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ABSTRACT

The detection of quantum gravity signatures in astrophysical observations faces
fundamental challenges due to the extremely small magnitude of expected
effects and the computational complexity required for precision modelling. We
present a comprehensive computational framework that addresses these
challenges through advanced numerical methods specifically designed for
quantum gravity phenomenology. Our numerical implementation incorporates
modified stellar structure calculations, advanced parameter estimation
algorithms, and high-performance computing techniques to achieve the
precision required for detecting subtle quantum gravity signatures in
astronomical observations. The framework includes robust validation protocols,
extensive benchmarking against analytical limits, and comprehensive
uncertainty quantification methods that ensure reliable scientific conclusions.
Through systematic convergence studies and comparison with existing
literature, we demonstrate numerical accuracy at the level of 1076 for stellar
structure calculations and 10~* for parameter estimation, sufficient for current
and next-generation observational precision. Our computational infrastructure
scales efficiently to problems involving millions of parameters and enables
exploration of the full multidimensional parameter spaces relevant to quantum
gravity phenomenology. Looking toward the future, we provide detailed

Iégi‘/nvgzzgnsiénal _projec?ions for the observationgl cqpabilities of next—generatipn facilities,
Physics, including ATHENA, _Lyr)x, Einstein Telescope, a_nd Cosr_nlc Explorer,
Quantum Gravity, demonstratlng 'ghat definitive tests of quan'gum gravity theories should be
Numerical achievable within two decades. The computational methods and software tools

developed in this work are made publicly available to enable community-wide
Methods, o . ) .

exploitation of multi-messenger observations for fundamental physics research.
These developments establish the computational foundation necessary for the
transition from preliminary constraints to precision tests of quantum gravity
theories through astrophysical observations.

High-Performance
Computing,
Stellar Structure

INTRODUCTION The subtle nature of quantum gravity signatures in
The computational challenges associated with quantum astronomical observations requires numerical precision
gravity phenomenology represent a unique intersection of  that pushes the boundaries of current computational
fundamental theoretical physics, advanced numerical capabilities, while the complex, multi-dimensional
methods, and cutting-edge observational astronomy that parameter spaces involved necessitate advanced
demands sophisticated computational approaches statistical inference techniques and high-performance
extending far beyond traditional astrophysical modeling.  computing resources that were unimaginable just a
decade ago.
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The central research question driving this work is: Can
we develop a computational framework with sufficient
precision and scalability to detect quantum gravity
signatures in current and next-generation multi-
messenger astrophysical observations? This question is
motivated by the recognition that while quantum gravity
effects are expected to be extremely subtle, the
unprecedented precision of modern astronomical
facilities may finally enable their detection

The theoretical foundation for computational quantum
gravity phenomenology rests on the recognition that
proposed modifications to fundamental physics—such as
those arising from the Generalized Uncertainty
Principle—typically manifest as small corrections to
well-established astrophysical phenomena rather than
dramatic departures from known physics. Recent work by
Giardino & Salzano (2021) has demonstrated that
precision cosmological probes can achieve remarkably
tight constraints on quantum gravity parameters, with
quadratic formulation vyielding a2Q < 10°°. This
characteristic creates both opportunities and challenges
for numerical implementation, where existing
computational methods can serve as starting points while
demanding precision sufficient to detect corrections
representing fractional changes of order 10™*to 10~¢in
observable quantities.

The theoretical landscape of quantum gravity
encompasses several competing frameworks, including
Loop Quantum Gravity (LQG), String Theory, and
Doubly Special Relativity (DSR). Among these, the
Generalized Uncertainty Principle (GUP) provides a
phenomenologically tractable approach that can be
systematically tested through astrophysical observations.
Unlike other quantum gravity approaches that require
complete theoretical formulations, GUP modifications
can be incorporated into existing stellar structure
calculations as well-defined perturbations, making them
ideally suited for computational implementation.

The multi-scale nature of quantum  gravity
phenomenology introduces additional computational
complexity through the need to connect physics at the
Planck scale ~1073%m with observable phenomena at
astrophysical scales~ 10* — 102°m. This enormous
dynamic range requires careful attention to numerical
stability, error propagation, and the accumulation of
computational uncertainties over many orders of
magnitude in physical scale. Traditional numerical
methods often prove inadequate for such extreme scale
separations, particularly when considering GUP effects
on degenerate stellar matter (EI-Nabulsi, 2020).

The parameter estimation challenges associated with
multi-messenger quantum gravity studies represent
perhaps the most computationally demanding aspect of
this field. Modern astrophysical datasets routinely
involve dozens to hundreds of parameters, including
fundamental physics quantities, astrophysical source
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properties, and systematic uncertainty nuisance
parameters. Recent gravitational-wave constraints from
GW170817 have demonstrated that tidal deformability
measurements can dramatically reduce the family of
allowed neutron star equations of state (Annala et al.,
2018), while new techniques analyzing post-merger
ringdown signals show promise for constraining the
equation of state at the highest densities in neutron star
cores (Most et al., 2025).

The validation and verification requirements for
computational quantum gravity phenomenology exceed
those of traditional astrophysical simulations due to the
fundamental physics implications of the results. Unlike
purely astrophysical studies where approximate
numerical solutions may be sufficient for scientific
interpretation, quantum gravity phenomenology demands
numerical accuracy that can be rigorously quantified and
systematically improved. This requirement necessitates
comprehensive testing protocols, analytical
benchmarking studies, and careful assessment of
numerical uncertainties that ensure the computational
methods do not introduce spurious signals that could be
misinterpreted as fundamental physics signatures.
High-performance computing considerations play an
increasingly central role in quantum gravity
phenomenology as the field transitions from preliminary
constraint studies to precision tests of theoretical
predictions. Multi-messenger astrophysics combining
gravitational waves, X-ray  observations, and
electromagnetic counterparts requires sophisticated
computational infrastructure capable of processing vast
datasets while maintaining the precision necessary for
fundamental physics applications. The development of
scalable algorithms, efficient parallelization strategies,
and cloud computing approaches has become essential for
exploiting the full scientific potential of modern
astronomical datasets.

Machine learning and artificial intelligence techniques
are beginning to play important roles in computational
quantum gravity phenomenology through their ability to
extract subtle signals from complex datasets. Recent
developments in accelerated Bayesian inference using
deep learning (Spurio Mancini et al., 2023) and
normalizing flows (Polanska et al., 2024) show promise
for significantly enhancing the computational efficiency
of future quantum gravity studies.

The novelty of our framework lies in three key
innovations: (1) the integration of adaptive mesh
refinement with high-dimensional Bayesian inference
specifically optimized for quantum gravity parameter
estimation, (2) the development of scalable algorithms
that maintain 107® numerical precision across the
extreme dynamic range from Planck to astrophysical
scales, and (3) the public release of validated software
tools that enable community-wide exploitation of multi-
messenger observations for fundamental physics research
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MATERIALS AND METHODS

The numerical implementation of quantum gravity
phenomenology requires sophisticated computational
methods that can accurately incorporate GUP
modifications into realistic astrophysical calculations
while maintaining the precision necessary for detecting
subtle  fundamental  physics  signatures.  Our
implementation strategy addresses the full computational
pipeline from theoretical model evaluation through
statistical parameter estimation, with particular attention
to numerical stability, scalability, and validation
requirements that ensure reliable scientific conclusions.
Modified Stellar Structure Calculations

Our computational pipeline follows a systematic
workflow: (1) GUP parameter input and theoretical
model selection, (2) modified equation of state
calculation incorporating quantum gravity corrections,
(3) adaptive mesh generation and stellar structure
solution, (4) observable calculation including tidal
deformability and mass-radius relationships, (5)
likelihood evaluation across multiple observational
channels, and (6) Bayesian parameter estimation with
convergence assessment. Figure 1 provides a
comprehensive  visualisation of this  workflow
architecture

The foundation of our computational framework rests on
modified stellar structure calculations that incorporate
GUP corrections to the nuclear equation of state and
transport  properties while maintaining numerical
accuracy sufficient for precision astrophysical
applications. The implementation buildson established
numerical methods for solving the Tolman-
Oppenheimer-Volkoff ~ (TOV)  equations  while
incorporating systematic modifications to
thermodynamic quantities that arise from quantum
gravity effects.

The standard TOV system governing stellar structure in
general relativity is given by:

dm
Fr anr?e(r) (D
dP Gm(r)e(r) P(r) 4nr3P(r)

dar [1 + s(r)] [1 + m(r)c? ] @)

where m(r) represents the gravitational mass enclosed
within a radius r, (r) is the energy density, P(r) is the
pressure, G is the gravitational constant, and c is the speed
of light. These equations become modified through the
GUP-corrected equation of state Pgyp(e,8) and

energydensity ;yp (o, B).
The GUP modifications arise from the modified

uncertainty relation:
px = |1 bpy* 3
2o () (7)o ®

where 8 and y are dimensionless GUP parameters that
encode quantum gravity effects. Forthe quadratic GUP,

2
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the modifications to the equation of state can be expressed

as.
K2 92

P

Poyp(e,B) = Fo(8) + B——3 mic? o5 SO )
where P, (¢)is the unmodified equatlon of state and m,, is
the proton mass.

The implementation employs several key software
components: NumPy and SciPy for numerical
computations, PyMC3 for Bayesian inference, emcee for
MCMC sampling, and MPI4Py for parallel computing.
The stellar structure solver uses adaptive step-size Runge-
Kutta integration with automatic error control, while the
parameter estimation component leverages the No-U-
Turn Sampler (NUTS) algorithm for efficient exploration
of high-dimensional parameter spaces

Our stellar structure solver employs adaptive mesh
refinement techniques that automatically adjust the radial
grid spacing to resolve steep gradients near stellar
surfaces and at phase transition boundaries. The
algorithm begins with a coarse grid spanning the full
stellar radius and systematically refines regions where the
local truncation error exceeds specified tolerance criteria
of 1078, The integration scheme uses a fourth-order
Runge-Kutta integrator with automatic step size control:

h
Yps1 = yng(kl + 2k; + 2k3 + ky) %)
where the slope coefficients are:

kl = f(xn};{y/n) hk (6)

_ 1
o = f (% + 57+ @

B h hk2
ko= f (% + 3+ 5) ®)
ky = f(xy + hY,, + hk3) 9)

The calculation of derived quantities such as tidal Love
numbers requires solving the equations for metric and
fluid perturbations. For [ = 2 tidal perturbations, the
relevant equations are:

dH 2 4nG 2Gm

dr H [ - ]

dK 6 4mG v (v 1

E— K[T'_2+7(S+P) +7<?+;)] +—2 (11)
where H and K are perturbation variables, v(r) is the
metric function, and the GUP modificationsenter through

the background stellar structure. The dimensionless tidal
deformability is then calculated as:

A2k R\’
“372\6M

where k, isthe | =
radius.

The sensitivity of observables to GUP parameters follows
well-defined scaling relationships. For stellar radius,

SR/ ~ B(h?/mye,2)(0%p/0e%) [p,  while tidal
deformability shows

(12)

2 Love number and R is the stellar

168




Computational Framework for Quantum ...

SA/A = 5B(h?/m,z2.2)(0%p/0?)/p,. These
relationships enable systematic uncertainty propagation
throughout the computational pipeline

Advanced Parameter Estimation Algorithms

The parameter estimation component employs state-of-
the-art Bayesian inference techniques specifically
adapted for high-dimensional, computationally expensive
likelihood evaluations. Recent advances in cosmological
parameter estimation (V'azquez et al., 2021) have
demonstrated the power of Bayesian statistics and
Markov Chain Monte Carlo algorithms for fundamental
physics applications.

Our primary sampling engine uses the No-U-Turn
Sampler (NUTS), a variant of Hamiltonian Monté Carlo
that automatically tunes step sizes and trajectory lengths.
The algorithm evolves parameter states according to
Hamiltonian dynamics:

dq _OH _ Mp 13
dt  dp a3
dp 0H ou

= (14)

dt ~ 9q  0q

Where H(q,p) =U(q) + %pTM_lp with  potential
energy U(q) = —logm(g)and kinetic energy involving
the mass matrix M.
For strongly correlated parameters typical in GUP
studies, we employ adaptive mass matrix estimation:

M =E[©6-6)(6-6)] (15)
The likelihood evaluation pipeline incorporates multiple
observational channels

(16)
i=1

where £; represents individual likelihood components for
gravitational wave data, X-rayobservations, and
electromagnetic counterparts.

For computationally expensive theoretical calculations,
we construct Gaussian process surrogate models:

f(x) ~ GP(u(x), ke(x, x")) 17)
with squared exponential kernel:
k(x,x")
= g2 exp | — M (18)
242

achieving accuracy better than10~*while providing
speedups of10% — 103

Convergence Assessment and Diagnostics
Convergence assessment employs multiple diagnostic
criteria specifically chosen for multi-modal, high-
dimensional  posterior  distributions  typical in
gravitational-wave astronomy (Thrane & Talbot, 2019):
Gelman-Rubin Statistic:
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p= "1 1B _0n 19
- n nWw ) (19)

where B and W are between-chain and within-chain
variances.

Effective Sample Size:

n
Ny = ———=——> 1000 20
off 1+2%,p: 20)

Where p.is the autocorrelation at large t
Energy Fraction of Missing Mass:

EFMI = 1 — E[exp(E — E)] < 0.2 (21)
High-Performance Computing Integration
The computational demands require distributed

computing environments extending beyond traditional
desktop systems. Our parallelization strategy employs
multi-level approaches:

Parameter-level parallelism: Multiple Markov chains
run independently on separate compute nodes with
periodic communication for convergence assessment.

Likelihood-level parallelism: Individual likelihood
evaluations distribute across available cores with
automatic work distribution based on computational cost
estimates.

Memory management: Adaptive strategies balance
computational speed and memory consumption using
hierarchical caching systems.

The distributed computing implementation uses message-
passing interface (MPI) protocols with automatic fault
tolerance and checkpointing for  long-duration
calculations typical of comprehensive parameter studies.

RESULTS AND DISCUSSION

Numerical Validation and Benchmarking

Our validation strategy encompasses multiple
complementary approaches providing comprehensive
verification of numerical accuracy and systematic
assessment of computational uncertainties. Figure 1
illustrates the comprehensive computational workflow
diagram showing our layered framework architecture.
The pipeline flows systematically from input data
(observational data, nuclear EoS models, GUP theory,
systematic uncertainties) through theoretical calculations
(stellar structure solver, Love numbers, population
synthesis) to numerical methods (adaptive mesh
refinement, integration schemes, interpolation) and
finally to statistical inference (MCMC sampling,
likelihood evaluation, convergence diagnostics).
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Computational Framework for Quantum Gravity Phenomenology

Figure 1: Comprehensive computational workflow
diagram for quantum gravity phenomenology showing
the layered architecture of our framework. The pipeline
flows from input data and theoretical models through
numerical implementation to statistical inference and
validation. Each layer employs specialized algorithms
optimized for the precision and scalability requirements
of fundamental physics applications. Feedback loops (red
arrows) indicate iterative refinement processes that
improve accuracy through systematic validation. The
modular design enables independent development and
testing of different components while maintaining overall
system coherence and scientific reproducibility.

The modular design enables independent development
and testing of different components while maintaining
overall system coherence. Feedback loops indicate
iterative refinement processes that improve accuracy
through systematic validation, with the framework
achieving numerical accuracy of 10~ for stellar structure
calculations. This architecture proves particularly
valuable for quantum gravity applications where the
subtle nature of expected signals demands exceptional
computational precision.

For stellar structure calculations, we achieve relative
accuracy better than 1078 compared to analytical
polytropic solutions across the full parameter range
relevant to neutron star physics. The Newtonian limit

provides crucial analytical benchmarks testing proper
implementation of general relativistic corrections. In the
limit of low compactness (GM/(Rc?) « 1), our
implementation  reproduces expected  Newtonian
behavior to better than 10719 relative accuracy for
compactness parameters below 1073

Figure 2 demonstrates the comprehensive numerical
convergence and validation studies that establish the
accuracy and efficiency of our computational framework.
Panel (a) shows grid convergence for stellar structure
calculations achieving better than 10~° relative accuracy
with theoretical scaling rates. The convergence behaviour
follows the expected power-law scaling, confirming that
our adaptive mesh refinement algorithm effectively
concentrates computational resources where needed
most. Panel (b) displays convergence of tidal Love
numbers and deformability parameters, which are crucial
for gravitational wave applications, showing systematic
improvement with grid refinement. The Love number
calculations are particularly sensitive to numerical
precision since they involve derivatives of the stellar
structure solution. Our results demonstrate that
dimensionless tidal deformability values converge to
10~* relative accuracy, which is sufficient for current
gravitational wave observations and will remain adequate
for next-generation detectors. Panel (c) presents MCMC
convergence diagnostics, including Gelman-Rubin
statistics maintaining R < 1.01 and effective sample
sizes exceeding 1000 for all parameters. Panel (d)
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illustrates computational scaling analysis showing CPU
requirements scale approximately as O(N?%°) with
problem dimensionality, guiding resource allocation for
future studies. This scaling behavior indicates that while
computational demands increase significantly with
parameter space dimensionality, the growth remains
manageable for problems involving hundreds of
parameters  when  appropriate  high-performance
computing resources are available.

These numerical results directly constrain specific
quantum gravity models. For Loop Quantum Gravity, the
holonomy corrections predict GUP parameters in the
range S ~ 1 — 10, which our framework can detect at 3o
confidence with ~100 neutron star observations. String
theory scenarios typically predict § ~ 0.1 — 1, requiring
the enhanced precision achievable with next-generation
facilities. The statistical uncertainties in our calculations
arise from three sources: numerical integration errors
(~1078), Monte Carlo sampling noise (~10~°), and
systematic modelling uncertainties (~107%).

Stellar Structure Grid Convergence Tidal Properties Convergence

10 10
Number of Grid Points Number of Grid Points

MCMC Convergence Diagnostics Computational Scaling Analysis

an-Rubin Statistic

i 5

10 10
Number of Parameters

MOMC Heratons
Figure 2: Comprehensive numerical convergence and
validation studies demonstrating the accuracy and
efficiency of our computational framework.

Computational Complexity Analysis

Table 1 provides a detailed breakdown of computational
complexity and resource requirements for different
components of our quantum gravity phenomenology
framework. All estimates assume typical parameter space
dimensions and convergence criteria appropriate for
fundamental physics applications. Comparison with
GW170817 observations demonstrates the framework's
validity. Our calculations predict a tidal deformability
A1, = 190 + 40 for the canonical 1.4 M © neutron
star, consistent with the LIGO-Virgo measurement of
A4 = 190 £ 120. The GUP constraints from this
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event yield B < 850, improving to B < 15 when
combined with electromagnetic observations. This
validates both our numerical methods and the potential
for quantum gravity detection with enhanced statistics

Table 1: Computational complexity and resource
requirements for different components of the quantum
gravity phenomenology framework. All estimates assume
typical parameter space dimensions and convergence
criteria appropriate for fundamental physics applications.

Component Parameters CPU Memory  Storage  Scaling
Hours (GB) (TB)

Stellar Structure 5 0.1 0.5 0.001 O(N'®)

(single)

Love Numbers 5 0.5 1.0 0.001 0(N?)

(single)

Population 50 100 10 0.1 o(N}5)

Synthesis

MCMC Parameter 20 1000 5 1 O(NZsram)

Est.

Multi-messenger 100 10000 50 10 O(N,ps

Joint X Nl}bsp

Future Full 500 100000 500 100 O(N}Lﬁ”es

Analysis X N22 am

The analysis reveals that stellar structure calculations
scale efficiently as O (N ') with grid resolution, enabling
precise solutions even for challenging equation of state
models. Love number  computations  require
0(N?)scaling due to coupled differential equations but
remain computationally tractable for individual stellar
models. Population synthesis studies involving multiple
stellar models scale as O(Nz5,), enabling efficient
exploration of large parameter spaces typical in quantum
gravity phenomenology.

MCMC  parameter estimation shows expected
O(N,?amm)scaling reflecting  covariance  matrix
operations inherent in advanced sampling algorithms.
Multi-messenger joint analyses scale as O(Nyps X Npap)
due to multiple likelihood evaluations across different
observational channels. Most significantly, future full
analyses incorporating next-generation observational
capabilities will require O(NLZ,es X NZiam) scaling,
indicating substantial computational resource
requirements but manageable growth with appropriate
high-performance computing infrastructure.

Future Observational Capabilities and Projections
Figure 3 presents our analysis of future observational
capabilities and computational requirements for quantum
gravity phenomenology. The dramatic improvements
expected from next-generation facilities create
unprecedented opportunities for definitive tests of
fundamental physics while simultaneously demanding
enhanced computational frameworks.
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Figure 3: Future observational
computational requirements for
phenomenology.

Panel (a) shows the projected evolution of sensitivity to
GUP parameters across different observational channels,
with major mission milestones marked. ATHENA’s
launch around 2032 will improve X-ray constraints by a
factor of 10, while Einstein Telescope and Cosmic
Explorer will provide 25— 30 X improvements in
gravitational wave sensitivity. The convergence of
multiple observational channels toward B ~1-5
sensitivity levels by 2035 indicates that definitive tests of
quantum gravity theories are within reach.

Panel (b) displays the dramatic increase in detection rates
expected from next-generation facilities, particularly for
gravitational wave sources increasing from current ~
100/year to 10* —10°/year. Recent studies by
lacovelli et al. (2023) and Walker et al. (2024) confirm
that third-generation detectors will observe binary
neutron star mergers throughout cosmic history,
providing unprecedented statistical samples for equation
of state studies.

Panel (c) illustrates the projected reduction in systematic
uncertainties  through improved calibration and
theoretical modeling. The systematic uncertainty floors
currently limiting many constraints are projected to
decrease by factors of 3 —5 through enhanced
instrumentation and sophisticated analysis techniques.
This reduction creates synergistic improvements when
combined with enhanced statistical precision from larger
sample sizes.

Panel (d) presents the scaling of computational resource
requirements, showing the need for high-performance
computing infrastructure to exploit future observational
capabilities. The exponential growth in computational
demands reflects both increased data volumes and

capabilities and
quantum  gravity
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enhanced analysis  sophistication for
fundamental physics applications.

Table 2 provides a comprehensive timeline of future
mission capabilities and their projected impact on
guantum gravity phenomenology. The table demonstrates
the clear progression from current observational
limitations toward definitive tests of quantum gravity

theories.

required

Table 2: Future mission capabilities and timeline for next-
generation observational facilities relevant to quantum
gravity phenomenology. Sensitivity estimates are for
GUP parameter constraints at 95% confidence level.

Mission/Facility Launch/Operation Key GUP Improvement
Capability  Sensitivity Factor
Electromagnetic
ATHENA ~ 2032 X-ray p<5 x10
spectroscopy
Lynx (concept) ~ 2035 High-res X- B<3 x15
ray
Vera Rubin Obs. 2024 Optical B<20 x3
transients
SKA ~2028 Radio p<8 x7
timing
Gravitational
Waves
A+ Upgrade ~ 2025 Enhanced B <120 x2
LIGO
Einstein ~ 2035 3G B<10 x25
Telescope detector
Cosmic Explorer ~ 2035 40km arms p<8 %30
LISA ~ 2034 Space-based B<50 x5
GW
Combined
Multi- ~ 2035 All B<2 x60
messenger channels
Ultimate ~ 2040 Optimized p<1 =100
precision

Current electromagnetic observations provide GUP
constraints at § < 50 — 100 levels, while gravitational
wave observations from Advanced LIGO/Virgo achieve
B < 250 sensitivity. The A+ upgrade launching around
2025 will provide factors of 2 improvement, but the real
transformation comes with third-generation detectors.
Recent work by Reed et al. (2023) and Bandopadhyay et
al. (2024) confirms that Einstein Telescope and Cosmic
Explorer, both targeting ~ 2035 operations, will achieve
25-30x improvements, enabling f < 8 — 10 sensitivity.
Combined multi-messenger analyses exploiting all
channels  simultaneously should achieve g < 2
sensitivity by 2035, with ultimate precision potentially
reaching B < 1 by 2040. These sensitivity levels
approach theoretical predictions of some quantum gravity
models, indicating that definitive tests of fundamental
physics may be achievable within the next two decades.

Figure 4 quantifies the physical requirements for
definitive quantum gravity detection. Panel (a) shows that
achieving B ~ 10 sensitivity requires fractional precision
of ~0.1% in radius measurements and ~1% in tidal
deformability. These requirements arise from the

172




Computational Framework for Quantum ...

fundamental scaling SR/R o« B(h?/my:), which
connects microscopic quantum gravity effects to
macroscopic stellar observables. The energy dependence
in panel (b) reflects the fact that quantum gravity
modifications become more pronounced at higher
energies, explaining why multi-messenger observations
spanning different energy scales provide complementary
constraints.

Detection Significance

- Precision Requirements for Detection y
: o

10 ! 1

10 w 10 g
GUP Parameter

GUP Parameter p

Sample Size Requirements Discovery Timeline

1 ¥
| 10 { ) 10

GUP Parameter p Year

Figure 4: Required observational precision and discovery
prospects for quantum gravity detection

Panel (a) shows fractional precision requirements for
different observables as functions of GUP parameter S,
with current and future precision levels marked. For g ~
10, stellar radius measurements require ~ 0.1%
precision, while tidal deformability measurements need ~
1 % precision. Current observational capabilities achieve
~ 1072 precision in radius measurements and ~ 1071 in
tidal deformability, explaining why current constraints
are limited to § ~ 1001000 ranges.

Panel (b) displays signal-to-noise requirements under
different noise scenarios, indicating conditions necessary
for definitive detection. For 8 ~ 5, signal-to-noise ratios
exceeding 20 are required for reliable detection,
achievable with next-generation facilities but challenging
with current instrumentation.

Panel (c) presents the number of sources required for
statistical significance at different confidence levels,
showing that ~ 100 sources enable 3¢ detection for § ~
10. This requirement will be easily met by third-
generation gravitational wave detectors, which will
observe thousands of neutron star mergers annually.
Panel (d) provides a discovery timeline projection with
theoretical prediction ranges, indicating definitive tests
should be achievable by 2035-2040 with next-generation
multi-messenger  facilities. The convergence of
observational capabilities with theoretical predictions
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suggests that the next two decades will be transformative
for quantum gravity phenomenology.

Computational Resource Scaling and Requirements
The transition to next-generation observational
capabilities will require computational resources
exceeding current capabilities by factors of 1000-10000.
Our projections indicate that definitive tests of quantum
gravity theories will demand high-performance
computing infrastructure capable of processing 10* —
10° gravitational wave events annually while
maintaining precision necessary for fundamental physics
applications.

The computational scaling analysis reveals several
critical  bottlenecks.  Statistical inference scales
approximately  asO(NZ3,,)for  high-dimensional
parameter spaces, while likelihood evaluations scale as
O (Nyps X Nepannels)- FOr next-generation multi-messenger
analyses involving 500+ parameters and 10° + sources,
computational requirements will exceed 10° CPU-
hoursannually.

Machine learning techniques show promises for
addressing these computational challenges. Recent work
on accelerated Bayesian inference (McEwen et al., 2021)
demonstrates that surrogate modeling can accelerate
expensive theoretical calculations by factors of 100-1000
while maintaining sufficient accuracy for parameter

estimation. The learned harmonic mean approach
(Polanska et al., 2024) provides robust evidence
estimation that scales efficiently with problem

dimensionality.
CONCLUSION

We have developed and validated a comprehensive
computational  framework for quantum gravity
phenomenology with three key achievements: (1)
numerical precision of 107® for stellar structure
calculations incorporating GUP modifications, (2)
scalable Bayesian inference algorithms capable of
handling 500+ parameter spaces with 10° +
observational constraints, and (3) validated software tools
that enable systematic exploration of quantum gravity
parameter spaces using multi-messenger astrophysical
observations.

The validation studies demonstrate that our numerical
methods achieve the reliability necessary for fundamental
physics applications, with comprehensive benchmarking
against analytical limits and systematic comparison with
published results. The computational architecture scales
efficiently from desktop environments to high-
performance computing clusters, enabling exploration of
the multi-dimensional parameter spaces characteristic of
guantum gravity phenomenology.
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Looking toward the future, our projections indicate that
definitive tests of quantum gravity theories through
astrophysical observations should be achievable within
two decades. The combination of ATHENA X-ray
observations, third-generation gravitational —wave
detectors, and enhanced multi-messenger coordination
will enable GUP parameter constraints approaching  ~
1-2, sufficient to test predictions of leading quantum
gravity models.

The computational challenges associated with exploiting
these future capabilities are substantial but manageable
through continued development of advanced algorithms,
high-performance computing infrastructure, and machine
learning acceleration techniques. Recent advances in
nuclear physics constraints from binary neutron star
mergers (lacovelli et al., 2023) and prospects for multi-
messenger observations (Bisero et al., 2025) demonstrate
the remarkable scientific potential of next-generation
facilities.

Future applications of this framework include: (1)
systematic analysis of Lorentz-violating signals in
gravitational waveforms from third-generation detectors,
(2) correlation studies between neutrino time delays and
Planck-scale dispersion effects using IceCube-Gen2 data,
and (3) joint constraints from Einstein Telescope
gravitational wave observations and ATHENA X-ray
timing measurements. While our current implementation
focuses on GUP phenomenology, the computational
architecture is sufficiently general to accommodate other
quantum gravity frameworks including Loop Quantum
Gravity holonomy corrections and String Theory
compactification effects
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