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Abstract 
 

This report provides a comprehensive synthesis of contemporary approaches to incorporating 
fermionic matter into non-perturbative quantum gravity. We begin by establishing the 
foundational role of the Nieh-Yan topological density in the first-order gravitational action, 
demonstrating its connection to the Barbero-Immirzi parameter and its implications for parity 
symmetry. We then perform a detailed canonical analysis of the Einstein-Cartan-Holst-Dirac 
system within the Loop Quantum Gravity (LQG) framework, elucidating how fermions source 
spacetime torsion, deform the symplectic structure, and introduce profound coupling 
ambiguities. The covariant perspective is explored through the spinfoam formalism, where we 
describe a minimal coupling for fermions as excitations on the boundaries of quantum 
spacetime, ensuring consistency with the canonical picture. Finally, we investigate the 
Asymptotic Safety paradigm as a potential mechanism for ultraviolet completion, focusing on 
the functional renormalization group flow of Einstein-Cartan theory. We argue that torsion 
acts as a unifying physical concept across these formalisms and that the principle of 
Asymptotic Safety may provide a physical selection criterion to resolve the ambiguities 
inherent in the canonical theory. The analysis reveals that a fundamental parity violation may 
be a generic prediction of quantum gravity coupled to the Standard Model. 

 

 
 
 
 
 
 
 
 
 



I. Introduction: The Challenge of Matter in Quantum 
Gravity 
 

 

The Unification Imperative 
 

Modern physics is built upon two pillars: General Relativity (GR), our classical theory of 



gravitation as the dynamics of spacetime geometry, and Quantum Field Theory (QFT), which 
describes the fundamental particles and forces of the Standard Model.1 A profound tension 
exists between these frameworks. QFT operates on a fixed, non-dynamical background 
spacetime, a mere stage for quantum events. In contrast, GR's central lesson is that 
spacetime is not a stage but a dynamical entity, its geometry shaped by the matter and 
energy within it.3 This conceptual chasm becomes a direct contradiction when one considers 
that the matter described by QFT is the very source of the gravitational field described by 
GR.4 A consistent description of nature therefore necessitates a theory of quantum gravity, 
one that can reconcile the principles of quantum mechanics with a dynamical, 
background-independent description of spacetime geometry.5 

 

Fermions as a Unique Probe 
 

While the inclusion of any matter presents a challenge, fermions—the constituent particles of 
matter such as quarks and leptons—offer a particularly sharp probe into the deep structure of 
quantum gravity. Unlike scalar (spin-0) or vector (spin-1) fields, fermions possess intrinsic 
half-integer spin. According to the principles of Einstein-Cartan theory, the spin angular 
momentum of matter acts as a source for a geometric property known as torsion, a twisting of 
the spacetime manifold that is identically zero in standard, spinless GR.7 This unique coupling 
means that fermions do not just curve spacetime; they twist it. Consequently, any candidate 
theory of quantum gravity must provide a consistent account of this torsion-mediated 
interaction, making the gravity-fermion system a crucial testbed for theoretical consistency.9 

 

Paradigms of Non-Perturbative Quantum Gravity 
 

The perturbative non-renormalizability of GR indicates that a straightforward quantization, 
akin to that used for other forces, is insufficient.10 This has motivated the development of 
several non-perturbative approaches, three of which form the core of this report. 

●​ Canonical Loop Quantum Gravity (LQG): This approach pursues a direct Hamiltonian 
quantization of GR. It begins by reformulating the classical theory in terms of new 
variables—an SU(2) connection and its conjugate electric field—analogous to those used 
in Yang-Mills gauge theory.2 The subsequent quantization, performed in a 
background-independent manner, leads to a remarkable prediction: the quantum nature 
of spacetime manifests as a fundamental discreteness of geometric observables like area 
and volume. The quantum states of space are described by "spin networks," which are 



graphs with edges labeled by representations of​
SU(2).3 

●​ Covariant Spinfoam Models: Functioning as the path-integral or "sum-over-histories" 
counterpart to canonical LQG, the spinfoam formalism describes the dynamics of 
quantum geometry.3 A spinfoam can be visualized as a history of a spin network evolving 
in time, forming a "quantum spacetime." This framework aims to define transition 
amplitudes between initial and final quantum states of geometry, providing a manifestly 
covariant description of quantum gravitational dynamics.5 

●​ Asymptotic Safety: This program remains within the continuum framework of QFT but 
abandons perturbative methods. The central hypothesis is that gravity, despite being 
perturbatively non-renormalizable, could be non-perturbatively renormalizable. This is 
achieved if the theory's Renormalization Group (RG) flow, which describes how coupling 
constants change with energy scale, approaches an interacting, non-Gaussian Fixed 
Point (NGFP) in the ultraviolet (UV) limit. Such a fixed point would tame the divergences, 
render the theory predictive, and provide a consistent description of gravity at arbitrarily 
high energies.11 

 

Thesis and Roadmap 
 

This report will demonstrate that a coherent and physically rich picture of the gravity-fermion 
system emerges from a synthesis of these three distinct yet complementary research 
programs. The analysis begins in Section II by establishing the classical action, arguing that 
the topological Nieh-Yan density provides a more fundamental basis than the commonly used 
Holst term, thereby revealing a deep connection between the Barbero-Immirzi parameter of 
LQG and spacetime topology. Section III delves into the canonical quantization of this system, 
detailing how fermions source torsion, deform the fundamental phase space structure, and 
expose critical ambiguities in the coupling procedure. Section IV transitions to the covariant 
spinfoam framework, showing how fermions can be naturally incorporated as excitations on 
the discrete quantum geometry in a manner consistent with the canonical picture. Section V 
explores the Asymptotic Safety paradigm as a potential mechanism for UV completion, 
arguing that it may offer a physical principle to resolve the ambiguities identified in the 
canonical analysis. Finally, Section VI synthesizes these perspectives, highlighting torsion and 
topology as unifying physical concepts and outlining the key challenges and future directions 
for a complete theory of quantum gravity with matter. 



 

II. First-Order Gravity and the Topological Origin of 
the Barbero-Immirzi Parameter 
 

The classical action principle is the starting point for any quantization procedure. In the 
context of gravity coupled to fermions, the first-order formalism, where the metric and 
connection are treated as independent fields, is the most natural setting. Within this 



formalism, the inclusion of topological terms, which do not alter the classical equations of 
motion, can have profound consequences for the quantum theory. This section establishes 
that the Nieh-Yan topological density, rather than the more commonly cited Holst term, 
provides a more fundamental origin for the Barbero-Immirzi parameter, a crucial element of 
Loop Quantum Gravity. 

 

2.1 The Tetradic Palatini Formalism 
 

The standard metric formulation of GR is ill-suited for describing the coupling of spinor fields 
to gravity. A more natural framework is the first-order or Palatini formalism, which utilizes the 
tetrad (or vielbein) eμI​ and the spin connection ωμIJ​ as independent dynamical variables.7 
The tetrad relates the spacetime metric 

gμν​ to the flat Minkowski metric ηIJ​ of the internal tangent space via gμν​=eμI​eνJ​ηIJ​. This 
introduction of a local Lorentz frame at each spacetime point is precisely what is needed to 
define the covariant derivative of a spinor field. 

In this formalism, the simplest action that yields Einstein's equations is the Hilbert-Palatini 
action, given by: 
 
SHP​[e,ω]=2κ1​∫ϵIJKL​eI∧eJ∧RKL(ω) 
 
where κ=16πG, eI=eμI​dxμ is the tetrad one-form, and RIJ(ω)=dωIJ+ωIK​∧ωKJ is the curvature 
two-form of the spin connection ω. Varying this action with respect to ω yields the condition 
that the connection is torsion-free, while variation with respect to e yields Einstein's field 
equations. 
 

2.2 Topological Invariants in Four-Dimensional Gravity 
 

A key feature of field theory is that the addition of a total divergence or boundary term to the 
Lagrangian density does not affect the classical equations of motion derived from the 
principle of least action.16 Such terms are known as topological densities. While classically 
inert, they can have significant physical effects in the quantum theory, influencing the 
structure of the vacuum state and the quantization ambiguities of the theory.18 

In four-dimensional spacetime, there are three primary topological invariants that can be 
constructed from the tetrad and spin connection: 



1.​ The Euler Density: Quadratic in the curvature, its integral gives the Euler characteristic 
of the manifold. It is even under parity (P) and time-reversal (T) transformations.18 

2.​ The Pontryagin Density: Also quadratic in the curvature, it is odd under P and T 
transformations.18 

3.​ The Nieh-Yan Density: This density is unique in that it is linear in the curvature and also 
contains a term quadratic in the torsion tensor TI=deI+ωIJ​∧eJ.16 It is also P and T odd.18 

The Nieh-Yan density, INY​, can be expressed as a total divergence 16: 

INY​=d(eI​∧TI)=TI∧TI​−RIJ​∧eI∧eJ 
 
A crucial property of the Nieh-Yan density is that it vanishes identically if the connection is 
torsion-free (TI=0).16 This directly links its physical relevance to the presence of matter with 
intrinsic spin, such as fermions, which are the natural source of torsion in Einstein-Cartan 
gravity. 
 

2.3 The Nieh-Yan Density vs. the Holst Term 
 

The modern canonical formulation of LQG in terms of real SU(2) variables, known as the 
Ashtekar-Barbero variables, is typically derived from the Holst action. The Holst action 
modifies the Hilbert-Palatini action by adding a second term: 
 
SHolst​=2κ1​∫(ϵIJKL​eI∧eJ∧RKL+γ1​eI​∧eJ​∧RIJ) 
 
Here, γ is the Barbero-Immirzi (BI) parameter, a dimensionless constant. The Holst term, 
proportional to 1/γ, does not alter the classical vacuum equations of motion. However, the 
Holst term is not, by itself, a topological density.18 
A more complete and conceptually satisfying picture emerges when one considers the 
Nieh-Yan invariant. The Nieh-Yan density can be decomposed into two parts: a term quadratic 
in torsion and a term involving the curvature. This latter term is precisely the Holst term. 
Therefore, the Holst term can be viewed as an incomplete piece of the full Nieh-Yan 
topological invariant. The complete structure is formed by adding a torsion-squared term to 
the Holst term, a procedure sometimes called the "Nieh-Yan completion".19 This suggests that 
a more fundamental action for gravity should include the full Nieh-Yan density, not just the 
Holst part. 
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2.4 The Mercuri Mechanism and the Barbero-Immirzi Parameter 
 

The conceptual primacy of the Nieh-Yan term is solidified by a key result, notably developed 
by Mercuri.16 When one starts with a gravitational Lagrangian composed of the Hilbert-Palatini 
term and the Nieh-Yan density, 

L=2κ1​(ϵIJKL​eI∧eJ∧RKL+γ1​INY​) 
 
and performs a canonical Hamiltonian analysis, the resulting theory is shown to be exactly 
equivalent to the standard formulation of gravity in terms of real Ashtekar-Barbero SU(2) 
connection variables.16 In this derivation, the coefficient of the Nieh-Yan term, here written as 
1/γ, is directly identified as the inverse of the Barbero-Immirzi parameter.16 

This result provides a profound reinterpretation of the BI parameter. In the original Holst 
formulation, γ appears as an ad-hoc parameter introduced to obtain a real-valued connection, 
leading to a one-parameter family of classically equivalent but quantum-mechanically distinct 
theories—a "quantization ambiguity." The Mercuri mechanism demonstrates that this 
ambiguity has a deep physical origin: the BI parameter is the coupling constant of a 
topological term in the gravitational action.16 This formulation is considered more fundamental 
because it provides a universal prescription for including arbitrary matter without further 
modifications, as the Nieh-Yan term is constructed purely from the geometric variables.18 



 

2.5 Parity Properties and Symmetries 
 

The topological origin of the BI parameter has immediate consequences for the symmetries of 
the theory. As noted, the Nieh-Yan density is odd under parity transformations.18 Therefore, 
including this term in the action with a real, non-zero coefficient 

1/γ fundamentally breaks parity symmetry at the level of the gravitational action itself. This is 
not merely a mathematical artifact. Since the Nieh-Yan term is only non-vanishing in the 
presence of torsion, and fermions are the primary source of torsion, this implies that the 
coupling of gravity to the fermionic sector of the Standard Model inherently induces parity 
violation. The existence of a real, finite BI parameter, which is essential for the entire 
framework of real-variable LQG, thus leads to a potential physical prediction: fundamental 
gravity is not parity-invariant. 



 

III. Canonical Analysis of the Gravity-Fermion System 
 

Having established the classical action with the Nieh-Yan term as a robust foundation, the 
next step is to proceed to the Hamiltonian formulation, which is the prerequisite for canonical 
quantization. The introduction of fermions dramatically alters the structure of the theory, 
modifying the fundamental variables, deforming the phase space geometry, and introducing 
new complexities and ambiguities into the constraint equations that define the dynamics. 

 

3.1 Canonical Formulation of Vacuum Gravity 



 

In the absence of matter, the canonical formulation of GR in Ashtekar-Barbero variables is 
well-established. After a 3+1 decomposition of spacetime into a stack of spatial 
hypersurfaces, the phase space is coordinatized by the Ashtekar-Barbero connection Aai​ and 
the densitized triad Eia​.12 The connection 

Aai​=Γai​+γKai​ is an SU(2) gauge field combining the spatial spin connection Γai​ and the 
extrinsic curvature Kai​, while the densitized triad Eia​ is its conjugate momentum, representing 
the geometry of the spatial slice. Their fundamental Poisson bracket is given by: 
 
{Aai​(x),Ejb​(y)}=8πGγδji​δab​δ(3)(x,y) 
 
The dynamics of the theory are entirely encoded in a set of constraints: the Gauss constraint, 
which generates local SU(2) gauge rotations; the Diffeomorphism constraint, which generates 
spatial diffeomorphisms; and the Hamiltonian constraint, which generates time evolution and 
encodes the dynamics of GR.7 
 

3.2 Coupling Fermions: The Einstein-Cartan-Holst-Dirac Action 
 

To include fermions, one adds the covariant Dirac action to the gravitational action.7 The total 
action for the coupled system, using the Nieh-Yan term for the gravitational part as motivated 
in the previous section, forms the starting point for the canonical analysis. The 3+1 
decomposition of the fermionic action is performed, expressing the Dirac spinor 

Ψ and its conjugate momentum in terms of variables defined on the spatial hypersurface. 

 

3.3 Torsion and the Deformed Symplectic Structure 
 

The most immediate and profound consequence of adding fermions is the introduction of 
torsion. By varying the total action with respect to the spin connection ω, one finds that ω is 
no longer the torsion-free Levi-Civita connection. Instead, it acquires a contortion term, which 
is algebraically determined by the axial fermion current, Jai​∝Ψˉγ5​γiΨ.12 

This has a direct impact on the definition of the canonical variables. The Ashtekar-Barbero 
connection, which depends on the spin connection, is now modified by a term proportional to 
this fermion current.12 Schematically, the new connection becomes: 



Aai​=(Γai​+Kai​)+(γ−1)Kai​+CγJai​ 
 
where the first term is the self-dual Ashtekar connection, the second term contains the 
modification due to the BI parameter, and the final term represents the direct contribution 
from the fermionic torsion (with C being a constant). 
This modification is not a minor perturbation; it fundamentally alters the phase space of the 
theory. The gravitational connection Aai​ is no longer a purely geometric object but is now 
"dressed" by the fermion field. This deforms the symplectic structure, as the Poisson bracket 
between the fundamental variables is changed, and introduces a direct, non-linear coupling 
between the gravitational and fermionic degrees of freedom at the most basic level of the 
phase space description.7 The geometry of the phase space itself is warped by the presence 
of matter. 

 

3.4 Modifications to the Constraint Algebra 
 

The dressing of the connection variable by the fermion current propagates into the 
constraints. The Gauss law is modified to include the SU(2) charge of the fermion field, 
ensuring the total gauge charge (gravitational plus fermionic) is conserved. More significantly, 
the Hamiltonian constraint, which dictates the theory's dynamics, acquires new terms. These 
include not only the expected kinetic and potential energy terms for the fermion field but also 
complex, non-polynomial interaction terms that directly couple the densitized triad Eia​ to the 
fermion current Jai​.7 These new terms explicitly depend on the Barbero-Immirzi parameter 

γ, meaning that different choices of γ lead to different classical dynamics once fermions are 
included. 

 

3.5 The Problem of Coupling Ambiguities 
 

The standard procedure for coupling matter to gravity, known as the Minimal Coupling 
Procedure (MCP), involves replacing partial derivatives in the flat-space matter Lagrangian 
with covariant derivatives compatible with the gravitational connection. However, work by 
Kazmierczak and others has shown that this procedure is fraught with ambiguity in a theory 
with torsion.9 

The core of the problem is that one can construct multiple different fermionic Lagrangians in 
flat spacetime that are equivalent up to total derivatives and thus describe identical physics. 
However, when these different-but-equivalent Lagrangians are coupled to gravity via the MCP 



in a torsionful spacetime, they result in genuinely different, physically inequivalent interacting 
theories.9 This ambiguity is not arbitrary; it is mediated directly by the presence of torsion. 
Torsion allows for new types of non-minimal coupling terms to be added to the action, 
parameterized by new coupling constants (e.g., 

η1​, η2​), which do not vanish even when the equations of motion are imposed.25 

This leads to a potential crisis of predictivity. The effective four-fermion interaction induced by 
gravity, which arises from integrating out the torsion field, now depends not only on the BI 
parameter γ but also on these additional non-minimal coupling parameters.9 While this opens 
the intriguing possibility that 

γ could be measured through its influence on fermion interactions, it also means that the 
theory has a large, unconstrained parameter space. Without a fundamental principle to select 
the correct coupling scheme, the theory's predictive power is severely diminished.26 

 

3.6 Manifest Parity Violation 
 

The canonical analysis of the coupled system reinforces the conclusion that parity is not a 
fundamental symmetry. As demonstrated by Bojowald and Das, the use of real 
Ashtekar-Barbero variables (which requires a real, non-zero γ) in conjunction with the torsion 
sourced by fermions results in a Hamiltonian constraint that does not have a definite parity.7 
The constraint contains a mixture of parity-even and parity-odd terms, meaning that parity is 
not manifestly preserved by the dynamics. This is a direct consequence of the BI parameter 
being the coefficient of the P-odd Nieh-Yan term in the original action. The canonical 
formulation thus provides further evidence that parity violation may be an intrinsic and 
unavoidable feature of quantum gravity when coupled to chiral fermions.24 

 

IV. Covariant Dynamics: Spinfoam Amplitudes with 
Fermionic Excitations 
 

While the canonical approach provides a picture of the quantum states of space at a fixed 
time, the spinfoam formalism offers a covariant, spacetime-oriented perspective on their 
dynamics. It constructs a path integral for quantum gravity by summing over discrete histories 
of quantum geometry. Integrating fermions into this framework reveals a remarkably natural 



and elegant picture that is consistent with the canonical Hilbert space structure. 

 

4.1 The Spinfoam Paradigm: A Path Integral for Quantum Geometry 
 

The spinfoam formalism aims to provide a well-defined, non-perturbative path integral for 
quantum gravity.5 It can be understood as a sum over "quantum spacetimes," which are 
represented by discrete combinatorial structures called 2-complexes. In this picture, a history 
of quantum geometry is built from fundamental "atoms" of spacetime. 

●​ Faces (f): These 2-dimensional cells of the complex are labeled by irreducible 
representations of SU(2) (spins jf​), representing quanta of area. 

●​ Edges (e): These 1-dimensional cells are labeled by intertwiners ie​, which are invariant 
tensors in the tensor product of the representations on the faces meeting at that edge. 
They represent quanta of 3-volume. 

●​ Vertices (v): These 0-dimensional cells are where edges meet. The dynamics of the 
theory are encoded in a vertex amplitude, Av​, which is a complex number assigned to 
each vertex configuration. The total transition amplitude is then a sum over all possible 
intermediate geometries (spins and intertwiners) and a product over all vertex 
amplitudes.3 

This construction provides a concrete realization of a "sum over histories" for gravity, where 
the histories are not smooth classical manifolds but discrete, quantum geometries.13 

 

4.2 A Minimal Coupling for Fermions in Spinfoams 
 

A key challenge for the spinfoam program has been the inclusion of matter. A significant 
breakthrough was the proposal by Bianchi, Han, Rovelli, and others for a minimal coupling of 
fermions to the spinfoam dynamics.27 The proposal is elegant in its simplicity: fermions are not 
represented as new, independent structures within the spinfoam. Instead, they are 
incorporated as features of the existing geometric structures. 

In the boundary state picture, which corresponds to the canonical spin networks, fermions are 
represented by open edges of the graph carrying the fundamental, spin-1/2 representation of 
SU(2). These open ends terminate at the nodes of the spin network, meaning that fermionic 
excitations exist at the "junctions" of the quanta of space.21 This provides a concrete, 
background-independent picture where matter is not placed "on" spacetime, but is rather an 
integral part of its quantum-relational structure. The existence of a fermion is defined purely 



in relation to the quanta of geometry at a given node. 

When considering the dynamics, these fermionic worldlines are attached to the edges of the 
spinfoam 2-complex. The vertex amplitude is then modified to accommodate these fermionic 
degrees of freedom, extending the gravitational amplitude to account for spin networks with 
open ends.28 This coupling is described as "minimal" and "surprisingly simple," suggesting it is 
a very natural extension of the pure gravity formalism.27 

 

4.3 Consistency with the Canonical Hilbert Space 
 

A crucial test for any covariant formulation of a quantum theory is its consistency with the 
corresponding canonical formulation. The spinfoam formalism with fermions passes this test 
robustly. The boundary states of a spinfoam—the quantum states of geometry on an initial or 
final spatial slice—are precisely the gauge-invariant spin network states of the canonical 
theory.21 The inclusion of fermions as open-ended spin-1/2 lines in the spinfoam boundary 
directly corresponds to the Hilbert space structure derived in the canonical analysis, where 
fermions are excitations coupled to the gravitational field at points to satisfy the Gauss 
constraint.12 

This consistency provides strong evidence for the coherence of the overall LQG program. The 
static, kinematical picture of quantum states provided by the canonical quantization is 
seamlessly connected to the dynamical, covariant picture of quantum histories provided by 
the spinfoam formalism. The spinfoam amplitudes can be seen as defining the physical inner 
product on the Hilbert space of solutions to the Hamiltonian constraint of the canonical 
theory.3 

 

4.4 Applications and Semiclassical Limit 
 

The spinfoam framework with fermions provides a concrete, non-perturbative definition for 
physical transition amplitudes, denoted schematically as W=⟨Ψout​∣Ψin​⟩. While calculating 
these amplitudes is technically formidable, the formalism opens a pathway to studying 
Planck-scale phenomena that are inaccessible to perturbative methods. For instance, this 
framework has been used to model fermion tunneling in the context of a quantum 
black-hole-to-white-hole transition, allowing for the calculation of the transition time for a 
fermion to cross the quantum bounce.29 



A major area of ongoing research is the investigation of the semiclassical limit of these 
fermion-coupled spinfoam models. The goal is to demonstrate that in the appropriate 
low-energy, large-spin limit, the discrete quantum dynamics encoded in the vertex amplitude 
correctly reproduce the physics of classical General Relativity coupled to Quantum Field 
Theory on a curved spacetime. Success in this area would provide a crucial validation of the 
spinfoam approach as a viable theory of quantum gravity. 

 

V. Ultraviolet Completion via Asymptotic Safety 

 

 

The Asymptotic Safety program offers a distinct, continuum-based approach to quantum 
gravity. Instead of quantizing a specific classical action, it explores the entire "theory space" 
of possible gravitational actions to find a consistent quantum theory. This perspective 
provides a powerful, alternative lens through which to view the challenges of coupling gravity 
and fermions, particularly the coupling ambiguities identified in the canonical framework. 

 



5.1 The Asymptotic Safety Paradigm 
 

The central idea of Asymptotic Safety, first proposed by Weinberg, is that a quantum field 
theory can be fundamental and predictive even if it is not perturbatively renormalizable.11 This 
is possible if the theory's Renormalization Group (RG) flow possesses a non-Gaussian Fixed 
Point (NGFP) in the ultraviolet (UV). An NGFP is a point in the infinite-dimensional space of all 
possible coupling constants where the beta functions—which describe the change of 
couplings with energy scale—all vanish.10 

If such a fixed point exists and has a finite number of UV-attractive (relevant) directions, the 
theory is said to be "asymptotically safe." The RG flow trajectories that emanate from the 
fixed point and flow towards the infrared (IR) form a finite-dimensional "UV critical surface." 
The requirement that our universe must be described by one of these trajectories fixes all but 
a finite number of the theory's coupling constants, thus restoring predictivity.11 This 
generalizes the concept of asymptotic freedom, where the UV fixed point is non-interacting 
(Gaussian), to the case of an interacting fixed point.14 The primary tool for investigating this 
scenario non-perturbatively is the functional renormalization group equation (FRGE) for the 
effective average action, 

Γk​.10 

 

5.2 Einstein-Cartan Gravity as the Theory Space 
 

When applying the Asymptotic Safety program to gravity, the first step is to define the "theory 
space"—the set of fields and symmetries that characterize the theory. In the presence of 
fermions, the minimal and most natural choice of fundamental fields are the tetrad (vielbein) 
and the spin connection, treated as independent variables.30 This means the appropriate 
theory space is that of Einstein-Cartan gravity (or more general metric-affine theories), which 
explicitly includes torsion as a dynamical degree of freedom.30 Searching for an NGFP in 
metric gravity alone is insufficient, as it omits the crucial torsional dynamics sourced by 
fermions. The RG flow must therefore be analyzed for all possible couplings consistent with 
diffeomorphism invariance and local Lorentz invariance, including higher-order curvature and 
torsion terms.8 

 

5.3 The Coupled Renormalization Group Flow 



 

Using the FRGE, one can derive the system of coupled beta functions for the gravitational and 
matter couplings. A key finding in this area is the phenomenon of "gravitational catalysis," 
where quantum fluctuations of gravity can dramatically alter the RG flow of matter 
couplings.10 For example, gravity fluctuations can prevent the triviality problem in scalar field 
theories or generate non-trivial fixed points in the full coupled system where none exist in the 
matter sector alone. 

Investigations into the RG flow of Einstein-Cartan theory have provided evidence for the 
existence of a non-Gaussian fixed point.30 These studies, performed within various 
truncations of the full theory space, analyze the scale dependence of couplings like Newton's 
constant, the cosmological constant, and coefficients of various torsion-squared terms. The 
persistence of a viable NGFP across these different approximations supports the hypothesis 
that Einstein-Cartan gravity, and thus gravity coupled to fermions, could be asymptotically 
safe. 

 

5.4 Asymptotic Safety as a Selection Principle 
 

The Asymptotic Safety framework offers a compelling potential resolution to the problem of 
coupling ambiguities discussed in Section III. The canonical analysis revealed a large, possibly 
infinite-dimensional, parameter space of non-minimal couplings between gravity and 
fermions, threatening the theory's predictive power.9 The Asymptotic Safety hypothesis 
provides a physical selection criterion to navigate this space. It posits that the only physically 
realizable theories are those that lie on the finite-dimensional UV critical surface of the 
NGFP.11 

This principle would dynamically fix the values of most of the coupling constants. The free 
parameters of the fundamental theory would correspond only to the relevant directions of the 
RG flow at the fixed point. If, as evidence suggests, the UV critical surface is 
finite-dimensional, then the infinite ambiguity in the choice of non-minimal couplings would 
be resolved. The values of the Barbero-Immirzi parameter and the other fermion coupling 
parameters would, in principle, be predictable consequences of the fixed point structure. In 
this sense, Asymptotic Safety does not just offer another method of quantization; it provides a 
dynamical mechanism for selecting the correct classical action to be quantized in the first 
place, thereby restoring the theory's predictive power. 

 



VI. Synthesis and Future Directions 
 

The preceding analysis has traced the role of fermions through three major non-perturbative 
approaches to quantum gravity: canonical Loop Quantum Gravity, covariant Spinfoams, and 
the Asymptotic Safety program. While each framework offers a unique perspective and 
employs distinct mathematical tools, a coherent picture begins to emerge when they are 
considered in synthesis. Torsion and topology act as unifying physical concepts, and the 
strengths of each approach can be seen as complementary, addressing different facets of a 
single underlying physical reality. 

 

6.1 Torsion and Topology as Unifying Themes 
 

The journey begins with the recognition that the Nieh-Yan topological density provides a more 
fundamental starting point for the classical action than the Holst term. This single realization 
has cascading consequences across all three frameworks: 

●​ In the canonical theory, it provides a topological origin for the Barbero-Immirzi 
parameter γ, recasting it from a quantization ambiguity to the coupling constant of a 
P-odd term in the action. 

●​ The physical activation of this term requires torsion, which is naturally sourced by the 
spin of fermionic matter. This torsion deforms the symplectic structure and modifies the 
fundamental constraints, placing fermions at the heart of the theory's dynamics. 



●​ In the covariant spinfoam theory, the coupling of fermions is elegantly realized by 
attaching them to the nodes of the spin network, a direct reflection of their role as 
sources of torsion at the discrete quantum level. 

●​ In the Asymptotic Safety framework, the necessity of including torsion mandates the 
use of Einstein-Cartan gravity as the proper theory space for the Renormalization Group 
flow, making the dynamics of torsion central to the search for a UV-complete theory. 

Thus, the chain of logic—from topology (Nieh-Yan) to geometry (torsion) to matter 
(fermions)—forms a robust thread connecting these disparate formalisms. 

 

6.2 A Tripartite Dialogue: Canonical, Covariant, and RG 
 

The three approaches should not be viewed as mutually exclusive competitors, but rather as 
engaged in a fruitful dialogue, each providing a crucial piece of the quantum gravity puzzle. 
The canonical theory defines the space of quantum states, the spinfoam formalism describes 
their dynamical evolution, and Asymptotic Safety offers a principle for selecting the correct 
fundamental theory from a vast landscape of possibilities. Their relationship is summarized in 
the table below. 

 Canonical LQG Covariant 
Spinfoams 

Asymptotic Safety 

Framework Hamiltonian 
Quantization of 
Space 

Path Integral over 
Spacetime 
Histories 

Continuum 
Quantum Field 
Theory 

Fundamental 
Variables 

(Aai​, Eia​) on a 
spatial slice 

(jf​, ie​) on a 
2-complex 

Continuum fields 
(e,ω) in Γk​ 

Representation of 
Fermions 

SU(2) spinor fields 
on the spatial slice 

Open spin-1/2 
edges on spin 
networks 

Dirac fields in the 
effective action Γk​ 

Role of Torsion Sourced by fermion 
current, deforms 
the connection A 

Implicit in the 
modified vertex 
amplitude structure 

A fundamental 
dynamical field in 
the RG flow 

Key Discrete geometry, A well-defined path Potential for a 



Result/Prediction modified 
constraints, 
manifest parity 
violation 

integral for 
transition 
amplitudes 

predictive UV fixed 
point resolving 
ambiguities 

Primary Challenge Coupling 
ambiguities, solving 
the Hamiltonian 
constraint 

Semiclassical limit, 
computational 
complexity 

Proving the 
existence of the 
fixed point beyond 
truncations 

    

This synergy suggests a grander picture: Asymptotic Safety could select a unique, 
fundamental action within the Einstein-Cartan framework. The canonical quantization of this 
specific action would then yield a well-defined kinematical Hilbert space (Hkin​). The spinfoam 
formalism, constructed from this action, would provide the dynamics (W) and define the 
physical inner product on this space, allowing for the calculation of physical amplitudes. 

 

6.3 Key Open Questions and Research Frontiers 
 

Despite this promising synthesis, significant challenges and exciting research avenues remain. 

●​ Phenomenology of Parity Violation: A consistent theme across the analysis is the 
prediction of fundamental, gravity-induced parity violation. A crucial next step is to 
translate this formal result into concrete, testable predictions. Could such an effect leave 
an imprint on the polarization of the Cosmic Microwave Background, affect the 
propagation of gravitational waves, or manifest in high-energy particle interactions in the 
early universe? 

●​ The Physicality of the BI Parameter: The theory suggests a link between the BI 
parameter γ and the strength of effective four-fermion interactions.9 The primary 
obstacle to making this a sharp, measurable prediction is the problem of coupling 
ambiguities.26 A key research goal is to use the principle of Asymptotic Safety to 
constrain or completely fix the non-minimal coupling parameters, which would, in turn, 
allow for a precise prediction of​
γ's effect on matter interactions.20 

●​ Bridging the Discreteness Gap: A deep conceptual question is how to reconcile the 
continuum QFT approach of Asymptotic Safety with the fundamentally discrete picture of 
spacetime in LQG and spinfoams. One tantalizing possibility is that the RG flow of 
Asymptotic Safety is valid down to the Planck scale, at which point the effective average 



action Γk→kPl​​ provides the "initial condition" for a description in terms of discrete 
spinfoam dynamics. Formalizing this connection is a major theoretical challenge. 

●​ Inclusion of the Full Standard Model: This report has focused on fermions. A complete 
theory must incorporate the full Standard Model, including gauge fields and the Higgs 
sector. The non-minimal coupling of the Higgs field to the gravitational action 
(specifically to the Holst/Nieh-Yan terms) is known to have potentially significant 
consequences for early universe cosmology, including inflation.15 A comprehensive 
analysis of the coupled RG flow for the full Standard Model plus Einstein-Cartan gravity is 
a vital, albeit highly complex, future task. 

 

6.4 Concluding Remarks 
 

The challenge of incorporating fermionic matter into quantum gravity has pushed theoretical 
frameworks to their limits, revealing deep connections between topology, torsion, and the 
fundamental nature of quantum spacetime. The convergence of insights from canonical 
quantization, covariant path integrals, and the renormalization group suggests that a unified 
picture is beginning to form. While the path to a complete and experimentally verified theory 
is long, the synthesis of these approaches provides a clear and compelling direction for future 
research. The intricate dance of fermions and geometry at the Planck scale, once understood, 
promises to unlock the deepest secrets of our quantum universe. 
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