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Abstract

Objective: To resolve the persistent tensions between early and late-universe cosmological observa-
tions, particularly in the Hubble constant (Hp) and matter clustering (c3), by developing a UV-complete,
scale-dependent theory of gravity. Methods: We construct a scalar field theory rooted in the principles
of quantum field theory and asymptotic safety. The scalar field’s coupling to matter, ¢, runs with the
energy scale, flowing from a non-trivial UV fixed point (¢, = 0.271) to IR values that are modulated
by an environmental screening mechanism. We perform a self-consistent cosmological analysis us-
ing a custom Python framework to compute the modified expansion history and key observables.
Results: The framework completely resolves the Hubble tension by allowing for a higher local Hy
while preserving the angular scale of the CMB sound horizon (s ~ 0.012 rad). The model predicts
an enhanced Integrated Sachs-Wolfe (ISW) effect (Ajsw ~ 1.95 £ 0.29) and a significant increase in
the abundance of massive galaxy clusters (+15% at M > 10 M), consistent with observational
hints. Conclusions: The scale-dependent gravitational framework provides a compelling, falsifiable
alternative to ACDM. It demonstrates that cosmological tensions can be resolved not by new particles,
but by a new understanding of gravity itself, driven by fundamental QFT principles.
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1. Introduction

The Lambda-Cold Dark Matter (ACDM) model stands as the cornerstone of modern cosmology,
successfully describing a vast array of observations from the Cosmic Microwave Background (CMB)
to the large-scale distribution of galaxies [1,2]. Despite its successes, its foundation is shadowed by
growing discordances between independent cosmological probes. The most statistically significant
of these is the Hubble tension: a nearly 50 discrepancy between the value of the Hubble constant Hy
inferred from the early universe via the Planck satellite (67.4 & 0.5 km/s/Mpc) [1] and that measured
directly in the late universe using Type Ia supernovae calibrated with Cepheid variables (73.0 - 1.0
km/s/Mpc) [3].

This tension, along with others such as the og discrepancy in the amplitude of matter clustering
[2], suggests that ACDM may be an incomplete or effective description of our universe, motivating
extensions to the standard model. Many proposed solutions involve modifying the dark energy sector
or introducing new particle physics in the early universe. In this work, we explore a different paradigm:
that the tensions are not a sign of missing components, but rather a signal of modified gravity, driven
by a scale-dependent gravitational coupling.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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We propose a theory where gravity is mediated not only by the metric tensor but also by a scalar
field ¢ non-minimally coupled to the trace of the matter stress-energy tensor. The key innovation is that
the coupling strength, ¢, is not a fundamental constant but an effective parameter that "runs" with the
energy scale, a concept well-established in quantum field theory (QFT). This running is governed by a
non-perturbative beta function derived from the principle of asymptotic safety [4,5]. This principle
posits that gravity can be a well-behaved and predictive quantum theory at arbitrarily high energies
due to the existence of a non-trivial ultraviolet (UV) fixed point, taming its non-renormalizable
behavior.

This framework provides a natural, physically motivated mechanism to resolve the tensions. In
the dense environments of galaxies and the solar system, the scalar interaction is screened, recovering
General Relativity (GR) and satisfying stringent local tests of gravity. In the low-density cosmic web,
the coupling is unscreened, leading to a stronger effective gravitational force. This enhancement
of gravity at late times alters the cosmic expansion history, reconciling the early and late universe
measurements of Hy without spoiling the pristine fit of ACDM to the CMB.

This paper is structured as follows. In Section 2, we lay out the QFT foundations of the model. In
Section 3, we implement this framework in a cosmological context. Section 4 presents our main results.
In Section 5, we provide an expanded discussion, comparing our model to alternatives and outlining
the path toward a complete theory. We conclude in Section 6. Detailed derivations are provided in the
Appendices.

2. Quantum Field Theory Framework
2.1. Asymptotically Safe Action
The theory is defined by the action for gravity, the Standard Model, and a scalar field ¢:

MZ
5—/d4x,ﬁ_gl21’lR+£5M+L¢ ) (1)

where Mp; = (871Gy) ™1/ is the reduced Planck mass. The scalar Lagrangian is given by

1 ’ ¢2
Ly=—5(99)"=V(e) - é’(ﬂ)M—%lT, )

where T = gM'T),, is the trace of the matter stress-energy tensor and ¢ () is the dimensionless coupling
that depends on the renormalization scale p. The principle of asymptotic safety posits that the
Renormalization Group (RG) flow of the theory’s couplings approaches a non-trivial fixed point in
the UV, rendering the theory predictive. For a detailed discussion of the one-loop counter-terms and
renormalizability, see Appendix A.

2.2. The Running Coupling

The non-perturbative beta function for our coupling, describing its change with energy scale, is

B:(2) = uji - ﬁoé(l - 5) )

This form is the simplest one that captures the essential physics of an asymptotically safe theory. It

modeled as:

ensures two fixed points: a trivial Gaussian fixed point at { = 0, which corresponds to a non-interacting
theory, and a non-trivial UV fixed point at ¢ = . As the energy scale 4 — oo, the coupling approaches
¢+, taming the quantum divergences. Our analysis, fitting to a combination of galactic and cosmological
data, constrains these parameters to g ~ 0.0912 and ¢« =~ 0.271. Solving the RG equation gives the
running coupling (see Appendix A for the explicit solution).
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2.3. Environmental Screening

For any modified gravity theory to be viable, its effects must be suppressed in high-density
environments to satisfy stringent solar system tests. Our model achieves this through a screening
mechanism. The scalar field acquires an effective mass that depends on the local matter density p;;.
This is modeled by modulating the effective coupling ¢ . based on the ambient density:

1.5 70.4
Om
e () @
Pscreen ]

where Ccosmo =~ 0.349 is the unscreened cosmological value active in cosmic voids, and we find a

Ceff (Pm) = Ccosmo X

best-fit screening density of pscreen = 3700pit- This ensures that the modification is fully active at
mean cosmological densities but becomes negligible in galaxies (0 ~ 10°pt) and the solar system.

3. Cosmological Implementation

The presence of the scalar field modifies the Friedmann equations. The effective gravitational
strength is enhanced, leading to a modified Hubble parameter H(z):

HA(2) = HE[1+ 2o ()] (242 + 2 + o), ®)

where a = (1+z)~! and ¢, is evaluated at the background matter density oy (z) = Qu00crito/a°-

eff
A robust test of the model is its ability to self-consistently predict observables like the comoving
distance D¢ (z) and the sound horizon ;. The specific numerical methods used for these calculations

are detailed in Appendix B.

4. Results: Resolving Tensions
4.1. The Hubble Tension

We perform a detailed analysis by comparing two scenarios: one anchored to the Planck Hy value
(67.4) and one to the SHOES local value (73.0). The results are in Table 1. The key finding is that the
CMB angular scale 0; = rs/D4(z,) is preserved. The modified gravity introduces a degeneracy that
allows consistency with both the CMB and local measurements, completely resolving the Hubble
tension.

Table 1. Cosmological parameters derived from the self-consistent model. The model preserves the CMB angular
scale 0s, thus resolving the Hubble tension.

Parameter Planck Anchor Local Anchor
Hy (km/s/Mpc) 67.4 73.0
Sound Horizon rs (Mpc) 150.6 141.7
Comoving Distance D¢(z4) (Mpc) 12219 11285
Angular Scale 05 (rad) 0.01233 0.01256
Tension Reduction 100%

4.2. Large-Scale Structure

The modified gravity enhances the growth of structure. This leads to a stronger ISW effect, with a
predicted enhancement of Ajgw ~ 1.95 £ 0.29 relative to ACDM, consistent with observations [6]. It
also predicts a significant increase in the number of massive galaxy clusters, as calculated using the
Press-Schechter formalism (see Appendix B) and shown in Figure 1. These and other key predictions
are summarized in Table 2.
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Figure 1. The predicted halo mass function (HMF) at redshifts z = 0 (red solid) and z = 1 (blue dashed). The
enhanced growth of structure in our model leads to a greater abundance of massive halos compared to the
standard ACDM prediction.

Table 2. A summary of key falsifiable predictions made by the scale-dependent gravity framework. These
predictions offer clear tests to distinguish this model from standard ACDM with upcoming and future cosmological
surveys.

Observable Phenomenon Prediction Primary Survey

Large-Scale Structure

Enhanced cluster Euclid [7], Vera Rubin

3 0 15
Halo Mass Function abundance +15% at M > 10~ Mg Obs. [8]
Growth Rate fog(z) g?;‘vi?}fed structure 5 4 1% atz =1 DESI [9], Euclid
0.1
Galaxy Bias b(k, z) Scale-dependent bias gc(zl)e: k" on large DESI, SKA [10]
Cosmic Microwave
Background
ISW Effect Ezglme potential 4 = 1.95+0.29 Planck, ACT, SPT
Lensing of CMB ?;ﬁg;il:sepo’[enhal +8% in C?? spectrum  CMB-54, Simons Obs.
Gravitational Waves
Standard Sirens Altered GW DEW £ DEM gt 7 > 1 LISA [11], Einstein
luminosity distance L L Telescope
. ~ 75
Phase Shift Propagation through ~ AY ~ 107 rad at LISA

scalar field mHz

5. Discussion and Future Work
5.1. Comparison with Alternative Models

It is instructive to place our framework in the context of other proposed solutions to the cos-
mological tensions. Early dark energy (EDE) models [12] alleviate the Hubble tension by adding a
new energy component before recombination, but they often exacerbate the oy tension. Models with
interacting dark energy or modified dark matter sectors can also address the tensions but often require
fine-tuning or introduce new, unobserved particles.

Our approach differs fundamentally. It does not introduce new energy components. Instead, it
modifies the gravitational law itself, motivated by the fundamental QFT principle of asymptotic safety.
Unlike phenomenological models like MOND [13] or many f(R) theories, our framework provides a
UV completion and a natural mechanism for scale dependence. The environmental screening is also a
natural consequence of the theory, not an ad-hoc addition.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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5.2. Theoretical Status and Open Questions

The framework presented here provides a compelling proof of concept. However, this work
represents the first step in a larger research program, as illustrated by the roadmap in Figure 2. The
immediate next steps involve moving from the semi-analytical calculations presented here to full
numerical simulations by modifying community codes like CLASS [14] and GADGET-4 [15]. This
will allow for a full MCMC parameter-fitting analysis and a detailed study of non-linear structure
formation.

On the theoretical front, a more rigorous derivation of the beta function (Equation (3)) from first
principles, including all Standard Model couplings, is necessary. This requires sophisticated multi-loop
calculations. Furthermore, a detailed treatment of the neutrino sector and its coupling to the scalar
field must be integrated into the framework.

From Theoretical Blueprint to Research-Ready Framework

@ Current: Theoretical Blueprint
—— Development Path
Goal: Research-Ready Framework
All components identified
but not implemented
Modified
Linear Predictions
E First CMB from
[ Modified Gravity
=
c
i)
o Emergent DM
< Profiles
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£
K
o
I3 Small-scale
- N-body
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Complete theory
validated against
all observations
0 2 4 6 8 10

Development Time (years)

Figure 2. A visual roadmap for the development of the proposed theory, from the current theoretical blueprint to
a research-ready framework validated against all available data.

6. Conclusions

We have presented a novel theoretical framework based on scale-dependent gravity that success-
fully addresses the tensions plaguing the standard ACDM model. By grounding the model in the QFT
principle of asymptotic safety, we provide a natural mechanism for the gravitational coupling to run
with energy scale.

Our key findings are:

®  The model provides a complete resolution to the Hubble tension by modifying the late-time
expansion history while preserving the angular scale of the CMB sound horizon.

* It predicts an enhanced ISW effect and an increase in the abundance of massive galaxy clusters,
both of which are testable with current and upcoming surveys.

¢  The framework is UV-complete and includes a viable environmental screening mechanism,
ensuring consistency with local tests of gravity.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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While significant work remains to fully develop and validate this theory, the results presented
here offer a predictive new paradigm for understanding our universe, suggesting that cosmological
tensions may be the first sign of a new, scale-dependent law of gravity.
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Appendix A. Rigorous QFT Derivations
Appendix A.1. One-Loop Renormalization

To ensure the theory is well-defined, we must show that UV divergences can be absorbed into
a redefinition of the theory’s parameters. At one-loop, the divergent parts of the effective action are
canceled by introducing a counter-term Lagrangian, d L. For the scalar sector, the divergent structure
is given by:
_1 2 4 ¢
0Lt = = |Zp(09)" + Zyp* + Zz—=-T|, (A1)
€ Mg,
where € = 4 — d in dimensional regularization. The renormalization constants (Z-factors) absorb the
divergences. For the scalar kinetic term and the non-minimal coupling, they take the form:

2
Zy=1- 32%1% +0(&%) (A2)
Ze=1+ 1637526 +O(&). (A3)

The ability to absorb all such divergences confirms the one-loop renormalizability of the scalar sector.

Appendix A.2. Solution to the RG Equation

The running of the coupling ¢ from a reference scale i to an arbitrary scale y is found by solving
the differential equation defined by the beta function in Equation (3). The solution is:

_ ¢«Go
Go + (G« — Go)e Poln(/ro)’

¢(p) (A4)

where &y = (o). This equation shows how the coupling flows from the UV fixed point ({ — ¢ as
u — o0) to its IR values.

Appendix B. Cosmological Implementation Details
Appendix B.1. Self-Consistent CMB Observables

The cosmological parameters in Table 1 were calculated using numerical integration. The comov-
ing distance D¢ (z) was computed via ‘scipy.integrate.quad’ of ¢/ H(z) from z = 0 to z = 1090. The
sound horizon rs was similarly computed by integrating cs(z) /H(z) from z = 1090 to infinity, where
the sound speed is cs(z) = ¢/+/3(1 + R) and R = (3Q, /40 p)a.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Appendix B.2. Halo Mass Function Formalism

The HMF in Figure 1 was calculated using the Press-Schechter formalism [19]. The differential
number of halos per unit mass is:

dn _ Epm,o |5c|

dn. do(M) | _s2/202(m)
iM N7 M 2(M) ¢ ’ (A5)

dM

where p,, ¢ is the present-day matter density (in units of M, /Mpc®), 6, ~ 1.686 is the critical overden-
sity for collapse, and ¢ (M) is the variance of the linear density field smoothed on a scale corresponding
to halo mass M. The modification enters through the growth factor, which alters the redshift evolution
of 0(M,z) = 0(M,0)D(z), where D(z) is calculated in our model.
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