise, spin foam models in LQG indicate the emergent

nature of spacetime. These models describe spacetime as arising from a discrete

network of quantum structures.15 Thus, both string theory and LQG exemplify the
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emergent nature of spacetime, wherein the smooth manifold of classical relativity

arises from a deeper quantum gravitational degree of freedom.

These developments strongly align with Wheeler's \it from bit" proposal, along

with its contemporary formulations within string theory16,17 and LQG,18 which

assert that information fundamentally underpins physical reality.19 The inability of

classical theories to describe singularities further supports this perspective: space-

time, as an emergent phenomenon, cannot account for regions where its underlying

quantum information structure cannot be described in terms of spacetime geometry.

While `it'{representing spacetime and matter ¯elds in it{is not complete, it is

expected that `bit'{representing quantum gravity{could be complete and consistent

computational `theory of everything'. We will argue here, however, that it is not

possible to construct such a theory based on algorithmic computations.

Here we clarify two distinct philosophical attitudes toward the relation between

mathematics, the theory of everything and physical reality. The ¯rst approach can

be referred to as Universal Actualism. In this ¯rst stance, championed by Wein-

berg,20 every mathematically sound deduction from the theory of everything is, in

principle, physically actualized. The theory of everything is identi¯ed with a

maximally expressive set of axioms; once the axioms are ¯xed, all their theorems are

regarded as concrete physical facts about the cosmos. Existence is therefore equated

with formal derivability, and the distinction between \possible" and \actual"

collapses into pure mathematics. Recent proponents of this view include \`Mathe-

matical Universe Hypothesis," which similarly equates physical existence with

membership in the set of consistent mathematical structures.21

The second philosophical positionmay be referred to as Selective Actualism. In this

approach proposed by Schmidhuber, it is argued that while all computable universes

exist as valid abstract programs, only a select subset is physically actualized.22 A clear

distinction is made between what is a mathematically valid deduction from the theory

of everything and what is physically realized ��� the latter being only a subset of the

former. This selection is not determined by computation alone, but rather by a meta-

mathematical principle that relies on nonalgorithmic understanding.

Although Selective Actualism clearly requires the existence of nonalgorithmic

understanding, the purpose of this essay is to argue that nonalgorithmic under-

standing should be also essential even within the framework of Universal Actualism.

G€odel's incompleteness theorems, together with related results by Tarski and

Chaitin, suggest that no theory expressed as a formal axiomatic system can be both

complete and consistent. This suggests that a form of non algorithmic understanding

is required, even in a context where all mathematically valid results are expected to

be physically realized.

2. Quantum Gravity

Quantum gravity aims to unify the principles of quantum mechanics and general

relativity within a single consistent framework. Despite signi¯cant advancements in
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approaches such as string theory23,24 and LQG,25,26 a complete and de¯nitive theory

remains elusive. So, we have di®erent approaches to quantum gravity, and based on

those di®erent approaches multiple axiomatic constructions of quantum gravity have

been proposed.27{33 In general, we ¯rst note that any viable candidate for quantum

gravity must adhere to fundamental axioms that ensure both physical and mathe-

matical coherence. Furthermore, such a formal mathematical axiomatic system,FQG,

generates spacetime rather than existing within it.34 These include both physically

motivated axioms of quantum gravity denoted by FPQG, and the axioms of the

mathematics quantum gravity are built upon (such as Zermelo{Fraenkel set theory

with the Axiom of Choice) denoted by FMQG. Here, we have FQG ¼ FPQG [ FMQG.

The essential axioms required for quantum gravity to qualify as a theory of

everything, can be summarized as follows:

(1) E®ectively Axiomatizable: The axioms fA1;A2; . . . g of FQG are ¯nite. This is

important for the theory to be computationally well-de¯ned. Spacetime should

emerge as a consequence of these axioms.8,34 For example, in string theory,

spacetime emerges from the dynamics of extended objects,24,35 or as a result of

quantum information using holography,16,17 and in LQG, spacetime is an

emergent feature of spin networks and spin foams,15,25 and can be again derived

from quantum information.18

(2) Su±cient Expressiveness: The system FQG is capable of encoding basic arith-

metic operations over natural numbers, including addition and multiplication.

Quantum gravity must describe physical phenomena, which reduce to both

classical spacetime and standard quantum mechanics in certain limits and so it

must be capable of allowing numerical calculations (e.g. scattering amplitudes,

curvature, entropy etc), which inherently require arithmetic. It maybe noted

that both string theory and LQG reproduce results from general relativity and

quantum mechanics/quantum ¯eld theory in appropriate limits.23–26

(3) Consistency: A theory of quantum gravity must be internally consistent, and so

FQG does not derive any contradictions. Apart from mathematical consistency,

it should be physically consistent, avoiding unphysical results like negative

probabilities. String theory achieves consistency through anomaly cancella-

tion,24,36 while LQG ensures it through the rigorous quantization of geometric

degrees of freedom.25,37

(4) Completenessa: The theory must describe phenomena across all scales, from the

Planck scale to cosmological scales. This includes the resolution of singularities,

such as those found in black holes and the big bang.9,11 A complete theory should

also encompass the origin of universe, which is attempted via quantum

aIn this context, completeness should be understood as a complete description of all physical phenomena.

It should not be confused with mathematical completeness, which is considered here only in the context of
Universal Actualism. In Selective Actualism, completeness means that everything physical should be a

computational or G€odelian consequence of the theory, although not every mathematical consequence of

the theory is necessarily physical.
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cosmology in LQG10,25 or colliding branes in string theory.38 It should be

consistent with all observational data.

These axioms should produce a formal structure that satis¯es some important

properties. A viable theory of quantum gravity must reduce to standard theories, in

the limit those theories have been tested and veri¯ed. For example, both string

theory and LQG ful¯ll this requirement by recovering quantum ¯eld theories and

general relativity in appropriate limits.23,25,26

It must also properly address the measurement problem by providing a mecha-

nism for the apparent collapse of the wave function. Furthermore, this has to be

intrinsic to explain the quantum-to-classical transition in cosmology.39 Models based

on gravitationally induced objective collapse,40,41 suggest that quantum gravity may

naturally resolve this issue by linking wave function collapse to spacetime structure.

This is neither random nor algorithmic nor computational, but is fundamentally

related to nonalgorithmic understanding.

The theory must also explain the emergence of spacetime as a macroscopic

phenomenon arising from more fundamental quantum structures. It is important

that the emergent spacetime does not lead to contradictions, such as closed timelike

curves, which would require principles like the Novikov self-consistency principle,42

again based on nonalgorithmic understanding.

Furthermore, spacetime singularities should be naturally resolved in quantum

gravity. Such resolution of singularities occurs in principle in string theory due to

extended objects,11,35 and in LQG due to discrete quantum geometries.9,10 However,

it is important to note that these involve Planck scale physics, and it has been

demonstrated that quantum gravity prevents its own measurement at such

scales.43,44 So, dealing with this requires nonalgorithmic understanding as that

described by the Lucas{Penrose argument.45{49 As this nonalgorithmic under-

standing operates at a fundamental level in nature, it is not possible to explain all

natural phenomenon using computational algorithms alone. As such there is a more

fundamental reason why quantum gravity, when based solely on computation,

cannot be both consistent and complete.

3. G€odel's and Tarski's Theorems in Quantum Gravity

We will begin by distinguishing between the computational consequences and the

G€odelian consequences of an axiomatic system describing quantum gravity.50,51 In

any su±ciently expressive, consistent and e®ectively axiomatizable formulation of

quantum gravity, it is possible to derive certain consequences through computational

algorithms. However, these computational outcomes do not encompass the full set of

consequences that can be derived from the system.

To begin, we consider a formal system for quantum gravity, which we denote as

FQG. This system is assumed to be consistent, meaning that it does not derive any

contradictions, but it is also su±ciently expressive and axiomatizable for these
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theorems to hold. G€odel's incompleteness theorems state that in any formal system

that is su±ciently expressive, there exist mathematical statements that are true

within the system but cannot be proven by the system itself.50,51 In the context of

quantum gravity, as the formal system FQG is consistent and su±ciently expressive,

there must be certain mathematical statements, like G, which cannot be proved

within the system. Such statements are true by virtue of the structure of the system

but are not provable using its axioms and rules.

So, certainly, FQG cannot be both consistent and complete, and this is a direct

implication of G€odel's theorems. The truths that will be true will not be limited to

the computational consequences of FQG, but will also include G€odelian consequences

of FQG. In Universal Actualism, these G€odelian consequences will de¯nitely corre-

spond to some physical aspects of the theory. Thus, unde¯nability will be an intrinsic

feature of Universal Actualism, and we will require a meta-theoretical approach

to address them. On the other hand, in Selective Actualism, two possibilities

arise: either some G€odelian consequences are part of the physically important con-

sequences, or none of the G€odelian consequences is expressed as physically important

consequences. In the ¯rst case, we still have some G€odelian consequences, which are a

part of the physical theory and hence need a meta-theoretical approach. The other

case requires the identi¯cation and elimination of all G€odelian consequences of the

theory, and this selection process cannot be algorithmic. So, as this elimination of all

the G€odelian consequences is, in itself, nonalgorithmic and beyond computation,

it again requires a meta-theoretical approach. In any case, we do require a meta-

theoretical approach based on a nonalgorithmic understanding to construct

quantum gravity.29,52

Additionally, while the system FQG can be assumed to be consistent, it cannot

prove its own consistency. This is a direct consequence of G€odel's second incom-

pleteness theorem, which asserts that no su±ciently powerful formal system can

prove its own consistency. Therefore, FQG cannot prove the mathematical statement

ConðFQGÞ, which asserts that FQG is free from contradictions. If FQG were able to

prove its own consistency, it would also be able to prove the mathematical statement

G, which contradicts the undecidability of G. Consequently, the consistency of FQG

must be established externally, relying on a meta-theoretical framework that

transcends the formal system itself.29,52 This holds true for both Selective Actualism

and Universal Actualism. In Selective Actualism, this is trivially true, as the very

de¯nition of the approach does not imply that a fully complete and consistent

physical theory can be derived solely from computations based on the axioms

of quantum gravity. In Universal Actualism, it holds true due to G€odel's incom-

pleteness theorems.

We have not yet discussed whether these consequences will have important

physical implications or will be trivially true due to the very structure of

FQG ¼ FPQG [ FMQG. Here, we would like to note that, on physical grounds, some

G€odelian statements of FQG should have important physical consequences. Di®erent

approaches to quantum gravity are based on the quantization of some underlying
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degrees of freedom and thus obey quantum logic. For example, string theory is based

on the quantum theory of strings,24,36 while LQG is based on a quantum theory of

certain discrete degrees of freedom.25,37 Hence, all approaches to quantum gravity

obey quantum logic. However, quantum logic has been demonstrated to be funda-

mentally undecidable and G€odelian.53{56 Even when quantum mechanics has been

proposed to be modi¯ed by quantum gravity, such as in gravitational collapse

models, it has been suggested that the objective collapse in the measurement problem

of quantum mechanics itself is related to G€odel's incompleteness theorem.40,41 Thus,

there are fundamental physical consequences of every quantum system that cannot

be fully captured by any algorithmic computation. Certainly, these would be present

in any formalism of quantum gravity, which would be based on some quantum logic.

More directly, aligning with Wheeler's `it from bit'19 ��� along with its contemporary

formulations within string theory16,17 and LQG18 ��� we observe that quantum

information in quantum gravity constitutes the basis of observable physical phe-

nomena. As quantum logic for this quantum information describing quantum gravity

is fundamentally undecidable and G€odelian in nature, certain physical phenomena

that follow from the quantum logic of quantum gravity must likewise be undecidable

and G€odelian. So, as `bit' ��� or more precisely, `qubit' ��� is certainly G€odelian,53{56

`it' must be G€odelian as well.

Furthermore, it has been argued that even the selection of observables in general

relativity is G€odelian and thus undecidable.57 It seems very unlikely that quantum

gravitational arguments could make it decidable. In fact, we would possibly calculate

them as expectation values of some underlying degrees of freedom. The details of the

calculation will depend on the speci¯c approach taken. However, those calculations

would be undecidable and G€odelian, as we already know their expectation value has

to coincide with the results in general relativity due to the Ehrenfest's theorem.

We now note that, within the framework of Universal Actualism, it has been

argued using Weinberg's approach that if we had a ¯nal computational theory of

everything, a complete theory of quantum gravity, then all scienti¯c mathematical

truths would be computationally derived from the axioms of that theory.20 Tarski's

unde¯nability theorem shows that this is impossible.58,59 Thus, we now turn to the

implications of Tarski's unde¯nability theorem for FQG. According to Tarski's

theorem, the truth predicate for mathematical statements within FQG cannot be

de¯ned within the system itself. If we assume that the truth predicate, TrueFQG
ðxÞ,

can be de¯ned within FQG, we can construct a self-referential mathematical state-

ment  that asserts, \The statement  is not true." This leads to a paradox, as  

would be true if and only if it is not true, thus violating the principle of noncon-

tradiction. This contradiction shows that the truth predicate cannot be de¯ned

within the formal system.

The unde¯nability of the truth predicate has profound implications for the

understanding of quantum gravity. It suggests that certain truths within the system

cannot be fully understood within the system itself and require an external, meta-

theoretical framework for their interpretation. This meta-theoretical framework is
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based on an external truth predicate, which is constructed using nonalgorithmic

understanding. It forms the deepest aspect of the workings of quantum gravity. So,

Tarski's unde¯nability theorem reinforces the idea that quantum gravity, like any

formal system that seeks to capture fundamental physical reality, cannot be self-

contained and requires external structures to fully comprehend its truths.60 Selective

Actualism is already based on such nonalgorithmic, noncomputational external

structures, which selectively express some consequences of the theory physically.

Here, we have argued that this is also true for Universal Actualism, and that the

Weinberg proposal is impossible to attain due to Tarski's unde¯nability theorem.

G€odel's incompleteness theorems and Tarski's unde¯nability theorem highlight

the limitations of any formal, algorithmic approach to understanding quantum

gravity. These theorems suggest that quantum gravity cannot be fully captured by

an internal, self-contained formal system. Instead, it requires an external meta-

theoretical framework to address fundamental questions about provability, truth

and consistency. This underscores the need for an approach based on a non-

algorithmic understanding to discuss quantum gravity ��� one that goes beyond the

computational consequences of formal systems and incorporates external truth

predicates for a complete description.

4. Chaitin's Incompleteness Theorem

Even though formal mathematical systems are based on logic, and G€odel's and

Tarski's theorems demonstrate implicitly the limitations of a theory of quantum

gravity purely formulated as a formal axiomatic system, practical calculations in

quantum gravity are typically carried out using computational algorithms. To

explicitly investigate these limitations, one must therefore examine the constraints

within the framework of algorithmic information theory.

Chaitin's incompleteness theorem61,62 is a profound result in algorithmic infor-

mation theory, which results in similar fundamental limitations as G€odel's theorems

(and is directly related to them63). In essence, it states that in any consistent and

su±ciently expressive formal system, there exists a bound on the provability of

mathematical statements based on their algorithmic complexity. This theorem

complements G€odel's incompleteness theorems by demonstrating that the inability

to prove certain truths arises from their informational complexity. It should be noted

that, although algorithmic information theory demonstrates that any formal system

contains in¯nitely many undecidable mathematical statements, only a vanishingly

small fraction of such unprovable statements could plausibly relate to speci¯c physical

properties. Establishing such a correspondence requires explicit constructions, as

shown, for instance for speci¯c systems.64,65

We will ¯rst analyze the mathematical consequences of Chaitin's theorem for any

axiomatic formalization of quantum gravity,27{33 and then discuss some physical

implications. For any formal axiomatic system, Chaitin's theorem applies directly.

Accordingly, we can state that for any formal system FQG ¼ FPQG [ FMQG, there
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exists a constant KFQG
, determined by the axioms of FQG, such that no mathe-

matical statement S with Kolmogorov complexity KðSÞ greater than KFQG
can be

proven within the system. The Kolmogorov complexityKðSÞ, is de¯ned as the length

of the shortest possible program that can compute S on a universal Turing machine.

In other words, it is the minimal number of bits required to describe S algorithmi-

cally. Thus, each mathematical statement within FQG can be encoded as a ¯nite

binary string, allowing us to apply Chaitin's theorem to the formal structure of the

theory. However, it remains unclear whether these mathematical limitations are

merely a trivial consequence of the fact that FQG ¼ FPQG [ FMQG, or whether they

have meaningful physical implications.

It has recently been demonstrated that, due to Chaitin's theorem, the spacetime

foam (i.e. Planckian quantum gravitational °uctuations of spacetime) would become

undecidable.66 It has also been argued that these °uctuations of spacetime can have

detectable signatures on gravitational waves. So, detailed descriptions of spacetime

topology at the Planck scale involve complexities beyond the provability threshold of

FQG, thus showing that some truths in quantum gravity, though valid, would lie

outside the reach of computational derivation. This is a direct consequence of the fact

that the spacetime foam is undecidable in quantum gravity as a result of Chaitin's

theorem.66

Furthermore, any systems in quantum gravity, such as those describing the

microstates of black holes, involve high complexity. The Bekenstein{Hawking

entropy, for instance, scales as SBH � A=ð4‘2pÞ, where A is the horizon area. The

scaling of entropy with the black hole's surface area suggests that the number of

possible microstates grows exponentially with the area, indicating a highly complex

structure underlying the microstates of a black hole.67 If information about indi-

vidual microstates requires a Kolmogorov complexity exceeding KFQG
, they will be

unprovable within the formal system of quantum gravity. It has already been argued

that quantum gravity prevents its own measurement near the Planck scale.43,44 In

fact, these works argue that this is directly related to incompleteness theorems.

It has already been demonstrated that the Heisenberg uncertainty principle in

quantum mechanics can be directly related to Chaitin's theorem.68,69 Now, it is

possible to study the uncertainty principle for any quantum gravitational system,

and it can directly a®ect the properties of spacetime. The uncertainty principle has

been studied in string theory, where it has direct implications for black holes and D-

branes.70 Similarly, the uncertainty principle has also been studied in the context of

LQG.71 The uncertainty principle in quantum gravity has direct implications

for quantum cosmology.72,73 These results can be seen as direct consequences of

Chaitin's theorem on quantum gravity.

Thus, Chaitin's theorem suggests a fundamental limitation in the axiomatic

formalization of quantum gravity. It implies that there exist true mathematical

statements in quantum gravity, which have a Kolmogorov complexity beyond the

capacity of the formal system to prove. In other words, there are mathematical

truths in quantum gravity that cannot be captured or proven by any algorithmic
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formal system like FQG. This aligns with the broader idea in the foundations of

quantum gravity that there are aspects of the theory that may be fundamentally

unprovable within any formal system, reinforcing the need for meta-theoretical

frameworks to fully understand the working of quantum gravity.

5. Application to Physical Problems

We will now discuss some potential applications of such a structure beyond

computation in quantum gravity. It should be noted that we will not explicitly prove

the undecidability of these structures, but will instead provide physical arguments as

to why they are expected to be undecidable. We will also mention physical systems in

which speci¯c properties have been shown to correspond to mathematical undecid-

able statements.74 We notice however that, in most cases, these results have been

obtained via the halting problem of a universal Turing machine or through other

mathematical systems embedding or simulating a universal Turing machine. It is

possible to show that the undecidability of the halting predicate and G€odel's in-

completeness phenomena are extensionally equivalent. By encoding a G€odel-style

self-referential sentence as the source code of a program, one constructs an arithmetic

statement whose provability within any consistent, computably enumerable theory

would decide whether that program halts. If the theory could resolve every such

statement, it would e®ectively compute the universal halting problem, contradicting

Turing's diagonal argument. Conversely, the inability of the theory to settle the

program's behavior mirrors its inability to prove its own consistency. Hence G€odel's

incompleteness theorems follow almost immediately from the halting problem,

a±rming that no su±ciently expressive formal system can simultaneously prove its

consistency and decide all halting instances.75 As previously noted, undecidability

arises naturally within Selective Actualism. In the following, however, we employ

physical reasoning to argue that it also holds within the framework of Universal

Actualism, and that computation alone is insu±cient to fully account for actual

physical phenomena.

We start our analysis from the black hole information paradox.76 It could be that

the information stored in a black hole associated with Planck scale physics, where

quantum °uctuations and traditional notions of geometry appear to break down,

cannot be microscopically algorithmically computed due Chaitin's incompleteness

theorem, as alluded to above. In this case, the emergence of smooth spacetime from

Planck-scale physics would occur through thermalization, where microscopic quan-

tum gravitational degrees of freedom collectively evolve into a macroscopic

geometric state. This could be beyond algorithmic computation, as in general it has

been explicitly proven that determining whether a given system thermalizes is

computationally undecidable.77

Thermalization appears to be very important in existing quantum gravity models

for understanding the emerges of classical spacetime from Planck scale physics. In

string theory, via AdS/CFT, perturbations drive a rapid gravitational collapse that
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thermalizes the bulk into a smooth black hole horizon with well-de¯ned thermody-

namic properties.78 Furthermore, in fuzzball theory, thermalization emerges as the

collective behavior of numerous microstate geometries that statistically reproduce

the black hole's thermal radiation spectrum.79 Similarly, in loop quantum gravity,

coarse graining thermalizes discrete quantum geometries into a continuum phase

that recovers classical spacetime.80 As it appears to be impossible to computationally

determine if the given system thermalizes,77 such emergence of spacetime could be

uncomputable. This might be deeply related to not only the black hole information

paradox, but the emergence of spacetime itself. So, it is possible that a full resolution

of information paradox and explanation of the emergence of spacetime can only

come from a meta-theoretical framework whose principles transcend conventional

computation.

It has also been demonstrated that no computational algorithm can decide

whether a quantum many-body Hamiltonian is gapped or gapless.81 This is done by

constructing a family of Hamiltonian's, whose spectral gap encodes the halting

problem, so that determining the presence of a spectral gap is fundamentally un-

decidable. This results holds because the halting problem,82 which is directly related

to the Chaitin's incompleteness theorem,83 proves that no algorithm can universally

decide whether an arbitrary program will halt, thus establishing a fundamental limit

on computation.

This result has motivated the study of such behavior in the full renormalization

group (RG) °ows, which have been shown, in quantum many-body systems, to not

be computable.84 RG °ows in both string theory,85 and LQG,86 play an important

role in the emergence of spacetime.87,88 If RG °ows in quantum gravity are algo-

rithmically uncomputable, the emergence of spacetime from quantum gravity could

be beyond algorithmic computations. It is also worth noting that certain properties

of tensor networks are not computable.89 Tensor networks have been used both in

string theory90 and LQG91 to explain the emergence of spacetime from quantum

gravity.

Similar problems also occur in other aspects of quantum gravity. For example, it

has been explicitly demonstrated that as a consequence of G€odel's incompleteness

theorems, it is not computationally possible to determine if a given two dimensional

supersymmetric theory breaks supersymmetry.92 As supersymmetry is an important

ingredient in superstring theories,36 these results could again have important

consequences in quantum gravity.

Also, using an explicit construction of quantum spin models whose phase

diagrams encode uncomputable problems, it has been shown that no general algo-

rithm can fully determine these diagrams,93 implying intrinsic computational limits

to predicting phase transitions and understanding complex quantum matter. Now as

the quantum spin model and LQG are closely related mathematically,94 this may

have important implications for LQG. So, it is possible that the full phase diagram of

LQG, like quantum many-body systems, is fundamentally not computable.

Can quantum gravity be both consistent and complete
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These results suggest that certain truths lie beyond the computational domain of

any consistent and su±ciently expressive theory of quantum gravity. Note that the

principle of su±cient reason states that every physical fact has a reason, which forms

the basis of science itself.95,96 The absence of an algorithmic explanation does not

contradict this principle; rather, it suggests that while some explanations may be

expressed in algorithmic terms, others reside in a nonalgorithmic understanding,

which still provides a su±cient explanation for the phenomena in question.

In fact, several undecidable problems occur due the link between certain prop-

erties of physical systems and the Turing's halting problem.97 It has been argued

using a Stewart approach that nonalgorithmic understanding can overcome such

intrinsic computational limitations.98 This is closely related to the Lucas{Penrose

argument45{49), indicating that there is something intrinsically noncomputational in

nature and its description in terms of computational algorithms is rather limited.

The Novikov self-consistency principle99 provides another compelling example of

nonalgorithmic understanding. Originally formulated in the context of time travel

and closed timelike curves in general relativity, it posits that events within regions of

spacetime containing causal loops must be self-consistent. So, any action taken by a

time traveler must have already been part of history, ensuring that the timeline

remains consistent and free from contradictions.42 This principle cannot be compu-

tationally derived from general relativity axioms but is an intuitive addition that

resolves paradoxes due to self-referentiality. Similarly, in quantum gravity, principles

inspired by the Novikov self-consistency framework may enable the resolution of

truths that exceed the provability limits of formal systems due to self-referentiality,

o®ering a broader understanding of phenomena that cannot be computationally

derived.

Gravitationally induced objective collapse, which addresses the measurement

problem in quantum mechanics using an objective physical process tied to gravita-

tional e®ects, also exempli¯es the application of nonalgorithmic understanding.40,41

In this framework, measurement occurs independently of an observer, and is neither

random nor computational. In fact, it has been explicitly demonstrated that even

quantum logic is inherently undecidable due to incompleteness theorems.53{56 So, an

approach based on nonalgorithmic understanding40,41 produces a better physical

explanation of the measurement problem. It is well established that there are

limitations to computations in various problems of physics.74 Here we have argued

that these similarly imply it is impossible for quantum gravity based on computa-

tions to be both consistent and complete. Here, it is important to note that even if

some speci¯c phenomena discussed here are not undecidable, the general arguments

presented imply that there will de¯nitely be some undecidable phenomena. Hence,

this problem will inevitably arise, and we need to go beyond a computational

framework to address it.

To address the inherent limitations of formal systems in quantum gravity, a meta-

theory of everything MToE is needed, which contains nonalgorithmic understanding.

This meta-theory of everything would extend the computational-based formal

M. Faizal et al.
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system FQG by introducing a truth predicate T ðxÞ, enabling the recognition of truths

beyond formal provability. Speci¯cally, MToE would allow for the acceptance of

G€odel statements G as true, the resolution of unde¯nable truths and the acknowl-

edgment of high-complexity mathematical statements S with KðSÞ > KFQG
.

This meta-theory would satisfy: T ðGÞ ¼ 1 for G true but unprovable in FQG. By

transcending the algorithmic limits of FQG, MToE would provide a framework to

explore truths that lie beyond computation. Inspired by principles such as Novikov

self-consistency, and similar principles based on nonalgorithmic understanding, this

approach could integrate rigorous computations with nonalgorithmic insights. It

could potentially resolve challenges like the black hole information paradox and the

complexities of Planck-scale physics.

Considerations of quantum gravity have suggested that physics should evolve

from a focus on `it' (i.e. matter ¯elds moving in spacetime) to a focus on `bit', i.e.

information being more fundamental. The considerations we present here suggest

that neither `it', nor `bit' is fundamental. Namely, a nonalgorithmic understanding

should operate at a fundamental level in any theory of everything.
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