arXiv:1811.05333v3 [math-ph] 24 Apr 2020

A mathematical perspective on
the phenomenology of
non-perturbative Quantum Field Theory

Ali Shojaei-Fard

APRIL 28, 2020


http://arxiv.org/abs/1811.05333v3

Monograph
A mathematical perspective on the phenomenology of
non-perturbative Quantum Field Theory

Ali Shojaei-Fard
e Postdoctoral Research Fellow, Max-Planck-Institut fur Mathematik,
Vivatsgasse 7, 53111 Bonn, Germany.
e Ph.D. Mathematician and Independent Scholar,
1461863596 Marzdaran Blvd., Tehran, Iran.
Email: shojaeifa@yahoo.com
Email: shojaei-fard@mpim-bonn.mpg.de

¢ Keywords:
Quantum Field Theory and Feynman Diagrams;
Dyson--Schwinger Equations and Connes--Kreimer Renormalization Hopf Algebra;
Non-Perturbative Renormalization Theory via Combinatorics and Infinite Graph Theory;
Evolution in Quantum Motions via Functional Analysis and Differential Calculus;
Multi-Scale Non-Perturbative Renormalization Group and Theory of Computation;
Noncommutative (Differential) Geometry Methods;
QFT Entanglement via Connes--Marcolli Differential Galois Theory and Tannakian Formalism;

QFT Logic and Foundations via Category Theory.

e Mathematics Subject Classification 2010:

O5E15; 06A11; 16T05; 60B15; 81P10; 81Q30; 81T16; 81T17; 81T18; 81T75

e Physics and Astronomy Classification Scheme:

02.10.De; 02.10.0x; 02.30.Sa; 02.40.Pc; 03.65.0d; 03.70.+k; 11.15.-q

e Acknowledgment.

The researcher is grateful to Max Planck Institute for Mathematics
for the support and hospitality.



Abstract

This monograph aims to build some new mathematical structures originated
from Dyson—Schwinger equations for the description of non-perturbative as-
pects of gauge field theories whenever bare or running coupling constants
are strong enough.
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PREFACE

The strength of Mathematics is its ability to create models
which are absolutely vital for producing physical parameters.
A mathematician is like a surrealist painter who can design

the purest portraits from known and unknown universes.

Recent discoveries in Science and Technology from the smallest to the
largest scales have approved clearly the importance of advanced research
activities in Basic Science which can bring a new package of fundamen-
tal knowledge for the analysis of complicated systems in natural phenom-
ena. To obtain a comprehensive description of those complexities requires
to build any possible interrelations among different fields in Mathematics
(as the purest mental production of human beings). The resulting connec-
tions can lead us to achieve some new theoretical methodologies which are
essential tools for scientists to build advanced practical models in dealing
with complexities of the nature. The designed models together with some
computational algorithms will lead scientists to solution procedures.

This research work has a multidisciplinary foundation in the context of
Mathematics, High Energy Theoretical Physics and Theoretical Computer
Science. It plans to discover some new knowledge about the most compli-
cated or unknown parts of Quantum Field Theories whenever the coupling
constants are strong enough in terms of building some new advanced mathe-
matical structures. The outstanding consequence of this research work is to
provide a new mathematical interpretation of the phenomenology of Quan-
tum Field Theory with strong coupling constants under discrete, analytic
and logical settings. If we study simultaneously these different but related
settings, then our mathematical outputs will be useful for the better under-
standing of the behavior of quantum physical systems in non-perturbative
situations. We study the phenomenology of non-perturbative aspects of
gauge field theories in terms of some new combinatorial, geometric and cat-
egorical tools. We apply graph limits to formulate a new analytic gener-
alization for solutions of Dyson—Schwinger equations which is useful for a
complete theory of renormalization for these non-perturbative equations.
We also show the use of Tutte polynomials for the combinatorial represen-
tation of solutions of Dyson—Schwinger equations. Then we propose a new
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concept of complexity for the study of Dyson—Schwinger equations under
different running coupling constants. The analytic behavior of these equa-
tions are also discussed via some new noncommutative geometric tools. We
finally apply graphon models of Dyson—Schwinger equations to build a new
theory of ordered algebraic sub-structures for the analysis of entanglement
in strongly coupled gauge field theories and a new topos model for the log-
ical description of topological regions of Feynman diagrams which encode
non-perturbative parameters. All these observations enable us to describe
non-perturbative phenomenology and intrinsic foundations of strongly cou-
pled gauge field theories under discrete, analytic and logical platforms.

The Lagrangian approach to Quantum Field Theory, which is on the
basis of the Feynman path integral formalism, has made extraordinary the-
oretical and experimental progress for the study of elementary particles and
their interactions at the highest level of energies and the smallest scales
under a perturbative setting. This approach encodes physical information
of a quantum system with infinite degrees of freedom in terms of Green’s
functions as infinite formal expansions of ill-defined iterated integrals and
powers of coupling constants.

Quantum Electrodynamics (QED) concerns interactions among matter
(electron, positron) and light (photons). Quantum Flavourdynamics (QFD)
concerns weak interactions inside the nucleus of an atom which change the
flavour or type of quarks to describe 3~ decay and AT decay under W, Z
bosons. Quantum Chromodynamics (QCD) concerns strong interactions of
quarks and gluons inside the nucleus of an atom to build composite hadrons
such as protons and neutrons. Standard Model, as the most successful
experienced model, has provided a practical platform to collect quantum
field theories corresponding to electromagnetic, weak and strong interactions
into a united Quantum Field Theory model. The modified versions of the
Standard Model in the context of Noncommutative Geometry have also
provided a new updated (theoretical) model which is (minimally) coupled
to gravity as the weakest fundamental force in the nature. The constructions
of gauge field theories in Theoretical and Experimental High Energy Physics,
as updated Quantum Field Theory models, are on the basis of the modified
Standard Model of elementary particles. These gauge theories can analyze
electroweak and strong interactions of elementary particles in the scale of
distances down to the order of 1076 centimeters while neutrino masses have
also been accounted. In addition, under a more theoretical setting, String
Theory as the other class of Quantum Field Theory models, which does not
have ultraviolet divergencies, has been introduced and developed to deal
with gravity in terms of Quantum Field Theories with matrix fields and
higher generalizations of matrix models. The classical one-loop Feynman
diagram should be replaced with its stringy counterpart which is a torus.
Other more general Feynman diagrams should be replaced with Riemann
surfaces and world sheets. This mathematical theory is capable of describing
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Quantum Gravity in Space-Time.

The first fundamental challenge in perturbative setting is the appear-
ance of so complicated nested (sub-)divergencies which live in each term of
Green’s functions. These ill-defined terms, known as Feynman integrals, can
be theoretically reduced to some finite values as the result of the renormal-
ization machinery and many loop techniques. However some extra param-
eters (i.e. counterterms) should be added to the original Lagrangian of the
physical theory during the extraction of finite values. The discovery of a co-
multiplication structure hidden inside of the (Bogoliubov)-Zimmermann’s
forest formula has led us to understand the Bogoliubov—Parasiuk—Hepp—
Zimmermann perturbative renormalizaton in the language of the Connes—
Kreimer Hopf algebra of Feynman diagrams and the Riemann—Hilbert prob-
lem. Thanks to this setting, a geometric interpretation of Dimensional Reg-
ularization on the basis of flat equi-singular connections had been formu-
lated by Connes and Marcolli. This study was lifted immediately onto a
universal categorical setting where it is possible to associate a category of
Lie group representations to each renormalizable Quantum Field Theory.
Thanks to this platform, nowadays there exists a diverse spectrum of ad-
vanced mathematical techniques and tools to deal with ill-defined iterated
Feynman integrals in physical theories to generate finite values from infini-
ties.

The second fundamental challenge in perturbative setting is dealing with
complicated infinities originated from Green’s functions which encode quan-
tum motions in physical theories with strong couplings. The lack of a rig-
orous mathematical methodology for the study of aspects beyond pertur-
bation boundary has made so many difficulties to understand completely
Quantum Field Theory. In physical theories with strong (running or bare)
couplings, it is already impossible to study the full behavior of quantum
systems under perturbation series and in this situation, we need to con-
cern non-perturbative methods such as numerical methods, Borel summa-
tion method, theory of instantons and lattice model. In addition, the self-
similar nature of Green’s functions makes an alternative way for us to study
non-perturbative aspects in the context of fixed point equations of Green’s
functions. The resulting equations, which are known as Dyson—Schwinger
equations, contain an infinite collection of coupled integral equations de-
pended on the coupling constants. In QCD with higher energies and short
distances, the strength of couplings is small enough where we can expect the
asymptotic freedom behavior of the physical system. In this situation, we
can consider Dyson—Schwinger equations via some perturbative tools such as
many loop computational techniques. However in QCD with relatively lower
energies and long distances, the strength of couplings is more than or equal
to 1 where the physical system these equations behave non-perturbatively.
In this situation, we need to consider non-linear Dyson—Schwinger equations
via non-perturbative methods of computations. Work on the phenomenol-
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ogy of strong running couplings in QCD has been considered under a phys-
ical perspective to provide some computational methods in dealing with
non-perturbative parameters. Thanks to the applications of the Connes—
Kreimer renormalization Hopf algebra of Feynman diagrams to Quantum
Field Theory, we already have a combinatorial reformulation for Dyson—
Schwinger equations in the language of Hochschild cohomology theory. The
unique solution of each equation DSE determines a free commutative con-
nected graded Hopf subalgebra of the renormalization Hopf algebra. This
mathematical approach to Dyson—Schwinger equations has already provided
some new combinatorial and geometric tools for the computation of some
non-perturbative parameters. The foundations of a differential Galois the-
ory and a Tannakian formalism for the study of non-perturbative aspects of
Quantum Field Theories have been designed and developed by the author
on the basis of the Connes—Marcolli universal category of flat equi-singular
vector bundles. The author applied these platforms to clarify a new mo-
tivic method for the study of (systems of ) Dyson—Schwinger equations in
terms of sub-categories of mixed Tate motives. In addition, the author
has shown a new method for identifying the amount of non-computability
of non-perturbative parameters in the context of the renormalization Hopf
algebra of the Halting problem in the theory of computation.

This research work proposes some new applications of mathematical
tools originated from Combinatorics, Functional Analysis, Noncommutative
Geometry, Category Theory and Logic to deal with infinite graphs generated
by solutions of Dyson—Schwinger equations. These mathematical platforms
can provide some new techniques for the computation of non-perturbative
parameters. In addition, they suggest a new methodology for the description
of the intrinsic foundations of strongly coupled gauge field theories (such as
quantum entanglement and quantum logic) under a non-perturbative set-
ting. These investigations will help us to understand the indeterministic
nature of non-perturbative Quantum Field Theory models.

Generally speaking, the achievements of this research work can im-
prove our knowledge about the phenomenology of non-perturbative Quan-
tum Field Theory in terms of studying an individual Dyson—Schwinger equa-
tions or studying these equations with respect to each other.

In the first level, we focus on the mathematical foundations of Dyson—
Schwinger equations to bring some new computational tools in dealing with
non-perturbative parameters generated by large Feynman diagrams. At this
level, we consider each Dyson—Schwinger equation as an individual object in
the vector space S®9 generated by all Dyson-Schwinger equations derived
from Green’s functions of a given Quantum Field Theory ® under different
scales \g of the bare coupling constant g where 0 < A < 1. We equip this
infinite dimensional vector space with a topological structure defined via
the graphon representations of Feynman diagrams. Under a combinatorial
setting, we discuss the structure of a new model for large Feynman diagrams



The phenomenology of non-perturbative QFT:

Ali Shojaei—Fard Mathematical Perspective

in the language of combinatorial polynomials and random graphs. Further-
more, we discuss the complexity of non-perturbative parameters generated
by Dyson—Schwinger equations in the context of theory of computation.
In this direction we try to show the importance of a new multi-scale non-
perturbative Renormalization Group for the description of the Kolmogorov
complexity in dealing with Dyson—Schwinger equations. Under a geometric
setting, we explain the dynamics of non-perturbative aspects in a physical
theory with respect to the mathematical structures originated from Dyson—
Schwinger equations. We build a Noncommutative Geometry model for each
Dyson—Schwinger equation which leads us to interpret quantum motions in
the context of theory of spectral triples and noncommutative differential
forms. Under a Functional Analysis setting, we discuss the evolution of
fixed point equations of Green’s functions by defining a new generalized ver-
sion of the Fourier transformation on the Banach algebra L'(S®9, upaar)
with respect to a new Haar measure pa.r integration theory on the space
of solutions of Dyson—Schwinger equations.

In the second level, we focus on the mathematical foundations of non-
perturbative Quantum Field Theory where we must deal with all possible
Dyson—Schwinger equations under different running couplings. We explain
the construction of a new Hopf algebra structure S;aphon on the topological
vector space of graphons which contribute to representations of Feynman
diagrams and their finite or infinite formal expansions. The resulting topo-
logical Hopf algebra is capable to encode large Feynman diagrams generated
by solutions of Dyson—Schwinger equations in different rescalings of the bare
coupling constant g. Therefore we can embed the space S®9 into Sg]’raphon.
This Hopf algebra leads us to formulate a new topological Hopf algebraic
renormalization theory for large Feynman diagrams via a topological gener-
alization of the Connes—Kreimer BPHZ renormalization program. We then
define a new multi-scale Renormalization Group on the collection S®9 to
control the simultaneously rescaling of the momentum parameter and the
bare coupling constant in Dyson—Schwinger equations of a given gauge field
theory ®. This new Renormalization Group is useful to study the compu-
tational complexity of a strongly coupled equation DSE(g) in terms of the
computational complexities of a sequence of Dyson—Schwinger equations un-
der weaker running couplings. Furthermore, we explain the foundations of
a differential calculus theory on S®9 (as a separable Banach space with re-
spect to the cut-distance topology) where thanks to the Feynman graphon
models of Dyson—Schwinger equations and the theory of Gateaux deriva-
tive, we formulate a new theory of differentiation and integration on S®9.
Under an ordered algebraic setting, we organize Feynman graphon models
of solutions of Dyson—Schwinger equations into some lattices of substruc-
tures to provide a new interpretation for the quantum entanglement in in-
teracting gauge field theories. We explain mathematically the information
flow among elementary (virtual) particles in QFT models via a new class
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of topological Hopf algebras generated by Dyson—Schwinger equations. We
then lift this lattice models onto the level of Tannakian sub-categories of
the Connes—Marcolli category of flat equi-singular vector bundles to show
the importance of this universal category for the study of the geometry of
quantum entanglement. Under a categorical setting, we organize topologi-
cal Hopf subalgebras derived from solutions of Dyson—Schwinger equations
into a new small category to build a new topos model which can encode
the logical evaluations of non-perturbative situations. The structure of this
topos model is depended on the strength of running couplings to show the
importance of the phenomenology of strong running couplings in the deter-
mination of truth values of propositions about Dyson—Schwinger equations.

Thanks to these two levels of observations, we expect to provide a new
insight into the complicated problems of non-perturbative situations where
the strength of the coupling constants do really change the mathematics and
the logics of quantum theory models.



Chapter 1

Introduction

e Physical backgrounds
e Mathematical backgrounds
e Recent progress and objectives
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1.1 Physical backgrounds

Modern Theoretical and Experimental High Energy Physics have been estab-
lished on the basis of Quantum Field Theory models under the Lagrangian
setting which is (minimally) coupled to gravity via the incorporation of
massive neutrinos. The foundations of Quantum Field Theory were initi-
ated in terms of the interpretation of the quantized version of Electrody-
namics in the language of the Feynman path integral formalism under a
perturbation setting. The appearance of gauge field theories which include
Quantum Electrodynamics (QED), Electroweak theory, Quantum Chromo-
dynamics (QCD) and Quantum Gravity have developed rigorously our the-
oretical knowledge about the fundamental properties of elementary particles
before we could reach to appropriate empirical information. Thanks to these
backgrounds, mathematicians and theoretical physicists have already made
outstanding achievements for the description of interactions of elementary
particles under different settings in the context of advanced mathematical
models. For example, mathematical tools in Noncommutative Geometry, Al-
gebraic Geometry, Combinatorics and Category Theory have been applied
to formulate Standard Model and other extended theories which include su-
persymmetry, gravitational interactions or extended objects such as strings
and brane theory. We can also address tensor models as higher dimensional
generalizations of matrix models which aim to achieve a theory of random
geometries in dimensions higher than two. This class of theories helps us for
the construction of discrete approaches to quantizing gravity. [27, 28, 32,
40, 46, 55, 103, 104, 112, 117, 128, 138, 140, 147, 156, 157, 186, 194, 200]

The Lagrangian formalism enables us to understand Quantum Field The-
ory by working on Green’s functions as infinite formal expansions of Feyn-
man integrals or their corresponding diagrams where the amount of some
fundamental parameters such as the strength of the bare coupling constants
or the domain of momenta make the resulting series divergent or asymptotic
free. In perturbative physical theories we expect to have some convergent
series.

For example, in ¢* model the partition function is given by

Z[B] := / Do e LO+[ Be (1.1)

such that ) ) )
L(9) = [ d's (5762 + 5ro? + fuad?). (1.2

and B is an external field. If we set

Z ::/D<z> eLo@+[Be () ;:/d% (%(w)%%ro&), (1.3)

10
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then we can develop Z as a series in ug around Zj to achieve

Z:/ng (1-“-?/ ¢4(x1)+1(“0)2/ ¢4(x1)¢4(x2)+...)e—L0(¢>+fB¢.

41 244!
(1.4)
This expansion can be represented in the language of Feynman diagrams
which leads us to a combinatorial formulation for Green’s functions. For n
elementary particles we have

[ eS¢ (x1)...0(x,) D

Gr(z1, .y p) =< d(21)... () >= fe*5[¢]D(b

(1.5)

such that S[¢] = Sol¢] + gSint[¢] where g is the (bare) coupling constant.
The fluctuations generated by the ¢* term around the Gaussian integral Z
are large where they determine iterated integrals with the general form

A
/ diq,...d%;, H(propagator(qi)) (1.6)

such that the ultra-violet regulator A provides a cut-off at the upper bound
type of integral. The dependency of these integrals to the parameter A makes
a rigorous challenge for the computation of universal quantities. Theory of
perturbative renormalization provides the machinery to reparametrize the
perturbative expansion in such a way that the sensitive dependence on A
has been eliminated. In this situation, the renormalization group enables
us to partially resum the perturbative expansions to achieve some universal
computational results. [32, 40, 147, 197]

In general speaking, it is possible to investigate the situations beyond
perturbation theory in terms of some expressions such as

P(g) = Xo+ X19 + Xog* + ... + X" + ... (1.7)

such that g is the coupling constant and each term X; represents the class
of Feynman diagrams which contribute to the i-order of perturbative ex-
pansion. It is obvious that physical theories with very small g could be
encoded by only some beginning finite number of terms from the above
expansion while physical theories with strong coupling g produce infinite
number of terms. These non-perturbative aspects have been concerned in
Theoretical Physics via Dyson—Schwinger equations as a quantized version
of the Euler-Lagrange equations of motion originated from the principal of
the least action. These equations, which can be determined by fixed point
equations of Green’s functions, have been studied under analytic and nu-
merical methods in Theoretical and Mathematical Physics such that we can
address standard techniques such as Borel summation, theory of instantons,
lattice models, etc in dealing with these equations to generate some esti-
mations for non-perturbative parameters. In physical theories with strong

11
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couplings such as Hadron Physics, we should deal with hadrons such as
protons and neutrons as the composite particles build up from quarks and
gluons (as elementary particles under strong interaction). In general, QCD,
as a nonabelian gauge theory with the symmetry group SU(3), has provided
a modern understanding of the complicated nature of hadrons and nuclei
where we study the strong interactions of quarks and gluons under confine-
ment and chiral symmetry breaking. The appearance of nuclear weak force
enables us to describe any change in quark’s flavour via W bosons. In fact,
the weak force is not only responsible for interactions between particles, but
it also allows heavy particles to decay by emitting or absorbing some of
the force carriers. We can describe QCD as a matrix-valued modification
of electromagnetic theory in terms of replacing photons by gluons and elec-
trons by quarks while quantum fluctuations of the fields could determine the
force law. The quantization of Chromodynamics involves the regularization
and renormalization of ultraviolet divergencies which generate a mass-scale
where mass-dimensionless quantities become dependent on a mass-scale.
The current quark-masses are the only evident scales in QCD. The main
experimental confirmations of QCD have been investigated at high energies
and high momentum transfers (or short distances) where the QCD coupling
is small and correspondingly the forces are weak. This situation, which is
known as asymptotic freedom property, enables us to detect the composite
structure of hadrons by scattering high energy electrons. The most diffi-
cult challenge in this model can be observed when perturbation theory fails
to describe the short range static potential obtained from quenched lattice
simulations where the difference between the non-perturbatively determined
potential and perturbation theory at short distance has been parameterized
by a linear term. In addition, there are also so many difficulties for the study
of the asymptotic behavior of QCD-perturbative series beyond the two-loop
level where the original effort is to find a way to subtract perturbative con-
tributions to a given physical process in order to isolate non-perturbative
terms. In the domain of relatively low energies and momentum transfers
such as Q? ~ 1 — 5 GeV? while the proton’s mass is approximately 1 GeV,
the QCD coupling constants are larger where many loops perturbative cal-
culations should be applied. Because of the nontrivial vacuum structure of
QCD, in the domain of lower energies and momentum transfers (or large dis-
tances) such as Q2 < 1 GeV?, the QCD coupling constants are stronger than
one. Under this condition, the analytic calculations do not useful but there
are some methods such as the chiral effective theory, lattice calculations,
large N limits and Dyson—Schwinger equations to provide some algorith-
mic computations. This situation, which is actually the failure to directly
observe coloured excitations in a detector, is the origin of the concept of
confinement as a fundamental challenge that we do not see free quarks or
gluons in nature but rather we only see colourless. The analytic descrip-
tion of confinement is one difficult task for the understanding of continuum

12
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QCD. The phenomenology of confinement can be studied in the context of
Dyson—Schwinger equations. [9, 40, 48, 136, 137, 138, 157]

The situations beyond perturbation boundary deal with divergencies
originated from Green’s functions under strong running coupling constants
where we might need to consider Feynman diagrams with many numbers
or infinite number of loops. What does this class of diagrams means and
how can we deal with infinite formal expansions of this class of diagrams?
Applying advanced mathematical structures is helpful for the better un-
derstanding of this class of divergencies. It is obvious that having strong
mathematical modelings is the initial step to make fundamental progress
in dealing with the complicated behavior of elementary particles inside of
the nuclei. We can address the mathematical foundations of the (modified)
Standard Model as a good theoretical methodology which led scientists to
obtain strong experimental investigations about elementary particles. String
Theory is another powerful mathematical platform which aims to provide
a unified theory for the study of elementary particles with respect to all
fundamental forces. The basic philosophy of this research work is to build
and develop the mathematical foundations of QFT models with strong cou-
plings where as the consequence, we expect to provide some new mathe-
matical tools for the better understanding of physical parameters beyond
perturbation theory. Our study suggests a new interpretation from the phe-
nomenology of strong couplings in the context of combinatorial, geometric
and categorical settings.

1.2 Mathematical backgrounds

The contributions of mathematical tools to Quantum Field Theories have
been extraordinary developed when the (Bogoliubov—)Zimmermann forest
formula was reinterpreted by Kreimer in the context of (co)algebraic com-
binatorial tools. This reinterpretation had been concerned by Connes and
Kreimer to build a new modern formulation for the Bogoliubov—Parasiuk—
Hepp—Zimmermann (BPHZ) perturbative renormalization in Quantum Field
Theory on the basis of the theory of Hopf algebras and the Riemann—Hilbert
problem. The Connes—Kreimer approach has become the main foundation
in many research efforts for the study of complicated Feynman integrals,
Green’s functions and Renormalization Group methods where it has led the
Theoretical Physics’s community to achieve some new mathematical tools
for the description of physical parameters in (renormalizable) gauge field
theories under algebraic, combinatorial and geometric settings. It is now
possible to encapsulate the machinery of perturbative renormalization in
terms of a connected graded free commutative non-cocommutative (finite
type) Hopf algebraic structure Hpg(®) on Feynman diagrams of a physical
theory ® which has a Lie algebraic nature determined by the insertion opera-

13
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tor. The compatibility of the fundamental identities such as Slavnov—Taylor
and Ward identities in QCD and QED with the renormalization coproduct
have been shown in the language of Hopf ideals. The phenomenology of
counterterms has been concerned underlying a geometric treatment to pro-
vide some alternative methods for the computation of these physical values
in the language of (singular) differential equations. In this setting, a new
class of equi-singular flat connections can govern the values of counterterms
with respect to the S-function. This setting has been lifted onto a uni-
versal Tannakian formalism where a renormalizable Quantum Field Theory
is studied via a category of geometric objects which can be recovered by
the neutral Tannakian category of finite dimensional representations of the
affine group scheme Gg := Hom(Hpg(®), —). [2, 3, 15, 16, 27, 28, 30, 33,
31, 35, 42, 43, 46, 77, 78, 105, 113, 114, 115, 116, 143, 178, 179, 193, 200]
One of the most fundamental result in this direction is actually the dis-
covery of a very deep interrelationship between Feynman integrals and the
theory of motives where a motivic renormalization machinery has been for-
mulated to deal with divergencies in the language of Picard—Fuchs equations
and other powerful tools. The theory of motives in Algebraic Geometry aims
to concern the existence of a universal cohomology theory for algebraic vari-
eties defined over a base field k while taking values into an abelian tensor cat-
egory. The construction of a category of motives (mixed motives) related to
general varieties is a difficult task. The noncommutative version of motivic
objects provides the motivic cohomology applied in the construction of a uni-
versal cohomology theory. The structure of mixed Tate motives as elements
of the subring Z[L] of the Grothendieck group Ko(Vary) of k—varieties has
been considered where L := [A!] is the Grothendieck class of the affine line.
The application of motives enables us to develop a unified setting underly-
ing different cohomology theories such as Betti, de Rham, l-adic, crystalline
and etale. For this purpose, the construction of an abelian tensor category,
which provides a linearization of the category of algebraic varieties, has been
studied to provide some fundamental requirements of standard conjectures
of Grothendieck. The importance of motives in Quantum Field Theory
have been discussed in different settings. The Bloch—Esnault—Kreimer ap-
proach which informs interesting applications of Hodge type structures in
the calculation processes of Feynman integrals underlying graph polyno-
mials [21, 22, 115, 194]. The Aluffi-Marcolli approach, which builds the
motivic version of Feynman rules characters, applied Kirchhoff-Symanzik
polynomials to formulate a new version of algebro-geometric (dimension-
ally regularized) Feynman rules characters. These abstract characters send
classes in the Grothendieck ring of conical immersed affine varieties to the
classes in the Grothendieck ring of varieties spanned by the classes [Xr].
This formalism, which is on the basis of the deletion—contraction operators
and the Tutte-Grothendieck polynomial, enables us to relate Feynman dia-
grams with periods of algebraic varieties. This framework provides a motivic
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treatment in the study of perturbative renormalization process at the level of
the universal motivic Feynman rules character [7, 8]. The Connes-Marcolli
approach deals with the geometric interpretation of counterterms on the ba-
sis of flat equi-singular connections such that these geometric objects have
been organized in a categorical structure €% which is recovered by the neu-
tral Tannakian category of finite dimensional representations of the affine
group scheme Gg. This category has been embedded (as a sub-category)
into the universal category £M of flat equi-singular vector bundles with the
corresponding universal affine group scheme U. Objects of this universal
category, which has Tannakian nature, address mixed Tate motives which
contribute to divergencies of renormalizable physical theories. In addition,
ECM determines the universal singular frame as the unique loop with val-
ues in U which provides the universal counterterm. The Lie algebra of the
universal affine group scheme leads us to formulate a particular shuffle type
Hopf algebra. [46, 134, 135]

A single Feynman diagram reports only a small piece of information
about a finite number of possible interactions among (virtual) elementary
particles where its on-shell part (i.e. incoming and outgoing particles) obeys
the mass-energy equation and the conservation of momenta while its off-shell
part (i.e. virtual particles) obeys no special rules or measurements. The it-
erated integral corresponding to a given Feynman diagram might contain
nested or overlapping sub-divergencies. Infinite formal expansions of Feyn-
man diagrams (as polynomials with respect to coupling constants), which are
organized in Green’s functions, have an essential role to encapsulate various
possible chains of interactions which could or might happen among elemen-
tary particles in a physical theory. These formal expansions can be studied
in terms of the self-similar nature of Green’s functions which allows us to for-
mulate fixed point equations known as Dyson—Schwinger equations. Numer-
ical methods, large N limit, Borel resummation, lattice models and theory
of instantons can provide some approximations for strongly coupled Dyson—
Schwinger equations ([136, 137, 138]) while the real time dynamics of these
non-perturbative equations require other advanced mathematical tools. In
addition, these non-perturbative equations in physical theories with strong
couplings have also been considered in the context of the Connes—Kreimer
renormalization Hopf algebra to provide some new advanced mathematical
tools for the computation of their solutions. This Hopf algebraic formalism
is one of the original motivations of this research program. In this direction
we need to formulate the Hochschild cohomology of (commutative) bial-
gebras as the dual notion of the Hochschild cohomology of (commutative)
algebras. For a given commutative Hopf algebra H, consider linear maps
T : H — H®" as n-cochains where the coboundary operator is defined by

bT := (id@T)A+Zn:(—1)iAiT+ (-)""T el (1.8)
=1
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such that A; is the coproduct A of H applied to the i-th factor in H®™. The
Kreimer’s renormalization coproduct on Feynman diagrams can be reformu-
lated recursively in terms of the linear operator BT on Feynman diagrams,
known as the grafting operator, as the following way

ApgB" = (id ® BT)Apqg + BT @ L. (1.9)

The operator B*, as a linear homogeneous endomorphism of degree one,
replaces a vertex in a given Feynman diagram with a whole graph in terms
of the type of the targeting vertex and the types of external edges of the
second graph. Thanks to (1.8) and (1.9), the grafting operator could de-
termine some generators of the first rank Hochschild cohomology group of
the Connes—Kreimer Hopf algebra of Feynman diagrams. For each primitive
Feynman diagram v, B is a Hochschild one cocycle. [42, 65, 69, 108]

The first importance of the grafting operator is its role for the rooted tree
representation of any complicated Feynman diagram in terms of its primary
components (or its primitive Feynman subdiagrams). It is possible to embed
the Connes—Kreimer renormalization Hopf algebra of Feynman diagrams of
a given gauge field theory into a decorated version of the Connes—Kreimer
Hopf algebra of non-planar rooted trees. The grafting operator acts on each
forest t1...t, to deliver a rooted tree by adding a new vertex r as the root
and n new edges which connect the roots of t,s to r. It is shown that
the pair (Hck, B™) has a universal property with respect to the Hochschild
cohomology theory. This pair is actually the initial object for a particular
category of objects (H,T') consisting of a commutative Hopf algebra H and
a Hochschild one cocycle T' on H. The Hopf algebra homomorphisms which
commute with the cocycles are morphisms of this category. Decorations
on trees enable us to update Hcg with respect to each physical theory.
For a given physical theory ®, each 1PI Feynman diagram without any
sub-divergencies is a primitive element in the renormalization Hopf algebra
Hpc(®). We can encode this class of objects via vertices in rooted trees
where edges can determine the positions of those primitive subgraphs inside
of a more complicated Feynman diagram. It is shown the existence of an
injective Hopf algebraic homomorphism from Hpg(®) to the Hopf algebra
Hck (®) of decorated non-planar rooted trees. [16, 27, 28, 67, 68, 88, 105,
107, 109]

The second importance of the grafting operator is its fundamental role
in the reconstruction of Dyson—Schwinger equations under a combinatorial
setting. For a given family {v,},>1 of primitive (1PI) Feynman diagrams
with the corresponding Hochschild one cocycles {B;rn tn>1, a class of combi-
natorial Dyson—Schwinger equations in Hprg(®)[[Ag]] is defined by

X =1+ (Ag)"wnBI (X™) (1.10)

n>1
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such that g is the bare coupling constant. This class of equations accepts
a unique solution X = ) _,(Ag)"X,, as the formal expansion of finite
Feynman diagrams where for each n > 0, we have

n
Xn = wiBl( > Xy Xy )- (1.11)
7j=1 k1+...+kj+1:n—j, ki >0

Xy is the empty graph, each X,, is an object in the Hopf algebra Hpg(®),
and the unique solution X lives in a completion of Hpg(P)[[\g]] with re-
spect to the n-adic topology. The Cartier—Quillen—Milnor—-Moore theorem
shows us that the unique solution of each Dyson—Schwinger equation DSE
can determine the generators of a Faa di Bruno type Hopf subalgebra Hpsg
of the Connes—Kreimer renormalization Hopf algebra. It is a free commuta-
tive unitial counital (non-)cocommutative connected graded finite type Hopf
subalgebra where its coproduct on generators X,, does not depend on the
parameters w;. The Mellin transform allows us to deform these combina-
torial type of equations to their original integral versions. It is possible to
lift this formalism onto the level of systems of Dyson—Schwinger equations
where we deal with a system (5) of a finite collection of equations with the
general form

(S): Viel, xi=Y Bi,(f(x, kel) (1.12)
JE€J;
such that I := {1,...,n}, J; is a graded connected set, B(";j)s are Hochschild
one cocycles and f(#)s are formal series in K[|y, ..., ay]]. It is shown that
the system (S) has a unique solution such that under some conditions it can
determine the Hopf subalgebra H(g) originated from the Hopf subalgebras
Hy, ..., H, generated by combinatorial Dyson—Schwinger equations in the
system. [19, 36, 64, 73, 74, 75, 108, 111]

The main skeleton of a combinatorial Dyson—Schwinger equation is ac-
tually a family of Hochschild one cocycles. There exists a surjective map
from the first rank Hochschild cohomology group to the space of primitive
Feynman diagrams of the renormalization Hopf algebra. It means that each
family {7, }n>1 of primitive Feynman diagrams determines the correspond-
ing family {Bj/; }n>1 of Hochschild one cocycles. It is important to note that
each 1PI Feynman diagram, which is free of sub-divergencies, is a primitive
element but they are not the only primitives in the renormalization Hopf
algebra. In other words, there are primitive Feynman diagrams in higher
degrees which can determine Hochschild one cocycles. [19, 42, 109]

1.3 Recent progress and objectives

The combinatorial reformulation of Dyson—Schwinger equations in terms of
the renormalization Hopf algebra and Hochschild cohomology theory has ap-
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plied recently for the construction of some new mathematical treatments in
dealing with the computations of non-perturbative parameters. These efforts
have already developed our knowledge about the mathematical foundations
of the phenomenology of non-perturbative parameters under different set-
tings. [34, 64, 75, 76, 108, 110, 111, 118, 121, 142, 167, 171, 172, 173, 187,
190, 195]

The Milnor-Moore theorem ([144]) allows us to determine the infinite
dimensional complex graded pro-unipotent Lie group G4 (C) which is actu-
ally the complex points of the affine group scheme Gg = Hom(Hpg(®P), —).
This Lie group, which is the projective limit of linear algebraic groups G,
embedded as Zariski closed subsets in some GL,,,s, is rich enough to en-
code (dimensionally regularized) Feynman rules characters with respect to
the scale and angle dependence of amplitudes [31]. In addition, we can also
determine the infinite dimensional complex graded pro-unipotent Lie group

Gpsge(C) := Hom(Hpgg, C) (1.13)

for each given Dyson—Schwinger equation DSE. There exists a natural in-
jective Hopf algebra homomorphism p : Hpsg — Hrg(®). If we apply
Spec as a contravariant functor, then we can obtain a surjective morphism
p : Spec(Hpg(®)) — Spec(Hpsg) between spaces of prime ideals in the com-
mutative algebras Hpg(®) and Hpsg equipped with the Zariski topology.
This map can be lifted onto the surjective group homomorphism

7:Gg(C) — Gpsg(C). (1.14)

The Hopf subalgebra Hpgg is actually a Hopf ideal in Hpg(®) and we
can consider its corresponding quotient Hopf algebra Hpg(®)/Hpsg. In
the dual setting, the associated sub-group scheme of this quotient Hopf
algebra can determine a Lie sub-group of G¢(C). However the existence
of Lie (sub)groups Gpsg(C) corresponding to Dyson—Schwinger equations
have been applied to bring a new geometric setting for the study of non-
perturbative parameters in the context of differential systems together with
singularities. The construction of a category of flat equi-singular Gpgg/(C)-
connections with respect to each equation DSE has been addressed to encode
the BPHZ renormalization of the unique solution Xpgg in the context of dif-
ferential Galois theory. In other words, the Connes—Marcolli geometric in-
terpretation of counterterms and the Connes—Marcolli universal Tannakian
machinery in dealing with renormalizable physical theories have been de-
veloped for the study of Dyson—Schwinger equations. We can study the
geometry of any given equation DSE in terms of finite dimensional rep-
resentations of the Lie group Gpgg(C) which is organized in the neutral
Tannakian category RepGESE. This class of categories has been embedded

as subcategories into the Connes-Marcolli universal category €M, Thanks
to these backgrounds, we already have the construction of a differential
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Galois theory for the computation of fundamental non-perturbative param-
eters such as global S-functions and non-perturbative counterterms in the
language of Picard—Fuchs equations. In addition, it is now possible to iden-
tify a class of mixed Tate motives with respect to each Dyson—Schwinger
equation. [160, 162, 163, 164]

On the first hand, under the Hopf algebraic renormalization platform,
Dyson—Schwinger equations are the fundamental tools to determine Hopf
subalgebras in Quantum Field Theory. On the second hand, ”substructure”
is a mutual fundamental concept in Galois Theory and Theory of Compu-
tation where intermediate algorithms have been studied recently in terms
of algebraic methods in Galois Theory. On the third hand, the Manin’s
program for the interpretation of the Halting problem in the context of the
Connes—Kreimer BPHZ renormalization machinery has initiated the foun-
dations of a brilliant interrelationship between the amount of computability
and the computation of counterterms encoded via the renormalization Hopf
algebra of the Halting problem. The combination of these achievements have
already led us to describe intermediate algorithms in terms of (systems of)
Dyson—Schwinger equations where we can understand the amount of non-
computability of non-perturbative renormalized values and their correspond-
ing non-perturbative counterterms in the language of the Halting problem,
Operad Theory and the theory of Hall sets. Results in this direction show
a new multidisciplinary bridge between Theoretical Computer Science and
non-perturbative Quantum Field Theory. [63, 131, 132, 133, 167, 198, 199]

Applications of the theory of graphons to Quantum Field Theory is an-
other output of the renormalization Hopf algebraic platform. The foun-
dations of a new combinatorial interpretation of Feynman diagrams and
their infinite formal expansions have been studied recently where we embed
(large) Feynman diagrams into a compact topological space obtained by an
enrichment of the Connes—Kreimer renormalization Hopf algebra with re-
spect to the cut-distance topology. The immediate consequence of this new
topological-combinatorial setting is the formulation of a generalization of
the BPHZ renormalization for solutions of Dyson—Schwinger equations. In
this direction, thanks to some tools in Measure Theory, a new differential
calculus machinery on Feynman diagrams was built which has led us to
study the evolution of Dyson—Schwinger equations in terms of their partial
sums. [168, 169]

Applications of non-commutative differential graded algebras to Quan-
tum Field Theory were also considered to study the geometry of quantum
motions where some new models of gauge theories have been obtained. In
this direction, the structure of a non-perturbative version of the Connes—
Kreimer renormalization group has been described in the language of in-
tegrable systems. In addition, recently, we have formulated a new class of
infinite dimensional spectral triples which encode the geometry of Dyson—
Schwinger equations. These observations enable us to clarify the essential
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role of Noncommutative Geometry in the future of non-perturbative Quan-
tum Field Theory models. [52, 53, 54, 56, 161, 166, 171]

Combinatorial Dyson—Schwinger equations, Connes—Kreimer—Marcolli Hopf
algebraic renormalization platform and the theory of graphons for sparse
graphs are the main motivational topics for us in this research to study
non-perturbative Quantum Field Theory. Our main attempt in this work is
to develop mathematical structures originated from Dyson—Schwinger equa-
tions to discover some new information about the complicated behavior of
Quantum Field Theories under strong coupling constants. This work aims
also to bring some new mathematical tools to deal with the computation of
non-perturbative parameters.

Under a combinatorial setting, we plan to apply the theory of graphon
representations of Feynman diagrams together with other combinatorial and
topological tools to provide a new Hopf algebraic machinery for the renor-
malization of solutions of Dyson—Schwinger equations under different run-
ning coupling constants. In a more general platform, we consider the cut-
distance topological vector space S®9 generated by all fixed point equations
of Green’s functions of a given strongly coupled gauge field theory ® under
different running coupling constants A\g with respect to the bare coupling
constant g such that 0 < A < 1. It is possible to topologically complete the
space S®9 to achieve a new Banach space where we need to work on equiva-
lence classes of Dyson—Schwinger equations up to the weakly isomorphic as
an equivalence relation. Equations DSE;, DSEs are called weakly isomor-
phic (or weakly equivalent) if their corresponding solutions Xpsg,, XDSE,
have weakly isomorphic Feynman graphon models. In other words,

DSE1 ~~ DSEQ = WXDSE1 ~ WXDSEQ' (1.15)
Up to this equivalence relation, we can define the distance

d(XDSE17XDSE2) = dcut([WXDSE1]7 [WXDSEQ]) (1'16)

between Dyson—Schwinger equations such that dg, is the metric structure on
unlabeled Feynman graphon classes. Each unlabeled Feynman graphon class
contains all weakly isomorphic Feynman graphons and all relabeled Feynman
graphons generated by invertible measure preserving transformations of the
base measure space (€2, ug) of our graphon model. We then address some
new applications of combinatorial polynomials such as Kirchhoff-Symanzik
and Tutte polynomials to formulate a new parametric representation theory
for solutions of Dyson—Schwinger equations. This study is useful for the
construction of algebro-geometric Feynman rules on the topological Hopf
algebra S§aphon of Feynman graphons. We also concern the concept of com-
plexity for the description of non-perturbative parameters where we explain
the construction of a new multi-scale Renormalization Group machinery on
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S®9 which is useful on two levels. Firstly, it can provide a mathematical ma-
chinery for the approximation of Dyson—Schwinger equations in strong cou-
plings via equations in weaker couplings. Secondly, it helps us to initiate a
new version of the Kolmogorov complexity in dealing with Dyson—Schwinger
equations.

Under a geometric setting, we show some new applications of Noncom-
mutative Geometry, Measure Theory and Functional Analysis to study the
geometry of non-perturbative Quantum Field Theory. We build the Gateaux
differential calculus on the space S®¢ which provides a global differential
geometry for the geometric description of strongly coupled gauge field the-
ories. In addition, we explain the concept of evolution on S®9 with respect
to a generalized version of the Fourier transformation. We also build the
theory of spectral triples for solutions of Dyson—Schwinger equations which
provides a local differential geometry in dealing with the quantum motions
in strongly coupled gauge field theories.

Under a foundational setting, we apply Feynman graphon models to
consider some intrinsic foundations of Quantum Field Theory models under
strong running coupling constants such as quantum entanglement and logical
concepts. In this direction, we offer a new mathematical methodology for the
description of quantum entanglement in interacting quantum physical the-
ories in the context of the theory of lattices and intermediate substructures
in the Theory of Computation. This mathematical formalism enables us to
explain information flow in physical theories with strong couplings on the
basis of lattices of topological Hopf algebras and Lie subgroups. We lift this
mathematical modeling onto a categorical setting to show that the universal
category EM is suitable to encode the quantum entanglement process. At
this level, we expect to show a new application of motives in dealing with in-
formation flow. In addition, we put forward the construction of a new topos
of presheaves on a particular base category which encodes the logical evalua-
tions of propositions about the cut-distance topological regions of Feynman
diagrams. We try to show that how this topos model concerns the strength
of running coupling constants for the logical study of gauge field theories.
For this purpose, objects of the base category of the non-perturbative topos
encode all Dyson—Schwinger equations of a given gauge field theory under
different running coupling constants. The non-perturbative topos can eval-
uate the logical propositions about cut-distance topological regions which
are generated by solutions of Dyson—Schwinger equations.
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Dyson—Schwinger equations

e Quantum Field Theory
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tion of large Feynman diagrams

— Graphons

— Feynman graphons

e A generalization of the BPHZ renormalization machinery for
large Feynman diagrams via Feynman graphons
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Having no comprehensive physical description of infinite formal expan-
sions of Feynman diagrams which contribute to polynomials with respect
to strong running coupling constants such as (1.7), it is indeed difficult
to analyze a renormalization program for these infinite expansions. The
major discourse in this situation is to find some meaningful mathematical
insights associated to fixed point equations of Green’s functions. Then these
mathematical reasonings serve to compel technical terms and models for the
explanation of the renormalization process for Dyson—Schwinger equations.

The original task in this chapter is to explain a renormalization pro-
gram on the space S®¥ which consists of Dyson-Schwinger equations with
respect to running couplings Ag in a given physical theory ® with the bare
coupling constant g. For this purpose, we apply the theory of graphons
for sparse graphs to build a new theory of graph function representations
for Feynman diagrams and large Feynman diagrams which contribute to
solutions of Dyson—Schwinger equations. These new analytic generaliza-
tions of Feynman diagrams can be organized into a new graded topological
Hopf algebra Sg]’raphon which can lead us to formulate a new modification of
the Connes—Kreimer BPHZ renormalization program for the computation
of non-perturbative counterterms and non-perturbative renormalized val-
ues. The complex Lie group associated to the Hopf algebra Sgiaphon is the
key tools for the formulation of a non-perturbative Renormalization Group
which encodes the required S-functions to govern the dynamics of strongly
coupled Dyson—Schwinger equations.

2.1 Quantum Field Theory

Suppose we have a quantized field theory with the general Lagrangian £ =
L(¢,0,¢) which can contain the free part and the interaction part. The
typical free Lagrangian density is given by

1
Liree := 5((8M¢)(8u¢) - m2¢2) (21)
which leads us to the free Klein—-Gordon equation of motion
(9,0 +m?)¢ = 0. (2.2)

The interaction part Liy; encodes interactions of elementary particles in
the physical theory. The transition amplitudes from initial states to all
finite states can be formulated under the S-Matrix setting. It is possible to
calculate these matrix elements in terms of a class of correlation functions
with the general form

Gn (21, .y Tp) =< 0|TP(21)...0(x5)|0 > (2.3)
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such that |0 > is the vacuum ground state. These equations, known as
Green’s functions, allow us to formulate perturbative Quantum Field Theory
in terms of formal expansions with the general form

Gn(xl, ,xn) =

1)

S SR [ty < 0T 600 ) Lin )0 > (2
= 7

such that ¢y, is the initial state of ¢ in the infinite past. If we apply the
Wick’s Theorem and normal ordering, then the vacuum expectation value
can be described as the integrals of propagators that typically depend on
differences of space-time vectors. The rigorous challenge is the existence of
divergencies in these integrals with respect to the domains of integrations
where applying regularization machineries (such as Dimensional Regulariza-
tion) help us to study these integrals in the context of Laurent series with
finite pole parts. [32, 40]

Feynman diagrams in Quantum Field Theory are useful combinatorial
tools to encapsulate the summation over probability amplitudes correspond-
ing to all possible exchanges of virtual particles compatible with a process at
a given (loop) order. These decorated diagrams, as a set of edges and a set of
vertices, can simplify the description of interactions of elementary particles
in terms of the time parameter in a quantum system. Their decorations are
determined by fundamental parameters of the physical theory. Momentum
and position are actually Fourier transforms of each other where we can
translate diagrams with respect to momentum space to their correspond-
ing iterated integrals via Feynman rules. Each closed loop associates to
an integrate over the corresponding momentum. The whole diagram obeys
the conservation of momenta which tells us that the amount of momenta
of input particles in an interaction procedure is the same as the amount of
momenta of output particles.

For example, thanks to the Schwinger parameter ¢, we can consider

1

2w /0 dt exp(—t(p* +m?)) (2.5)

as the propagator for each edge and
/d4x exp(1 ij:c) (2.6)
J

as the propagator for each vertex. In this setting, each edge has a factor

4
Gla,y:t) = / (ZTZ; exp(ip-(z — ) — t(p? + m?)). (2.7)
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We can combinatorially reformulate Green’s functions in terms of formal
expansions of Feynman diagrams. It clarifies the self-similar property of
these fundamental functions in Quantum Field Theory. We have

g;:1+/17+//1717+///171717+...
:1+/1y(1+/1y+//1y1y+...) (2.8)

such that I, is the Feynman integral corresponding to the primitive (1PI)
Feynman diagram 7. This can be encapsulated via equations such as

G=1+ /Iwg (2.9)

such that its fixed point equations determine Dyson—Schwinger equations.
This formulation of Quantum Field Theory is the result of the path inte-
gral approach to Lagrangian formalism where we study the behavior of an
elementary particle in a system with infinite degrees of freedom in terms
of the sum over all possible situations (such as trajectories, interactions)
which could be selected by the particle. In terms of some conditions dic-
tated by physical theory, each possible situation has a particular weight
which should be considered in computational processes of Feynman inte-
grals. [32, 40, 147, 193]

For example, in QED we deal with interactions of electron and positron
(as matter) with photons (as electromagnetic waves with different quantized
sizes of energies). There exist six different fundamental interactions namely,
the emission of photon from electron or positron, absorbing a photon via
electron or positron, the creation of a photon via annihilation of the pair
(electron, positron), creation of a pair (electron, positron) via the annihila-
tion of a photon. All Feynman diagrams and Dyson—Schwinger equations in
QED, which might contain complicated off-shell interactions of virtual parti-
cles, are built on the basis of those six fundamental interactions. There exists
a class of elementary graphs which play the role of building blocks to make
all possible Feynman diagrams in a physical theory. These graphs, which are
called one particle irreducible Feynman diagrams, remain connected after re-
moving one internal edge. By induction we can define n-particle irreducible
Feynman diagrams which remain connected after removing n internal edges.
It is easy to see that each n-particle irreducible graph is a (n — 1)-particle
irreducible graph.

The coupling constants in Quantum Field Theory show the strength
of the interactions among elementary particles. The regularization of UV
divergent integrals and the renormalization procedure generate a scale de-
pendence. The UV cut-off dependence of the couplings can be eliminated
by allowing the couplings and masses (which appear in the Lagrangian) to
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acquire a scale dependence. Then we normalize them to a measured value at
a given scale. Generally speaking, there are two classes of couplings namely,
the bare coupling constant as the original strength of a fundamental force
and the running coupling constants or effective couplings as the result of
renormalization procedures. Quantum Chromodynamics (QCD) is known
as the most successful fundamental gauge theory of strong interactions. It
studies the hadronic interactions involving quarks and gluons at both long
and short distances. Its symmetry group is SU(3) where it includes Ny
family of quarks 1/); and gluons AZ. Some experimental evidences inform
us that at a critical temperature around 7, =~ 170 MeV, the QCD matter
undergoes a deconfining phase transition into quark-gluon plasma. Pertur-
bative QCD is a method based on expanding different physical quantities
with respect to the gauge coupling constant g which is applied in the region
T > T, where g is small. The phenomenology of the (bare and running)
coupling constants have been discussed in terms of the uncertainties in their
values at short distances which leads us to a total theoretical uncertainty in
Physics at large hadron collider such as Higgs production via gluon fusion.
In this situation we can still have hope to apply asymptotic freedom and
perturbative calculations of Renormalization Group equations. However at
high perturbative orders it becomes necessary to evaluate large numbers of
multi-loop Feynman diagrams in the effective theory. [9, 51, 137]

However the behavior of running coupling constants of the physical sys-
tems at long distances such as the scale of the proton mass in order to un-
derstand hadronic structure, quark confinement and hadronization processes
should be analyzed under non-perturbative platforms. In these cases we can
study the phenomenology of strong bare or running couplings in terms of the
mathematical foundations of quantum motions of physical systems namely,
Dyson—Schwinger equations. We can address recent theoretical progress for
the computation of non-perturbative parameters derived from solutions of
Dyson—Schwinger equations in the context of Combinatorics, Geometry and
Category Theory. [19, 34, 110, 136, 138, 157, 162, 163, 164, 190, 195]

The running of a coupling constant originates from the renormalization
procedure while predictions for observables should be determined indepen-
dent of the choice of renormalization map and regularization scheme. This
invariance with respect to the choice of renormalization program is encoded
via a symmetry group. The running coupling is an expansion parameter in
the perturbative series describing an observable and there exists the Landau
pole as the point where the perturbative expression of the running coupling
diverges. It means that the full perturbative expression is actually a non-
observable quantity. The observable is independent of the renormalization
scheme while the series’s coefficients and the running coupling are related to
the renormalization scheme. Under asymptotic freedom behavior at short
distances, we can get the first coefficient series as an independent parameter
while at very large distances dependency can not be neglected. This dis-
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cussion tells us that the running couplings are not observables because they
are strongly depended on the renormalization scheme at large distances.
In short, the running couplings have weak scale dependence at distances
smaller than 10716 m such that this controllable weak behavior tends to a
strong scale dependence larger than a tenth of a Fermi. This dependency
on the scale is restored at larger distances due to the confinement of quarks
and gluons. [9, 51, 136]

The Ward—Takahashi identities on Feynman diagrams tell us that the
photon propagator is the only propagator in QED which contributes to
the running of the coupling constant. The Slavnov—Taylor identities on
Feynman diagrams tell us that intermediate gauge-dependent quantities in
non-abelian gauge theories provide final gauge-independent results for ob-
servables [117, 178]. Thanks to these facts, it is possible to rewrite Dyson—
Schwinger equations in terms of some running couplings to achieve some
intermediate quantities which are useful to simplify the original complicated
non-perturbative type of equations by some approximations. In a general
configuration, Dyson—Schwinger equations are polynomials with respect to
bare or running coupling constants which means that any change in the
amount of running couplings will make direct influence on the behavior of
these equations. Therefore these non-perturbative type of equations are
good tools for the study of the phenomenology of strong couplings.

Dimensional Regularization was introduced by 't Hooft, Veltman, Bollini
and Gambiagi as a method to regularize ultraviolet divergencies in a gauge
invariant way to complete the proof of renormalizability. The method works
in D = 4 — 2¢ space-time dimensions where divergencies for D — 4 appears
as poles in 1/e. This method also regulates infrared singularities where if
we remove the auxiliary IR regulator, the IR divergencies appear as poles in
1/e. For € > 0, we can obtain a well-defined result which we can be analyti-
cally extended to the whole complex D-plane. The only essential change in
the structure of Feynman rules is to replace the couplings in the Lagrangian
via the transformation g — gu® such that p is an arbitrary mass scale.
Dimensional Regularization together with Minimal Subtraction can provide
a practical renormalization program for Feynman integrals with nested sub-
divergencies. These ill-defined parts can be eliminated step by step under
a forest formula setting where the Bogoliubov—Parasiuk—Hepp preparation
allows us to generate some finite values. This particular renormalization
program was reconsidered by Connes and Kreimer under a modern Hopf
algebraic setting to generate counterterms and renormalized values in terms
of the Riemann—Hilbert problem and the Birkhoff factorization. In this con-
text, Dimensional Regularization is encapsulated by the space of loops with
the domain of a punctured infinitesimal disk around zero and with values in
a pro-unipotent complex Lie group associated to the renormalization Hopf
algebra of Feynman diagrams. [43, 44, 69, 78, 116, 120]

While working on the applications of the BPHZ procedure to the level of
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many-loop graphs is one of the interesting topics in Quantum Field Theory,
the main information of a physical theory are encoded in (infinite) formal
expansions of Feynman diagrams. Thanks to the Connes—Kreimer—Marcolli
theory, the required mathematical tools for an extension of the BPHZ proce-
dure to the level of Dyson—Schwinger equations has already been considered
under geometric and algebraic settings. This platform enables us to study
any Dyson—Schwinger equation DSEin terms of its corresponding complex
Lie group Gpsg(C) where the existence of the Hopf-Birkhoff factorization
on this Lie group has led us to determine counterterms (which contribute
to the unique solution of the equation DSE) in the language of differential
systems together with irregular singularities. These differential systems,
which are on the basis of equi-singular flat Gpgg(C)-connections, determine
a new class of systems of Picard—Fuchs equations with regular singularities.
[164, 167]

2.2 Hochschild cohomology of the renormaliza-
tion Hopf algebra

The basic elements of the path integral method in Quantum Field Theory
are (divergent) iterated Feynman integrals over the momentum space such
that the integrands are determined from a definite collection of rules origi-
nated from the physical theory. We can encode these integrals in terms of a
class of combinatorial decorated finite diagrams which are known as Feyn-
man diagrams where sub-divergencies in the original integral are presented
in terms of the existence of nested or overlapping loops in the main diagram.
The Kreimer’s coproduct, which highlights the combinatorics of removing
sub-divergencies from integrals, enables us to factorize the original com-
plicated Feynman diagram into its basic sub-divergencies (as sub-graphs).
This factorization reduces several layers of complications in the computa-
tional processes of perturbative renormalization in terms of a certain graded
commutative non-cocommutative Hopf algebra denoted by Hpg(®). It is
a graded Hopf algebra with respect to the first Betti number of Feynman
diagrams which means that Hpq (®) = @,,~( Hn such that Ho = {I} and for
each n, H, is the vector space of divergent 1PI n-loop Feynman diagrams
and products of Feynman diagrams with overall loop number n. There is
also another graduation parameter to build a graded Hopf algebra. We can
show that Hpg(®) is a graded Hopf algebra with respect to the number of
internal edges of Feynman graphs such that the components of this grading
have finite dimensions as the vector spaces. [15, 46, 105, 113]

The original version of the Kreimer’s coproduct was defined in the lan-
guage of parenthesized words to characterize nested, independent or over-
lapped sub-divergencies via sequences of letters and their linear combina-
tions. It encapsulates the Bogoliubov—Zimmermann forest formula based on

28



The phenomenology of non-perturbative QFT:

Ali Shojaei—Fard Mathematical Perspective

the formal expansion

Apg(D) =T @I+I0T+ > y®T/y (2.10)
yCTI'

for each Feynman diagram I' such that the sum is over all disjoint unions of
1PI divergent proper Feynman subgraphs. [42, 77, 78, 105]

Generally speaking, for a unital algebra (A, m,e) and a counital coal-
gebra (C,A,¢) over a field K of characteristic zero, let Hom(C, A) be the
vector space of all K-linear maps from C to A. Equip this space with a
convolution product defined in terms of the following composition

C—2CC —"A0A—mA (2.11)

to achieve an algebra with the unit eoe. A bialgebra (H, m,e, A, ¢) in which
the identity map idy is invertible under the convolution product is a Hopf
algebra. This particular inverse S which obeys the following property

idgxS=Sxidy =eoe (2.12)

is called the antipode such that it is a unital algebra counital coalgebra
antihomomorphism. [36, 78]

There are natural graduation parameters on Feynman diagrams such as
number of internal edges or number of independent loops. The graduation
parameter and the coproduct (2.10) determine the required antipode for the
construction of a free commutative connected graded finite type Hopf algebra
on Feynman diagrams of a given physical theory ®. The antipode deforms
Feynman rules characters to obtain renormalized values. The Hopf algebra
Hpg(®) has a Lie algebraic origin and in addition, it can be simplified
via decorated rooted trees to provide a universal model for perturbative
renormalization. The rooted tree version of the renormalization coproduct
(2.10) can be defined in terms of the notion of ”admissible cuts” on trees.
[33, 65, 67, 68, 77, 143]

The factorization of a Feynman diagram into its primitive components
can be reversed under some conditions via the insertion operator which en-
ables us to glue subdiagrams. It is important to note that in gauge field
theories we should work on a quotient of the renormalization Hopf algebra
with respect to Ward identities and Slavnov—Taylor identities to achieve a
unique factorization for each Feynman diagram with respect to the insertion
operator. The insertion operator provides a Lie algebraic structure on Feyn-
man diagrams such that the graded dual of its universal enveloping algebra
will be equivalent to the renormalization Hopf algebra. [78, 109, 143, 179]

Theory of Hochschild cohomology for bialgebras is useful for us to formu-
late the Hochschild equation on Feynman diagrams which results a recursive
formulation for the renormalization coproduct. This class of equations can
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provide the key tools for the reformulation of Dyson—Schwinger equations.
In this part we review the foundations of the Hochschild equation with re-
spect to the renormalization coproduct and for further details we address
[64, 77, 78, 108, 109, 200] as the major sources.

For a given bialgebra H such as Hpg(®), the dual of the coalgebra
(H,A,¢) is an algebra H* such that the unit map I of H transposes to a
character I' of H*. Therefore we can build Hochschild cohomology groups
H"(H,H*) such that n-cochains are linear maps such as T : H — H®™.
We can transpose them to n-linear maps such as pr : (H*)" — H* where
we have

pr(T1, .., 1) =TT ®...0T,). (2.13)

In this setting, the Hochschild coboundary operator b can be determined
by the relation

<I'I®..® Pn—i—la bT(F) >i=< pr(Pl, ...,Pn+1),F > (214)

for each I € H. Define A; : H®" — H®M+1) a5 the homomorphism which
applies the coproduct A only on the jth factor. Now we can show that

< pr(Ty, U ) R vy Tpg1), I >=<T'1 ®... ®Pn+1,Aj(T(P)) > . (215)

It leads us to rewrite the Hochschild coboundary operator as the following
way

bT(T) := (id® T)A(T) + Zn:(—nmj(T(r)) + (=) T @1 (2.16)

The resulting cohomology groups H™(H*, H},) are indeed the Hochschild
cohomology theory of the bialgebra H. It is easy to check that linear forms
on H are 0-cochains and one cocycles are linear maps such as [ : H — H
which obeys the following relation

A(l) =1® 1+ (id® DA. (2.17)

The Hochschild cohomology with values in a H-bimodule A (such as the
regularization algebra) is defined by working on n-cochains via the vector
space C™ := C™(H, A) consisting of n-linear maps ¢ : H" — A with the
H-bimodule structure

(ny2) (T, Tn) == 71.4(T, - T ) 2. (2.18)
The coboundary map b : C* — C™*! is given by
b(Y)(T1,.... p41) =TT, ..., Thyr)

n

+ ) (1T, TyT 1, o, Togd) 4+ (1) 10T, o, T) Tgr (2.19)
i=1
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The resulting cohomology groups are denoted by H™(H, A).

Let us consider the Hochschild equation for the algebra K[X] which is
also equipped with a cocommutative coalgebra structure by considering the
indeterminate X as the primitive object where e(X) = 0. For all k£ > 2, by
induction, we can show that

AXF) = (AX)F = f: <k> XM @ XI (2.20)
- -2 ( . :

For any linear form g on K[X], we have

k

bo(X*) = (id® 9) A(XF) — o(X*) @1 = (f) o(XF XTI, (2.21)
j=1

bo is a linear transformation of polynomials which does not increase the
degree. It shows that the integration map T(X*) := X**1/(k + 1) is not a
1-coboundary but it is an one cocycle.

Thanks to this Hochschild cohomology theory, it is possible to define the
renormalization coproduct under a recursive setting.

A graded bialgebra H over a field K is graded as an algebra and as
a coalgebra. It is called connected if the degree zero component of the
graduation structure consists of scalars (i.e. elements of the field K). We
have

H=H, HpnH,C Hpn, AH,)C @ H,® H, (2.22)
n>0 ptqg=n

The coproduct in the connected graded bialgebra of Feynman diagrams
can be presented in terms of the Sweedler notation such that for I' € H,,,
we have

AD)=T@I+IaT+) I el (2.23)

where terms I'] and I', all have degrees between 1 and n — 1. The counit
equations

Y ey =) Tiely) =T, ) SICry= Y I1SITh) =D)L (2.24)

tell us that A(T") must contain terms '@ € H,, ® Hp and [® T € Ho ® H,
and the remaining terms which have intermediate bidegrees. They address
the equation

I'=(e@id)(A(D) =e@I+T+ > I} (2.25)

which leads us to the relation £(I') = 0 for every non-trivial Feynman dia-
gram.
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In general, the augmentation ideal in a graded bialgebra is given by

oo
Kere = @ Ha.. (2.26)
n=1
For P := id — e as the projector onto the augmentation ideal, define

Aug™ = (P ®..m%mes @ PYA™ L and then set

H™) .= Aug™t! /Aug™ (2.27)
for all m > 1. It determines the bigraded structure on our bialgebra given
by

H=@H,=PHH™ (2.28)

n>0 m>0
such that for all £k > 1
k .
H,c @PHY, Hy~HO ~K. (2.29)
j=1

In addition, number of internal edges or number of independent loops can
be applied as the graduation parameters on the renormalization bialgebra
of Feynman diagrams to formulate its corresponding antipode inductively.
We have the recursive formulation

ST)=-T'=) STy (2.30)

for the antipode of each Feynman diagram I' with respect to its renormal-
ization coproduct. This formula can be applied to show the existence of a
convolution inverse for the identity map.

2.3 Renormalization Hopf algebra of Feynman graphons
and filtration of large Feynman diagrams

The combinatorial interpretation of Feynman diagrams in terms of decorated
rooted trees and the recursive nature of the renormalization coproduct are
the key tools to build a new Hopf algebra Hcg of non-planar rooted trees.
This combinatorial Hopf algebra together with the grafting operator B™ has
the universal property with respect to the Hochschild cohomology theory of
commutative Hopf algebras. Each Feynman diagram with nested loops can
be represented by a labeled rooted tree where the root is the symbol for
the original graph and other vertices are symbols of nested loops. Edges
among vertices determine the positions of nested loops with respect to each
other. In addition, it is possible to represent Feynman diagrams with over-
lapping divergencies with rooted trees where we should deal with linear
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combinations of decorated rooted trees [77, 78, 106, 109]. In this section we
present a new interrelationship between the theory of infinite graphs and
the fundamental structure of Green’s functions in Quantum Field Theory
on the basis of rooted trees. We provide a new analytic generalization of
Feynman diagrams organized in to a new topological enriched version of the
Connes—Kreimer renormalization Hopf algebra. For this purpose, we use the
representation of Feynman diagrams via rooted trees to define a new graph
function representation formalism in dealing with expansions of Feynman
diagrams. We show the importance of analytic graphs for the study of solu-
tions of strongly coupled Dyson—Schwinger equations in terms of sequences
of partial sums and the notion of convergence with respect to the topology
of graphons. We then work on the combination of the renormalization Hopf
algebra and graphon models of Feynman diagrams to build a new Hopf alge-
bra of graphons which contribute to the analytic representation of Feynman
diagrams and solutions of Dyson—Schwinger equations. This Hopf algebra
of graphons is useful for us to formulate a new topological generalization of
the Connes—Kreimer BPHZ renormalization to generate non-perturbative
counterterms and related renormalized values. We also use this graphon
model approach to Dyson—Schwinger equations to explain the structure of
a filtration treatment on the space of solutions of these non-perturbative
equations.

On the one hand, Dyson—-Schwinger equations are reformulated in terms
of the renormalization Hopf algebra and the grafting operator which act on
Feynman diagrams. The unique solution of each equation DSE with the
general form (1.10) is an infinite formal expansion of Feynman diagrams
together with powers of running couplings. In physical theories with weak
coupling constants, we can expect to study the renormalization of these ex-
pansions by applying many-loop computation techniques under the pertur-
bative setting. In physical theories with strong couplings, these expansions
contain infinite number of terms such that their renormalization generate
infinite number of counterterms. In this situation we need to deal with non-
renormalizable gauge field theories. However we can encapsulate all these
formal expansions in terms of fixed point equations of Green’s functions
of the given physical theory [110]. On the other hand, graph limits, as a
modern branch in infinite combinatorics, study limits of finite combinatorial
objects such as weighted or directed graphs, multi or hyper graphs, bipartite
graphs and posets. Theory of graphons and random graphs is one of the
recent progress in infinite combinatorics where we deal with (symmetric)
measurable functions such as W defined on the probability space 2. Actu-
ally, a graph limit, as the convergent limit of an infinite sequence of graphs,
can be represented by a graphon which does not have necessarily the unique
representation. The key tool which allows us to concern convergence and
equivalence of graphons is the concept of cut-metric [125]. It is reason-
able to think about any relation between solutions of combinatorial Dyson—
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Schwinger equations namely, formal expansions such as - (Ag)" X,,, such
that ¢ is the bare coupling constant while Ag is any running coupling or any
rescaled version of the bare coupling, and graphons generated by infinite se-
quences of sparse graphs. This idea has already been discussed in [168, 169]
where we have shown that the unique solution of each equation DSE can
be obtained as the cut-distance convergent limit of a sequence of random
graphs generated in terms of the combinatorial information of partial sums
Vi = 37 (Ag)"X;. In this work we plan to explain the structure of new
Hopf algebra of graphons which can encode solutions of all Dyson—Schwinger
equations in a given (strongly coupled) gauge field theory. This Hopf algebra
can be equipped with the cut-distance topology which enables us to describe
infinite expansions such as Xpsg(rg) = 2.,>0(A9)" Xy as the unique solu-
tion of the equation DSE()\g) € S®(\g) in terms of objects in the boundary
region of the compact topological space Sgiaphon' In other words, this new
platform enables us to study S®9 = (J, S®(\g), as the collection of all
Dyson—Schwinger equations under different running coupling constants in
the physical theory @, in the context of a subspace of the topological Hopf
algebra Sgiaphon'

2.3.1 Graphons

Generally speaking, the theory of graph limits aims to assign a limit to a
sequence of finite graphs such as {Gy, },,>0 when number of vertices of graphs
in the sequence tends to infinity. There are some different approaches to
define the concept of convergence at this level but the one approach which
is based on random graphs and cut-distance topology is very useful. We can
say that a sequence {G,, },,>0 of finite graphs is convergent when |G,,| tends
to infinity, if for each fixed value k, the distribution of the random graphs
Gp|k] is convergent when n tends to infinity. In this setting, G,[k] is a
labeled subgraph of G, with vertices 1, ..., k obtained by selecting k distinct
vertices vy, ...,v; € G, under a uniformly random process. Graph limits
can be generated by infinite sequences of dense or sparse graphs. We can
generalize graph limits to graph functions (i.e. graphons) in an arbitrary
probability space where we can study them in terms of equivalence classes
of convergent sequences of finite graphs with respect to (invertible) measure
preserving transformations of the ground probability space. [94, 125]

For a given probability space €2, graphons are bounded measurable sym-
metric functions such as W : QxQ — [0, 1]. The symmetric condition can be
removed when we work on another class of graphons known as bigraphons.
Bigraphons are useful for us if we want to rebuild Feynman diagrams. We
associate graph functions to Feynman diagrams via decorated rooted trees
where we need to fix an orientation on trees to identify the positions of
nested loops with respect to each other in Feynman diagrams. The choice
of the orientation allows us to work on the upper triangular or lower trian-
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gular versions of the adjacency matrix of rooted trees which are not clearly
symmetric.

The graphon representation of any given graph limit is not unique. In
other words, we can produce different graphon representations in terms of
changing the ground probability space or changing presentation parameters.
However for a fixed probability space, we can associate different labeled
graphons to a given graph limit by applying invertible measure preserving
transformations of the ground probability space.

For a given finite graph, the pixel pictures derived from the adjacency
matrix are the simplest examples of labeled graphons. For a given sequence
of finite simple graphs, the corresponding sequence of pixel pictures derived
from the adjacency matrices can provide labeled graphon representations for
the graph limit of the initial sequence.

A map p : Q1 — Q9 between probability spaces (1, F1, p1) and (Qg, Fa, p2)
is called measure preserving if it is measurable and u1(p~1(A)) = pa(A) for
each measurable set A € Fy. p is called measure preserving bijection if it is
a bijection map and p, p~! are measure preserving. It is easy to check that
for a given measure preserving map p, the map p ® p : Q2 — Q2 defined by
p® p(x,y) := (p(x),p(y)) is also a measure preserving map. If p is a bijec-
tion, then fP, W are called rearrangements of f (as a function on {3) and
W (as a function on Q32). Actually, relabeling of labeled graphons can be
understood as a kind of rearrangement. In other words, for a given measure
preserving map p, the pull backs of f and W are defined by

fr(x) = f(p(x)), Wr(x,y) = W(p(x),p(y)) (2.31)
If f e L'(Qg) and W € L(Q3), then || f7 [i=]| f ||y and || W |1=]| W |1

Definition 2.3.1. (i) For the probability space Q := [0,1] together with
the Lebesgue measure, an unlabeled graphon is a graphon up to relabel-
ing such that a relabeling is defined by an invertible measure preserving
transformation of the closed unit interval.

(ii) Graphons Wy, Wy are called weakly isomorphic (or weakly equiva-
lent i.e. W; =~ Wa) if there exists a graphon W and measure preserving
transformations pi, p2 on the probability space €2 such that W# = W; and
Wr2 = W, almost everywhere.

Relabeled graphons can be organized into an equivalence class, namely
an unlabeled graphon. For a given labeled graphon W, its corresponding
unlabeled graphon class [W] is given by

(W] :={W?*: (z,y) = W(p(x),p(y)) : pis an arbitrary rearrangement}.
(2.32)
Set W(Q2) as the set of all labeled graphons on a given probability space
Q. Tt is not difficult to see that if 2 := [0, 1] is the probability space, then
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W(Q) is the subspace of symmetric functions in L. ([0,1]?). By defining a
suitable equivalence relation on labeled graphons, which encodes exchanging
decorations (i.e. (2.32)), it is possible to associate a unique graphon class
to each graph limit. This graphon class is called unlabeled graphon. Set
[W](£2) as the family of all unlabeled graphons on a given probability space
Q.

Graphons, as edge weighted graphs on the vertex set [0, 1], can provide
a generalization of discrete graphs. Each finite simple graph G defines nat-
urally an unlabeled graphon class [Wg] in terms of its adjacency matrix.
First we build a labeled graphon W with respect to the information of
the adjacency matrix. Consider V(G) as a probability space such that each
}/ellitex has probability ﬁ Define the map W}, : V(G) x V(G) — [0,1] as
ollows

W(l;(u,v) — {(1]: Oitfh;lrviins(i v are adjacent. (233)

It is easy to see that Wé is a symmetric measurable function. In an al-
ternative setting, we can also consider 2 = (0, 1] as the probability space
which is equipped with a partition {I}'};—1,_, such that I} := (%, %] If
the vertices of G is labeled by 1, .., n, then the corresponding graph function
Wé is given by

Wé(z,y) = W(i,j) =1, zell,yel} (2.34)

whenever there exists an edge between ¢ and j.

The homomorphism density is an useful tool in dealing with the prob-
ability of the existence of a subgraph in an extremely large graph. For a
given finite graph G, the homomorphism density of each subgraph H in G
is given by ( )

hom(H, G
such that hom(H,G) is the number of graph homomorphisms from H to
G. 1t is possible to generalize this idea for the level of graph limits where
this parameter informs the density of H as a subgraph in G asymptotically
when the number of vertices of G tends to infinity. For a given graphon
W : Q% — [0,1] and a simple finite graph H, the homomorphism density is
defined by

L(H, W) ::/QH [T Wow)du(e)dptam). (236
i€ E(H)

If the graphon Wy is a labeled graphon with respect to a given graph G,
then we have t(H, Q) := t(H,W¢g). Homomorphism densities provide an
alternative way of defining convergence of sequences of dense graphs. It
is shown that the sequence {G, },>0 converges to the labeled graphon W
iff the sequence {t(H, Gy)}n>0 of homomorphism densities converges to the

36



The phenomenology of non-perturbative QFT:

Ali Shojaei—Fard Mathematical Perspective

homomorphism density ¢(H, W) for each simple subgraph H. Therefore
any convergent sequence of finite sparse graphs should be convergent to
the graphon with zero density which is almost everywhere the 0-graphon.
However the theory of graphons of sparse graphs has been developed to
obtain non-zero graphons for sequences of sparse graphs in terms of the
rescaled versions of the canonical graphons or other normalization methods
applied on the ground probability space. [29, 94, 125, 169]

The space of graphons provides the completion of the space of finite
graphs with respect to a topology generated by a particular metric namely,
cut-distance. The cut-distance between labeled graphons W, U is defined by

Ocnt (W, U) = inf, - supg r| g W), ply)=U(r (), 7(y))dedy| (2.37)
X
such that the infimum is taken over all relabeling p on W and 7 on U and the
supremum is taken over all measurable subsets S, T of the closed interval.
The infimum over relabeling allows us to define the cut-distance on the space
of unlabeled graphons.

Weakly isomorphic graphons and relabeled graphons with respect to a
given graphon have the same corresponding symmetric measurable functions
almost everywhere. The distance (2.37) does not distinguish between weakly
isomorphic graphons. We can see that graphons W, U are weakly isomorphic
whenever for any finite subgraph H, we have t(H, W) = t(H,U).

Theorem 2.3.2. Each graphon is the cut-distance convergent limit of a se-
quence of finite graphs. In addition, the cut-distance dcut determines a com-
pact topological structure on the quotient space W(Y)/ = of labeled graphons
with respect to the weakly isomorphic relation. [94, 125]

2.3.2 Feynman graphons

It is the place to deal with a new application of graph limits to Quantum
Field Theory where we aim to achieve a new interpretation of Feynman
diagrams and their corresponding formal expansions. In general, any arbi-
trary Feynman diagram, as a weighted graph decorated by some physical
parameters, might have many nested or overlapping loops. In higher order
perturbation expansions in (strongly) coupled gauge field theories, we can
investigate the appearance of many loops Feynman diagrams. We can en-
code these loops as vertices of the decorated rooted tree representation of the
original Feynman diagram and then consider this sparse graph to generate
its corresponding graphon model. Decorated rooted trees, as simple graphs
with low densities, are useful to simplify Feynman diagrams and their com-
plicated formal expansions which have more densities than sparse graphs.
Generating non-zero graphon models for the infinite sequence of rooted trees
requires to apply renormalization methods on the canonical graphons and
the ground probability space. [29, 169, 170, 174]
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Lemma 2.3.3. For a fized probability space (2, uq), the algebraic combi-
natorics of each Feynman diagram can be encoded by a unique unlabeled
graphon class.

Proof. A rooted tree t is a finite, connected oriented graph without loops
in which every vertex has exactly one incoming edge, except one namely,
the root which has no incoming but only outgoing edges. We can put two
classes of decorations on each tree namely, vertex-labeled and edge-labeled.
The rooted tree representations of Feynman diagrams can be defined via the
grafting operator. The free commutative algebra generated by isomorphism
classes of non-planar rooted trees is actually the polynomial algebra gen-
erated by symbols ¢ where each symbol represents one isomorphism class.
The concatenation is the product and the empty tree is the unit for this
polynomial algebra. In addition, this polynomial algebra can be equipped
by a modified version of the renormalization coproduct given by

Ack(t) =T@t+t@T+ Y Re(t) @ Pu(t) (2.38)

such that the sum is taken over all admissible cuts ¢ on ¢ which divides the
tree into two parts. The part R.(t) contains the original root of ¢ and the part
P.(t) is a forest of subtrees. The resulting Hopf algebra Hck of non-planar
rooted trees is connected graded free commutative non-cocommutative finite
type. Decorations enable us to adapt this combinatorial Hopf algebra with
respect to physical theories. Each Feynman diagram I', which might contain
divergent Feynman subgraphs, is encoded by a decorated non-planar rooted
tree tp such that the root represents the full graph and each leaf is a divergent
subgraph which has no further subdivergencies. If the original graph has
overlapping subdivergencies, then we can replace the single rooted tree by
a sum of decorated rooted trees after disentangling the overlaps. Thanks to
these rules, we can embed the Hopf algebra Hpg(®) of Feynman diagrams
of ® into the decorated Connes—Kreimer Hopf algebra Hcok (®) as a closed
Hopf subalgebra. This embedding is encapsulated by the injective Hopf
algebra homomorphism

r kj

T 2) =Y Bt o ([[2(4) (2.39)

j=1 i=1

such that I' = Hf;l I'j x;ivj: and each Gj; is the gluing information. For a
given decorated non-planar rooted tree t, if the longest path from the root
to a leaf contains k edges, then the renormalization coproduct Ack(t) is
a sum of at least k + 1 terms. In other words, the decorated non-planar
rooted tree t represents an iterated integral with k£ nested sub-divergencies
while each vertex corresponds to a sub-integral without any sub-divergencies.
[65, 67, 68, 77, 88]

38



The phenomenology of non-perturbative QFT:

Ali Shojaei—Fard Mathematical Perspective

For any Feynman diagram I' without overlapping sub-divergencies, the
decorated tree tp := Z(T") is a simple finite weighted graph where thanks to
its corresponding adjacency matrix we can determine the labeled graphons
Wi, of the form (2.33) or (2.34). Set [Wy.] as the unlabeled graphon class
associated to tr. Up to the rearrangement, weakly isomorphic relation and
the embedding (2.39), we can show that the unlabeled graphon [W.].

For any Feynman diagram I" which has some overlapping sub-divergencies,
ur := E(T") is a linear combination of decorated non-planar rooted trees such
as ur = aqty + ... + apty. In this situation, the labeled graphons W, . can
be determined by normalizing or rescaling methods used on Wy s. For each
1 < i < n, the labeled graphon W;, is projected or embedded into the
subinterval I; of [0, 1] and then we have

Wy + ..+ W,
W, = h " 2.40
F(x7y) ‘th ++th‘ ( )

The subintervals I; are determined in terms of the grading value of rooted
trees and cut-distance topology. O

Remark 2.3.4. For each Feynman diagram I' and each natural number n > 2,
the graphon W,r is actually n copies of Wt inside the closed unital inter-
val. We can generate this graphon by measure preserving transformation
pn : x — nx on [0,1] which is not invertible with respect to the Lebesgue
measure. Therefore Wt and W, r are weakly isomorphic.

We use the phrase ”Feynman graphons” for this class of graphons which
provide an analytic generalizations for Feynman diagrams.

Definition 2.3.5. A sequence {I', },,>0 of non-trivial Feynman diagrams is
called convergent when n tends to infinity, if the corresponding sequence
{[Wi:., I}n>0 of non-zero unlabeled graphon classes is convergent to a unique
non-zero Feynman graphon class with respect to the cut-distance topology
when n tends to infinity.

Non-zero graphons, as the cut-distance convergent limit of the sequences
of sparse graphs, can be built in terms of applying rescaling or renormal-
ization methods to the ground probability space or canonical graphons.
[29, 174]

Suppose the unlabeled graphon class [W] is the convergent limit for the
sequence {[Wi. ]}n>0. If we consider the pixel picture representation of
the graphon [W], then we can associate an infinite tree or forest ¢ such
that Wy € [W] and W € [Wy]. Therefore [W] = [W;]. Thanks to the
homomorphism (2.39), it is possible to build an extremely large Feynman
diagram I'; with respect to the infinite tree or forest ¢t. This I'y can be
described as the convergent limit of the sequence {I',},>0 with respect to
the cut-distance topology. We can also show that this limit is unique up to
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the rearrangement, weakly isomorphic relation and the embedding (2.39).
[169]

Graphon models for Feynman diagrams in a given gauge field theory can
lead us to study formal expansions of Feynman diagrams in the context of
the theory of random graphs.

The study of random graphs was begun by Erdos, Renyi and Gilbert
when they were working on a probabilistic construction of a graph with
large girth and large chromatic number. After a short period of time, work
on random graphs G, ,, has been concerned by many mathematicians in
Combinatorics and Discrete Mathematics. Nowadays it is not difficult to
observe various applications of these combinatorial objects in many fields
in Mathematics and other applied sciences. Generally speaking, the theory
of random graphs aims to provide some results such as ”a combinatorial
property A almost always implies another combinatorial property B”. For
any integer value n and 0 < p < 1, a random graph G(n,p) is defined
by taking n nodes and connecting any two of them with the probability p,
making an independent decision about each pair. There are alternative ways
to build random graphs. As an example, consider £, ,,, as the collection of
all labeled graphs with the vertex set V = [n] = {1,2,...,n} and m edges
such that 0 < m < (g) To each G € L, ,, assign the probability

B(G) = oy (2.41)

In other words, start with an empty graph on the set [n] and insert m edges

in such a way that all possible ((7%)) choices are equally likely. The resulting
graph Gy, = ([n], Eym) is known as the uniform random graph. As other
example, fix 0 < p < 1 and for each graph G with the vertex set [n] and
0<m< (g) edges, assign the probability

P(G) = p™(1 - p)E). (2.42)

In other words, start with an empty graph with the vertex set [n] and con-
sider (g) to insert edges independently with the probability p. The resulting
graph G, , := ([n], E,, ) is known as the binomial random graph.

It is shown that the random graph G, with 0 < m < (g) edges is

the same as one of the ((:2;)) graphs that have m edges. For enough large n,
random graphs Gy, ,, and G, , have the same behavior whenever the number

of edges m in Gy, is very close to the expected number of edges of G, ;,

namely,
™)~ TP (2.43)
m = ~ . .
2 )P~ 72

2m
2

It is equivalent to say that the edge probability in Gy, should be p ~ <.
[79]
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Lemma 2.3.6. Fach labeled graphon determines a class of random graphs.

Proof. If we have a simple weighted graph G, then we can build a random
simple graph R(G) by including the edge with probability equal to its weight.
Thanks to this idea, suppose we have a labeled graphon W and finite subset
S = {s1,...,sp} in [0,1]. We can make a weighted graph G(S,W) with
|S| = n nodes such that the edge s;s; has the weight W (s;, s;). In general,
the random graph R(n,W) := R(G(S,W)) with respect to the weighted
graph G(S,W) is our promising graph such that S is a set of n points which
are selected independently from the closed interval. O

The random graphs R(n,W) are useful to approximate graphons W
associated to large numbers of points in the closed interval. It is shown
that with the probability 1, the sequence {R(n,W)},>¢ is convergent to
the graphon W with respect to the cut-distance topology when n tends to
infinity. [125]

Thanks to the discussed topics, it is time to observe some new appli-
cations of the graph function representation theory of Feynman diagrams
in dealing with expansions of these physical graphs in Quantum Field The-
ory. At the first application, we address a new interpretation of solutions of
Dyson—Schwinger equations in the context of sequences of random graphs
derived from partial sums of solutions.

Theorem 2.3.7. The unique solution of each combinatorial Dyson—Schwinger
equation can be described as the cut-distance convergent limit of a sequence
of finite Feynman diagrams.

Proof. The full proof is given in [169] and here we only address the main
idea. Suppose DSE be a combinatorial Dyson—Schwinger equation with the
general form (1.10) such that its unique solution is given by

Xpse = »_(Ag)" Xy, (2.44)
n>0

while g is the bare coupling constant and the generators X,, are determined
by the recursive relations (1.11). Make the new sequence {Y;, },n,>1 of partial
sums of the expansion ) - ,(Ag)" X, such that we have

Y = M) X1 4 oo + (Mg)" X (2.45)

It is shown in [19, 73] that the large Feynman diagram Xpgg belongs to a
completion of Hpg[[g]] with respect to the n-adic topology. We claim that
the sequence {Y};, };m>1 of finite graphs converges to the large Feynman dia-
gram Xpsg with respect to the cut-distance topology. For this purpose, we
can apply the n-adic metric and the graphon representations of the compo-
nents X,, to build a random graph with respect to each graph Y,,. It leads
us to associate a sequence {R(Y},)}m>1 of random graphs with respect to
the sequence {Y};, },,>1 which is cut-distance convergent to Xpgg. O

41



The phenomenology of non-perturbative QFT:

Ali Shojaei—Fard Mathematical Perspective

The structure of a modification of the Connes—Kreimer BPHZ renormal-
ization for large Feynman diagrams has been formulated in [169] where we
worked on a topological completion of the renormalization Hopf algebra of
Feynman diagrams with respect to the cut-distance topology. As the second
application, we work on Feynman graphon formalism to build a renormal-
ization program on the collection S®¢ under a topological Hopf algebraic
setting. This new approach enables us to proceed our knowledge about
non-perturbative versions of Feynman rules which act on large Feynman di-
agrams. For this purpose we explain the structure of a new Hopf algebra
derived from the renormalization coproduct on graphons.

Theorem 2.3.8. Thanks to the renormalization coproduct, there exists a
topological Hopf algebraic structure on the collection Sg;aphon of all unla-
beled graphons which contribute to represent (large) Feynman diagrams of a

physical theory ®.

Proof. We plan to equip S® with an enriched version of the renormal-

raphon
ization Hopf algebra Whicﬁ all; %ompleted with respect to the cut-distance
topology.

Thanks to Lemma 2.3.3, for each finite Feynman diagram I', we asso-
ciate the unlabeled graphon class [Wp]|. In addition, the unique solution
of each combinatorial Dyson-Schwinger equation DSE in S®*¢9 determines a
unique large Feynman diagram Xpgg such that thanks to Theorem 2.3.7,
this infinite graph can be interpreted as the convergent limit of the sequence
of partial sums with respect to the cut-distance topology. Therefore it does
make sense to replace objects of S®9 with large Feynman diagrams such as
Xpsk as the unique solution of the equation DSE. Thanks to Lemma 2.3.3,
we associate a unique unlabeled graphon class [WtXDSE] to the large Feyn-
man diagram Xpgp via its rooted tree (forest) representation. For simplicity
in the presentation, from now we use the notation [Wx] for this graphon
class.

It is possible to lift the renormalization coproduct (2.10) onto the level of
unlabeled graphons which contribute to the description of (large) Feynamn
diagrams. For a given finite Feynman diagram I' with the corresponding
unlabeled graphon [Wr], define

Agraphon ((WT]) = Z[W'y] ® [Wr/y] (2.46)

such that the sum is taken over all unlabeled graphon classes such as [WW,,]
associated to 7y as the disjoint union of 1PI superficially divergent subgraphs
of I.

Thanks to Theorem 2.3.7, for the unlabeled graphon class [Wx,] cor-
responding to the large Feynman diagram Xpgg, define its coproduct as the
convergent limit of the sequence {Agraphon([Wy;,]) }m>1 of the coproducts of
the finite partial sums with respect to the cut-distance topology.
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Now we can adapt (2.46) for the level of large Feynman diagrams and
define

Agraphon ([Wixpsp)) = Z[WT] ® [WXDSE/T] (2.47)

such that the sum is taken over all unlabeled graphon classes such as [Wy]
associated to Y as the disjoint union of 1PI superficially divergent subgraphs
of XDSE-

If we consider objects of Sgiaphon as generators of a free commutative
algebra, then thanks to (2.46) we obtain a bialgebra structure on Feynman
graphons which is graded in terms of the number of independent loops of
the corresponding Feynman diagrams. The unlabeled graphon class [1¥7]
corresponding to the empty graph is the unit for this bialgebra. The counit
is also defined by

(wr)) =4, ™ (2.48)

The existence of the graduation parameter is the key tool to define an

antipode map. For each finite Feynman diagram I', we have

Sgraphon([WF]) = _[WF] - Z Sgraphon([Wvu)])[sz)] (2-49)

such that Agraphon ([Wr]) = 22[Wa )1 @ Wy, |-

Thanks to Theorem 2.3.7, for the unlabeled graphon class [Wx,q] cor-
responding to the large Feynman diagram Xpgg, define its antipode as
the convergent limit of the sequence {Sgraphon([Wy;,])}m>1 of unlabeled
graphons of finite partial sums Y;, with respect to the cut-distance topol-
ogy. Since partial sums are finite graphs, their corresponding graphon type
antipodes Sgraphon([Wy;,]) can be obtained inductively by the coproduct
Agraphon Where we have

Sgraphon([WYm]) =—[Wy,.] - Z Sgraphon([WF(l)])[WF(z)] (2.50)

such that Agraphon ([Wy,.]) = 22[Wr )] @ [Wr |-
Now we can adapt the antipode (2.49) for the level of large Feynman
diagrams and define

Sgraphon([WDSE]) = _[WDSE] - Z Sgraphon([WT(l)])[WT(g)] (251)

such that Agraphon ((Wpsg]) = 22 [Wr,,] @ [Wr, -

Therefore Sg;aphon becomes a connected graded free commutative non-
cocommutative (not necessarily finite type) Hopf algebra. In addition, the
recursive structure of the coproduct (2.47) and the antipode (2.51) together
with their linear property allow us to show the compatibility of this Hopf

algebraic structure with the cut-distance topology. O

Feynman graphon models of Feynman diagrams allow us to show that
the space Sg]’raphon (given by Theorem 2.3.8) is completed with respect to
the cut-distance topology.
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Corollary 2.3.9. Let V be a compler vector space with a basis labeled
by coupling constants of a given Quantum Field Theory ®, and suppose
Diff (V') be the group of formal diffeomorphisms of V' tangent to the identity
at 0 € V and Hgg(V') be its corresponding Hopf algebra. The complex Lie
group Ggraphon((C) of characters on Feynman graphons can be represented by

Diff (V).

Proof. The Hopf algebra Hgig(C) of formal diffeomorphisms of C tangent
to the identity has generators such as a,, which play the role of coordinates

of
dx) =2+ an(p)a" (2.52)
n>2
such that ¢ is a formal diffeomorphism satisfying ¢(0) = 0, ¢/(0) = id. Its
coproduct is given by

Aan)(p1 ® ¢p2) = an(P2 0 ¢1). (2.53)

We can define a Hopf algebra homomorphism ¥ : Hgg(V) — Hpg(P)
with the corresponding dual group homomorphism W : Ga(C) — Diff(V).
The map ¥ maps the coefficients of the expansion of formal diffeomorphisms
to the coefficients in the renormalization Hopf algebra of the expansions of
the effective (or running) coupling constants of the physical theory as formal
power series in the bare coupling constants. As the consequence, for each
Dyson—Schwinger equation DSE with the corresponding Hopf subalgebra
Hpgg and Lie (sub)group Gpgg(C), we can define a group homomorphism
WUpse from Gpgg(C) to Diff(V). [46, 164]

Thanks to Lemma 2.3.3, we can embed Hpg(®) into the renormaliza-
tion Hopf algebra Sgiaphon of Feynman graphons. This allows us to lift the
map ¥ onto the level of Feynman graphons and build a new Hopf algebra

homomorphism W : Hgig(V) — Sgiaphon with the corresponding dual group

homomorphism T - Gg’raphon((C) — Diff (V). O

The construction of a canonical filtration on terms X,s of the unique
solution of a given Dyson—Schwinger equation has been explained in [121]
where each filtered term maps to a certain power of L in the log-expansion.
The original idea is to filter images of Feynman diagrams in a particular
universal enveloping algebra which generates a quasi-shuffle type Hopf al-
gebra. Thanks to Theorem 2.3.7 and Theorem 2.3.8, we aim to adapt this
filtration for large Feynman diagrams.

Theorem 2.3.10. Renormalized Feynman rules characters of the Hopf al-

gebra Sg;aphon filtrate large Feynman diagrams.

Proof. Set Hyorq as the vector space of words which contains Heger as the
subspace of letters. Set a commutative associative map © : Higtter X Hietter —
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Higiter as the Hoffman pairing which sends two generators a,b to another
generator ©(a,b) and adds degrees. Define the generalized quasi-shuffle
product ©¢g on Hyorq as follows

au Sg bu := a(u S bv) + b(au Se v) + O(a,b)(u Se v) (2.54)

which builds a commutative associative algebra with empty word I as the
unit. We can equip this algebra with the following coproduct structure

Word Z U@ U (255)

which gives us a bialgebra structure on Hyq with the counit ﬁword- The
length of each word determines a natural graduation parameter on this bial-
gebra which leads us to define an antipode recursively. As the consequence,
(Hword, ©0, 1, Ayord, ﬁword, Sword) 18 a graded connected commutative unital
non-cocommutative counital Hopf algebra [66, 87]. We have

Se O(Sword & ld) o Aword =68go (ld b2y Sword) o Aword = Hword o ﬁword- (256)

In this setting, the grafting operator on words allows us to add a letter to
the first place
B (u) = au. (2.57)

We can check that for each a, the grafting operators are Hochschild one-
cocycles. It is possible to embed the renormalization Hopf algebra of Feyn-
man diagrams into the Hopf algebra of words. This embedding is defined
in terms of the homomorphism v : Hpg(®) — Hyora determined by the
relations

V(H):Hworda @GO(V®V):VOm, ﬁwordoyzyoﬂ,

AworaoV = (¥ ®v)oApg, SwordoV =voS, B;;Loy:yijn. (2.58)

The morphism v sends each primitive Feynman graph ~, to a letter a,.
Thanks to Theorem 2.3.8, it is possible to lift the embedding v onto a
new homomorphism v which embeds the renormalization Hopf algebra of
graphons S2 araphon 1TO the Hopf algebra of words. It is enough to replace
each Feynman diagram I' with its corresponding unlabeled graphon class
[Wr].

Consider Dyson—Schownger equations for 1PI Green’s functions with the
general form

v
9 +/ v
=1+ E BT (X5 2.59
7v,res(y)=n Sy (7) ! ( ) ( )

such that B;L are Hochschild closed one-cocycles of the Hopf algebra of Feyn-
man diagrams indexed by Hopf algebra primitives v with external legs n,
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X7 is a monomial in superficially divergent Green’s functions which dress
the internal vertices and edges of . If we apply the renormalized Feyn-
man rules character ¢, to a Feynman graph which contributes to this class
of equations, then we can obtain a polynomial in a suitable external scale
parameter L = logS/Sy such that Sy fixes a reference scale for the renor-
malization process. At the end of the day, we can get a renormalized version
Gr(g,L,0) of Green’s functions. Lemma 2.3.3 and Theorem 2.3.8 are use-
ful to reformulate the equation (2.59) in the language of graphons as an
equation in the Hopf algebra S2 graphon” The embedding 7 enables us to lift
this graphon model Dyson—Schwinger equations onto their corresponding
equations in the Hopf algebra of words. We have

_ 1
XpsE,word = V([Wxpeg]) = Twora + Z 9" B XSSE(ZLQ) (2.60)

n>1

such that Xpgg word is the word representation of the unlabeled graphon
class [Wxpg] with respect to the large graph Xpgsg. We have Xpgp word =
Y n>09"%n such that each z, = v(X,) is determined recursively by the
relations

n
=Y B ( > 2y ©0 - 06 Zkpir)- (2.61)
m=

ki+..+kmi1=n—m, k;>0

We plan to explain the filtration structure on words and then by applying
the inverse of the embedding v, we can adapt it for the level of Feynman
graphon representations of large Feynman diagrams which contribute to
solutions of Dyson—Schwinger equations.

The canonical candidate for the filtration on words is built in terms of
the lower central series at the Lie algebra level where we need to apply the
theory of Hall sets and Hall basis. The Milnor—-Moore theorem ([144]) allows
us to build the graded dual Hopf algebra to Hyorq in terms of the universal
algebra of a particular Lie algebra.

A bilinear anti-symmetric map [.,.] on a vector space L over the field K
with characteristic zero defines a Lie algebra structure if it obeys the con-
ditions

Vee L: [z,x] =0,

Vo,y,z € Lo [z, [y, 2] + [y, [z, 2]) + [z [2, 4]] = 0. (2.62)

The lexicographical ordering enables us to build the Hall basis for the Lie
algebra £ [83, 84]. For a given ordering z; < 9 < ... < [x1,22] < ... on L,
define [z, 2'] as an element of a Hall basis for £ iff

- x,2' € L are Hall basis elements with = < 2/,

- if 2/ = [z1, 22], then 2’ > z5.

46



The phenomenology of non-perturbative QFT:

Ali Shojaei—Fard Mathematical Perspective

The unique universal enveloping algebra associated to L is defined in terms
of the tensor algebra (T'(£),®, 1) such that

T(L) == Lo (2.63)

n>0

Set
I'={s@xy—yc—[r,y])®t: z,yel; s,teT(L)} (2.64)
as a two sided ideal and then define the equivalent classes of the form
[t]:={seT(L): s—tel}. (2.65)

T(L)/I is actually the unique universal enveloping algebra U(L) generated
by £ where the product of this algebra is given by

my(c)([s] ® [t]) == [s @ 1] (2.66)

and [1] is the unit of this algebra. In addition, we can equip U(L) by a
graded Hopf algebra structure with the coproduct

Set Luwora as the Lie algebra corresponding to the Hopf algebra Hyorq-
Define the decreasing sequence

Loord =L£1> Ly > L3> ... (2.68)

such that £,11 is generated by all objects [z,y] with z € £ and y € L£,,. For
letters ay,ag, ...,0(a1,a2),... € Hietter, S€t X1, T2, ...,0(x1,22),... € L/Ls.
The duality between Hyopq and U(Lyord) can be determined by the unique
linear invertible map v such that

via;) = [z;i], v(©(ai,aj)) =[0(x;,x;)], v(aa;)=[z; ®z;],.... (2.69)

The universal enveloping algebra U (Lyord) is a filtered bialgebra.

Thanks to the structure of the quasi-shuffle product, we can build a
filtration algorithm where it requires to consider all words with length k
into the lexicographical order in terms of the concatenation commutator
with respect to the Hall basis which generates words with the length &£ — 1.
This procedure, which starts with the maximal length of words, should be
repeated for the full quasi-shuffle products of the k corresponding letters and
then insert them into the expression [121]. Now if we apply the inverse of
the embedding 7, then this filtration can be defined on Feynman graphons

and large Feynman diagrams which live in Sgaphon'
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Let us now apply renormalized Feynman rules characters on large Feyn-
man diagrams. The Hopf algebra homomorphism v sends the renormalized
Feynman rules character ¢, to

¥ = ¢pov L. (2.70)

In [121], it is shown that for each word w € Hyopq with the corresponding
[x] € U(Lyord), if * € T(Lyord) is also an element of the Lie algebra Lyorq,
then ¢, (u) maps to the L-linear part of the log-expansion of the renormalized
Green’s functions. In addition, we have

Yr(u©e v) = Pr(u).4r(v). (2.71)

For a given Feynman diagram I with the coradical degree rp, we have

Sy
¢r(D) =Y (0)L (2.72)
j=1
such that o
& =cVALND) (2.73)

while c?j : Hpg(®) ® .7 1M @ Hpg(®) — C is a symmetric function.
Thanks to the Hopf algebra homomorphism v which preserves the co-radical
degree, for any word u € Hyorq, Wwe have

Tu

bp(w) =y diL (2.74)

j=1

u v (u)
such that dj = ¢ .

Thanks to the graphon representations of Dyson—Schwinger equations
(Theorem 2.3.7 and Theorem 2.3.8), we want to lift the Feynman rules
character (2.72) onto the level of large Feynman diagrams.

In [121], it is shown that v, maps the shuffle product u; ©g...©0u,, to the
L"-term in the log expansion such that as the result, this process filtrates
coefficients X,, in the unique solution of each Dyson—Schwinger equation.
We lift this story onto the level of Feynman graphons where we have the
correspondences Yy, — [Wy, | for each m > 1 and Xpsg — [Wxpgs]. Now
the renormalized character 1, := &r o7~ ! can help us to map the formal
expansions » 1" uj, O@ ... O u;, of shuffle products of words corresponding
to the partial sums Y,, of Xpsg to a certain term in the expansion

Y
o (W, ]) = Z (0L (2.75)
j=1
such that o
c;“m — C?JA;;;hon([Wym]). (2.76)
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When m tends to infinity the sequence {cYm}m>1 of coefficients converges

to C DSE

(for each j) with respect to the cut-distance topology. In addition,
Feynman rules characters are linear homomorphisms which means that when
m tends to infinity, the sequence {&r([Wy,,]) }m>1 is cut-distance convergent
to ¢T([WXDSE])‘

Therefore for the infinite graph Xpgg, we can obtain the following formal
expansion as the result of the application of the renormalized Feynman rules

character ¢,.

_ "XDpsE . '
Or(Wxpsel) = D ¢ P5=(0) L (2.77)
j=1
such that
X 1
cj DR = c®]Aéraphon([WXDSE])' (2'78)
Suppose S® graphon, (i) is the vector space generated by those Feynman

graphons derived from solutions of Dyson—Schwinger equations. The con-
sidered Feynman graphons are filtered in terms of the canonical filtration
on their corresponding words. Namely, the filtration (i) can be defined by
applying 7 and 1[17 while the associated words map to a similar term ¢ in the
log-expansion (2.77). Set

¢7
Sgraphon 0) — Sgraphon (1 ) .. 2 S graphon, () .. 2 Sgrzfphon (279)

as the resulting filtration on all Feynman graphons which Contribute to solu-
tions of Dyson-Schwinger equations such that S graphon = UZ>0 graphon, (i) C
SP

graphon® 10 defines the graded vector space G® given by

g[O] Sgraphon (0)

g[l] graphon () / graphon,(i—1)> Vi>0 (280)
where we have
* =P (2.81)
i>0

We can show that G and S

raphon are isomorphic as vector spaces. O

Theory of words and quasi-shuffle products were studied in [87] where
the existence of Hopf algebra structures on words have been addressed. The
applications of shuffle type of products to Hopf algebraic renormalization
have been addressed in different settings [66, 109, 160, 165]. There is also
another alternative machinery ([160]) to lift Dyson—Schwinger equations in
S®9 onto their corresponding equations in the Hopf algebra of words. Ac-
cording to this approach, we apply the rooted tree representation of the
Connes—Marcolli shuffle type renormalization Hopf algebra Hy and then
embed Hy into an adapted version of the Hopf algebra Hcgk decorated by
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a particular Hall set. In this setting, we can address the question about
the existence of another filtration on Dyson—Schwinger equations originated
from Hopf algebra of words.

Thanks to the explained Hopf algebraic formalism we are ready to for-
mulate a generalization of the BPHZ renormalization machinery for non-
perturbative QFT in the context of Feynman graphons which will be dis-
cussed in the next part.

2.4 A generalization of the BPHZ renormaliza-
tion machinery for large Feynman diagrams
via Feynman graphons

In gauge field theories with strong couplings such as QCD, the size of the
coupling constant even at rather large values of the exchanged momentum
is in the range that the convergence of the perturbative expansion is slow.
Although in higher energy levels, the theory enjoys the asymptotic free-
dom property, several orders of perturbation theory should be concerned to
provide a greater accuracy where we need to deal with the evaluation of a
large class of higher order Feynman diagrams. We can address the correc-
tions to the quark self-energy as a complicated example in this setting. The
situation goes stranger when we deal with QCD in relatively lower energy
levels where non-perturbative aspects do appear. This is the level that we
need to build a powerful theoretical model for the study of interactions of
elementary particles. Thanks to the Hopf algebra structure S;aphon, which
encodes Dyson—Schwinger equations of a given physical theory &, in this
part we plan to build a topological Hopf algebraic renormalization program
for large Feynman diagrams in the context of the Riemann—Hilbert problem.
We describe the construction of the Connes—Kreimer renormalization group
at the level of Feynman graphons.

The renormalization Hopf algebra Hpg(®) of Feynman diagrams of the
physical theory ® encodes enough mathematical tools to explain the step by
step removal of sub-divergencies. The graded dual of this Hopf algebra iden-
tifies an infinite dimensional complex pro-unipotent Lie group denoted by
G4 (C). Feynman rules, which allow us to replace Feynman diagrams with
their corresponding Feynman integrals, are encoded by some elements of
Gg(C). This Lie group has been applied by Connes and Kreimer to describe
perturbative renormalization as a special instance of a general mathemati-
cal procedure of multiplicative extraction of finite values in the context of
the Riemann—Hilbert problem. According to this approach, the BPHZ per-
turbative renormalization can be described as the existence of the Birkhoff
factorization for loops such as 7, defined on an analytic curve C' C CP! (as
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the domain) which has values in G¢(C). It is shown that

Yu(2) = 7= (2) "t (2) (2.82)

such that -, 4 () is the boundary value of a holomorphic map from the inner
domain of C' to the group G¢(C) and v_(z) is the boundary value of the
outer domain of C' to the group Gg(C). In addition, v_ is normalized by
~v—(00) = 1. The renormalized theory is the evaluation of the holomorphic
part 7, + of v, as a product of two holomorphic maps 4 from the connected
components Cy of the complement of the circle C' in the Riemann sphere
CP!. For Dimensional Regularization, we are interested in an infinitesimal
disk around z = 0 while the curve C' is the boundary of this disk. Then we
have 0 € C and oo € C_. [43, 44]

Each regularized Feynman integral U*(I'(p1, ..., pn)) defines a loop v,,(2)
which allows us to lift the analytic formulation of the Birkhoff factorization
onto the level of affine group schemes. Set

K =C{z}[z7!], O, =C{z}, O, =C[z7]. (2.83)

It is shown that each character ¢ € G¢(K') has a unique Birkhoff factoriza-
tion ¢ = (¢_0S5)*¢ such that ¢ € Go(O1), - € Go(O2) ande_ogp_ = &.
The BPHZ renormalization procedure has been encapsulated in terms of the
deformed version of the antipode with respect to the Minimal Subtraction
scheme. We have

T 85 x¢(T) (2.84)

such that
Sﬁzms (F) = _Rms Ripns Z S¢ms F/’)/)) (285)

yCI'
Therefore _

St *0(0) = R(T) + 55 (T) (2.86)

such that
R(T) )+ D e(MUET/7) =o(T)+ > S (Me(T/7)  (2.87)

yCr ~vCDl

is the Bogoliubov’s operation. For any given Feynman integral U, (T),
the mathematical term Szms (I") generates the counterterm and the mathe-
matical term S}’;ms x ¢(I') generates the corresponding renormalized value.
[43, 44, 65, 78]

Each Dyson—Schwinger equation determines a commutative graded Hopf
subalgebra Hpgg of Hpg(®) where the morphism (1.14) allows us to have a
projection of the complex Lie group Gpsg(C) inside G (C). The Lie group
Gpse(C) has been applied to formulate the foundations of a new differential
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Galois theory for the computation of counterterms which contribute to the
renormalization of formal expansions in the solutions of Dyson—Schwinger
equations. Work on this Lie group has already provided global S-functions
with respect to solutions of Dyson—Schwinger equations to relate renormal-
ized values generated via different regularization schemes. The study of
Dyson—Schwinger equations in the context of this class of Lie groups have
also been lifted onto a categorical setting where the renormalization of any
given equation DSE can be encoded by objects of its corresponding neu-
tral Tannakian category RepGESE. In this setting, we can compute non-
perturbative parameters derived from the equation DSE in terms of a class
of equi-singular differential equations organized as a subcategory of the uni-
versal Connes-Marcolli category £M of flat equi-singular vector bundles.
[160, 162, 163, 164]

Thanks to Feynman graphon models, it is shown in [169] that the unique
solution of any given Dyson-Schwinger equation in S®9 is the cut-distance
convergent limit of the sequence of its corresponding partial sums. It al-
lows us to embed S®9 as a topological sub-vector space in Sgraphon- In
this part we plan to provide a new interpretation of the renormalization of
(large) Feynman diagrams in the context of the Hopf algebra Sg]’raphon of
Feynman graphons. We determine a new class of singular differential equa-
tions which contribute in the computation of non-perturbative counterterms

corresponding to renormalized Dyson—Schwinger equations.

Theorem 2.4.1. The Hopf-Birkhoff factorization process provides a renor-
malization program for each large Feynman diagram in S®9.

Proof. We build a renormalization program for Feynman graphons in the
Hopf algebra Sg;"aphon and then we pull back the results to the level of Feyn-
man diagrams and solutions of Dyson—Schwinger equations.

Thanks to Milnor-Moore Theorem ([144]), the commutative graded Hopf
algebra S;aphon (given by Theorem 2.3.8) determines the complex infinite
dimensional pro-unipotent Lie group Ggraphon((C). Choose Dimensional Reg-
ularization and Minimal Subtraction as the renormalization program where
the commutative algebra Ag, of Laurent series with finite pole parts encodes
the regularization scheme and the linear map Ry,s, which projects series onto
their pole parts, encodes the renormalization scheme. Set Loop(((}fgpﬂwh on(C), 1)
as the space of loops 7, on the infinitesimal punctured disk A*, around the
origin in the complex plane, with values in Ggraph on(C). These loops can rep-
resent unrenormalized regularized Feynman rules characters in Ggraphon((:)
which act on Feynman graphons. The Rota—Baxter property of (Aqy, Rms)
supports the existence of a unique Birkhoff factorization (v_,~;) which can
be lifted onto the level of Feynman rules characters of Feynman graphons to

achieve the factorization (gz;,, gz~5+) for Feynman rules character ¢. We have
¢*([Wr]) := ¢*(I) (2.88)
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as the modified version of the regularized Feynman rules character ¢* which
acts on Feynman graphons.

For a given Feynman graphon [Wx] corresponding to the unique solu-
tion of an equation DSE, set [Wy; ] (for each m) as the unlabeled graphon
classes with respect to the partial sums Y;, of the infinite graph X. Since
formal expansions Y;,s and their corresponding rooted tree representations
are sparse graphs, then we need to apply rescaling methods to obtain non-
zero Feynman graphon model for the solution X. Details about this subject
has been discussed in [169, 174]. Now if we apply the renormalization co-
product formulas (2.46), (2.47) on Feynman graphons, the renormalization
antipode formulas (2.50), (2.51) on Feynman graphons and also the Hopf
algebraic BPHZ process given by (2.85), (2.86), (2.87), then we can build

the sequence {Sﬁms([Wym])}mzl of Feynman graphons which is convergent
with respect to the cut-distance topology. We have

Sh ((Wx]) = limpooSh(Wy]) = limmse > S5 (W)
=1

= litsoe > ~Buns(G(Wx)) = Buns (Y S, (W DO(Wx, ])- (2:89)

i=1
The functional S}éms is the negative component of the Birkhoff factoriza-

tion of ¢. The term S}’;ms([Wx]) addresses the counterterm with respect

to the Feynman graphon [Wx]. We can also build the sequence {SQE

ms

&([Wy,,]) }m>1 of Feynman graphons which is convergent with respect to
the cut-distance topology. We have

Sp, % B(Wx]) = limpsoc S, $([Wy, ]) = limposoe 3 S5 % G(Wx,)
i=1

(2.90)

such that the convolution product x is defined with respect to the coproduct

Agraphon- The functional S}gms * q? is the positive component of the Birkhoff

factorization of ¢. The term S}éms « ¢([Wx]) addresses the renormalized
value with respect to the Feynman graphon [Wx]. O

Thanks to the filtration parameter on Feynman graphons on the basis of
the Hopf algebra of words given by Theorem 2.3.10, it is possible to define a
new one-parameter group {6;}; of automorphisms on Ggraphon((C) with the
infinitesimal generator

d
Tl =Y (2.91)
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such that Y sends each Feynman graphon [Wr] to its corresponding filtration
rank nyy;). In other words, for each character ¢,

< 04(}), [Wr] >:=< ¢, 0,([Wr]) > . (2.92)
)
grapho~n
ularized unrenormalized Feynman rules character ¢ on Feynman graphons.
Then we have

Lemma 2.4.2. Suppose the loop ,, € Loop(G (C), 1) encodes the reg-

Yetu(2) = Or=(1u(2))-
In addition, the limit

Ft - hmz—)O’Y— (Z)th(f)/— (2)71)

defines a mew one-parameter subgroup of Ggraphon((C) such that for each
t e R,

Vet put (0) = Ftry;ﬁL (0)

Proof. Thanks to the construction of the renormalization Hopf algebra of
Feynman graphons (given by Theorem 2.3.8) and Proposition 1.47 in [46],
we have the proof. O

More details about non-perturbative parameters generated by Feynman
graphon representations of solutions of Dyson—Schwinger equations have
been discussed in [169, 170, 174].

It is possible to lift the Connes—Marcolli geometric approach onto the
level of the renormalization Hopf algebra of Feynman graphons. For this
purpose we need to adapt the regularization bundle and then classify equi-
singular flat connections, which encode counterterms, in terms of the renor-
malization of Feynman graphons.

Proposition 2.4.3. There exists a bijective correspondence (independent of
the choice of a local reqular section o : A — B) between equivalence classes
of flat equi-singular Ggraphon((C)—connections on the regularization bundle
and elements of the Lie algebra ggraphon((j).

Proof. The regularization parameter in Dimensional Regularization can be
encoded by the punctured version of an infinitesimal disk A around the
origin z = 0. Set Pgraphon := (A x C*) x Ggraphon((C) as the trivial principal
bundle over the base space A x C*. Remove the fiber over z = 0 to obtain
the bundle Pgoraphon = A x C* —771({0}) x Ggraphon((C) as the regulariza-
tion bundle modified with respect to the renormalization Hopf algebra of
Feynman graphons.

A flat Gg’raphon (C)-connection w on PgomphOn is a gg’raphon (C)-valued one

form such that gcgbraphon((C) is the Lie algebra of the Lie group G2 (©)

graphon
which contains all linear maps [ : Sg;aphon — C with the property

HWr W, ]) = U(Wr, D)((Wr,]) + (W, DU[Wr,])- (2.93)
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The Lie bracket is given by the formula
[ll, ZQ]([WF]) =< ll ® l2 - l2 ® ll, Agraphon([w/vf]) > (294)

The one-parameter group {6;}icc of automorphisms of Ggraphon((j) can be
lifted onto the level of this Lie algebra.

A flat Ggraphon(((:)—connection w on Pgoraphon is called equi-singular if it
is Gy,-invariant and for any solution f of the differential equation Df = w
with respect to the logarithmic derivative, the restrictions of f to sections
o: A — A x C* have the same type of singularity.

Thanks to [46], the negative component of the Birkhoff factorization of
each vy, € Loop((GfgbmphOn (C), ) determines a unique element £ in ggraphon((:)
where we have

1-(z) = Texp( /0 oL (8)d). (2.95)

We can show that for each w € ggraphon(K ) with the trivial monodromy,

there exists a solution ¢ € Ggraphon(f( ) for the differential equation Dt = .

Two connections wi, wy with the trivial monodromy are called equiva-
lent if they are gauge conjugate by an element regular at z = 0. It leads us to
show that for equivalent connections w1, ws, the solutions of the differential
equations DY®! = w; and DY®2 = w, have the same negative components

of the Birkhoff factorization, namely,

YL =T, (2.96)

Thanks to (2.95), (2.96) and the Connes—Marcolli Classification Theorem
(given by Theorem 1.67 in [46]), each element [ € g;aphon((C) determines a

. . . @ . 0 .
unique class w of flat equi-singular Ggraphon((C)—connectlons on Pgmphon in

terms of a differential equation with the general form Dy, = @ such that

() = Texp(— [ (9)F) (2.97)

where u = tv, t € [0,1] and u"" is the action of G,, on Ggaphon((C). O

Proposition 2.4.4. The category EM encodes the renormalization group

corresponding to the BPHZ renormalization of large Feynman diagrams.

Proof. Thanks to Proposition 2.4.3, for the Hopf algebra S;aphon, we can
®

determine a family of flat equi-singular Ggraphon(C)—connections which en-
code counterterms on the basis of the S-functions. Thanks to [46], these

geometric objects form a new category 5§aphon which is recovered by the

category Repie,»  of finite dimensional representations of the affine group

graphon

scheme Ggr’;‘phon. In addition, the renormalization Hopf algebra Hpg(®)

of Feynman diagrams of the physical theory ® determines the category £®
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of geometric objects recovered by the category RepGg of finite dimensional
representations of the affine group scheme G3. Thanks to the explained
categorical formalism in [46], we can embed Repg; as a sub-category into

ECM Tt is shown that £M is isomorphic to the category Repy« such that
the complex Lie group U(C) can be described in terms of the Lie algebra
Ly generated by elements e_,, of degree —n for each n > 0 such that the
sum e = > e_, is an element of this Lie algebra. We can lift e onto the
morphism rg : G, — U. The universality of €M supports the existence of
a new class of graded representations such as

¥ : U(C) = Ggraphon(C)- (2.98)
Now the composition 9 o rg determines the renormalization group {F; }iec
at the level of Feynman graphons (i.e. Lemma 2.4.2). O

Lemma 2.3.3 and Theorem 2.3.8 enable us to embed Hrg(®P) into S;aphon
which leads us to define an epimorphism of affine group schemes from
Ggﬁ:phon to G%. In addition, the renormalization Hopf algebra of Feynman
graphons includes solutions of all Dyson—Schwinger equations in the physi-
cal theory ®. Therefore the category 5§aphon is rich enough to recover the
category £% and also, non-perturbative information of the physical theory.

As the summary, we have shown that the renormalization topological
Hopf algebra of Feynman graphons is capable to encode the renormaliza-
tion of Feynman diagrams and solutions of Dyson—Schwinger equations. We
have also embedded this graphon model of renormalization into the universal
Connes—Marcolli categorical setting where as the result, we can study Feyn-
man graphons under the differential Galois theory. In final, these achieve-
ments suggest the existence of a new unexplored interconnection between
motivic renormalization and Dyson—Schwinger equations in the context of

the theory of graphons.
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Chapter 3

Non-perturbative
computational complexity

e A parametric representation for large Feynman diagrams

e The optimization of non-perturbative complexity via a multi-
scale Renormalization Group

— A Renormalization Group program on S®9

— Kolmogorov complexity of Dyson—Schwinger equations
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The original motivation for the introduction of Feynman graphons is
to clarify and study infinities originated from non-perturbative aspects in
Quantum Field Theory with strong couplings via a new topological Hopf
algebraic renormalization program. From a physicist’s perspective, these in-
finities do not acceptable and applying some approximation methods are use-
ful for the production of some intermediate values such as running couplings,
N large methods, etc. Then the Physics of elementary particles and its phe-
nomenology shall be described in terms of those approximations. From a
mathematician’s perspective, we have a different story where it is possible to
deal with infinities under different settings instead of only removing them.
The Cartier’s cosmic Galois group as a universal group of symmetries is
useful for the analysis of divergencies in perturbative gauge field theories
to generate some new data about the behavior of these physical theories in
higher order perturbation terms. The motivic Galois group associated to the
renormalization Hopf algebra Sg]’raphon of Feynman graphons is useful to ana-
lyze divergencies originated from solutions of Dyson—Schwinger equations in
the language of singular differential equations on cut-distance topological re-
gions of Feynman diagrams. This motivic Galois group could be a practical
candidate to encode non-perturbative gauge field theories. In this chapter
we plan to show some new applications of Feynman graphon models in deal-
ing with the non-perturbative computations of physical parameters derived
from Dyson—Schwinger equations. Here we focus on finding a new para-
metric representation in the context of Tutte polynomials and other com-
binatorial polynomials for the description of solutions of Dyson—Schwinger
equations. This new combinatorial setting allows us to understand the graph
complexity of large Feynman diagrams in terms of the graph complexities
of partial sums. Then we explain the elementary foundations of the concept
of Kolmogorov complexity on the space of all Dyson—Schwinger equations
of a given strongly coupled gauge field theory. We define this complexity
in terms of a new multi-scale non-commutative non-perturbative Renormal-
ization Group on S®9¢ which governs the changing the scales of the bare
coupling constant g and running coupling constants. This platform is use-
ful to provide a new algorithm for the study of Dyson—Schwinger equations
under strong couplings in terms of sequences of Dyson—Schwinger equations
with lesser complexities. We try to show that this Renormalization Group
machinery can optimize the complexity of non-perturbative computations.
We show how this notion of complexity is related to the Halting problem in
the Theory of Computation. This study suggests a new contextualization
for the description of non-perturbative situations and their complexity.
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3.1 A parametric representation for large Feyn-
man diagrams

The original task in Quantum Field Theory is to compute correlation func-
tions (i.e. Green’s functions) in a (non-)perturbative expansion setting
whose terms are decorated by Feynman diagrams. Each term in this class of
expansions consists of a multiple ill-defined integral such that the integrand
is codified by the combinatorial information of its corresponding Feynman
diagram. Generally speaking, we can work in momentum space of D dimen-
sions such that a preliminary count of the powers of the momenta in the
integrands can report the possible superficially divergence in the integral.
In this situation, the renormalization program associates a counterterm to
each superficially divergent subgraph to finally produce a finite result by sub-
traction treatment. All superficially divergent Feynman subgraphs should
be considered under a recursive setting to assign a final finite value to the
full Feynman diagram. Studying Feynman diagrams via tree representa-
tions enables us to formulate perturbative renormalization theory under a
simplified universal setting. Furthermore, it provides also a combinatorial
reformulation of Dyson—Schwinger equations where we can study solutions
of these non-perturbative type of equations in the context of partial sums
of decorated non-planar rooted trees. [19, 73, 74, 110, 115, 187, 200]

In the previous sections we have shown that the unique solution of each
Dyson—Schwinger equation is described as the convergent limit of a sequence
of Feynman graphons with respect to the cut-distance topology. This for-
malism has been applied to lift the BPHZ renormalization program onto the
level of large Feynman graphs to generate some new expressions for the de-
scription of counterterms and renormalized values associated to fixed point
equations of Green’s functions. Using graph polynomials for the study of
Feynman integrals has played an important role in the computational pro-
cesses where this class of combinatorial polynomials can bring some power-
ful algorithms for the analysis of the behavior of these divergent integrals
([8, 21, 101, 102, 119, 135, 148, 185, 193]). In this section we show another
application of this graphon representation of non-perturbative parameters
where we deal with the concept of parametric representation of large Feyn-
man diagrams. We study solutions of Dyson—Schwinger equations in the
language of Tutte polynomial and Kirchhoff-Symanzik polynomials.

The Tutte polynomial, as a two variables graph polynomial, enjoys a
universal property which enables us to evaluate any multiplicative graph
invariant with a deletion/contraction reduction machinery [181, 182, 183,
184, 191]. This fundamental property provides the opportunity to demon-
strate how graph polynomials can be specialized or generalized. The Aluffi—
Marcolli approach has clarified the practical importance of Tutte polynomi-
als in dealing with Feynman rules characters and Feynman integrals under
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an algebro-geometric setting where a motivic perspective on perturbative
renormalization program has been formulated very nicely. [7, 8, 134, 135]

We first review the basic structure of Tutte polynomials on finite graphs,
its different reformulations and its universal property ([135, 182, 183, 184,
191]) and then we explain graph polynomials which can contribute to the
combinatorial representations of Feynman graphons of large Feynman dia-
grams.

A given (finite) graph G has a set V(G) of vertices and a set F(G) of
edges. Graphs G, G4 are isomorphic when there exists a bijection such as p
between the sets V(G1) and V(G2) such that for each edge uv in Gy, p(uv)
is an edge in G2 and vice versa. Subsets of the set of vertices or the set of
edges can give us subgraphs. For any subset A C E(G) of edges, the rank
r(A) and the nullity n(A) are defined by the relations

r(A) = [V(G)] = k(A), n(A):=|A] -r(A) 3.1)

such that x(A) is the number of connected components of the graph. In
general, finite graphs can be classified in terms of their numbers of non-
trivial connected components. A graph is called n-connected, if we should
remove at least n edges from the graph to obtain a disconnected graph.
Rooted trees, as fundamental tools for us, are connected graphs which have
no cycles or loops. They are non-trivial connected components of forests
as more complicated graphs. Sometimes working on subgraphs of a given
complicated (finite) graph enables us to clarify some fundamental properties
of the original graph. Spanning subgraphs are applied as one important
class of subgraphs for the construction of graph polynomials. A spanning
subgraph covers all vertices of the original graph with the optimum number
of edges.

The notion of ”dual” in Graph Theory enables us to build the algebraic
combinatorics of graphs. If we can embed a graph into the plane without
any crossing in edges, then the graph is called planar. Each planar graph
can separate the plane into regions known as faces. Faces are key tools for
the construction of the dual of a graph. For a given planar graph G, its
corresponding connected dual graph is built by assigning a vertex to each
face where there exist m edges between two vertices in the dual graph if the
corresponding faces of the original graph have m edges in their boundaries.
We denote G* as the dual of the connected planar graph G and it can be
seen that

(G*)* =G. (3.2)

There are two fundamental commutative operations on graphs namely,
deletion and contraction which enable us to build the algebraic combina-
torics of graphs. For a given finite graph G, we can build a new graph G \ e
as the result of deleting an edge e € E(G). This new graph has the same
set of vertices V(G) and the set of edges E(G) — {e}. We can also build
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another new graph G/e as the result of contracting an edge e in terms of
identifying the endpoints of the edge e by shrinking this edge. It is easy to
check that the deletion and the insertion on a self-loop edge determine the
same resulting graph.

Lemma 3.1.1. (i) For any given different edges e1,es of a given planar
graph G, the graph (G \ e1)/ea is isomorphic to the graph (G/e2) \ ey.
(ii) A planar graph and its dual have the same numbers of spanning trees.
(iii) The rank of a dual graph is well-defined. [182, 191]

The deletion or contraction of an edge determines a minor of a graph.
In more general setting, if a graph H is isomorphic to G \ A;/As for some
choice of disjoint subsets Ay, As of E(G), then it is called a minor graph. In
this setting, a class of graphs is called minor closed if whenever the graph
G is in the class, then any minor of G is also in the class.

Graph invariants are useful tools for the characterization of graphs in
terms of some particular properties. A graph invariant is a function on the
class of all graphs such that it has the same output on isomorphic graphs.
Graph polynomials (such as Tutte polynomials) are indeed some graph in-
variants such that their images belong to some polynomial rings.

There are several different (but equivalent) (re)formulations for Tutte
polynomials in terms of rank—nullity generating function method, linear re-
cursion machinery and spanning tree expansion method which was originally
applied by Tutte. The linear recursion form can be described as a collection
of reduction rules to rewrite a graph as a weighted formal sum of graphs that
are less complicated than the original graph. This method is useful to iden-
tify a collection of simplest or irreducible graphs. [135, 182, 183, 184, 191]

Definition 3.1.2. The Tutte polynomial T'(G;x,y) of a given (finite) graph
G is a two variables polynomial with respect to the independent variables
x,y which is defined in terms of the following recursive machinery:

- If G has no edge, then T'(G; z,y) = 1; otherwise, for any edge e € E(G),
-T(Giz,y) =T(G\ e;sz,y) + T(G/es 3, y),

-T(G;x,y) = 2T (G/e;x,y), if e is a coloop,

-T(Gyz,y) =yT(G\ e;z,y), if e is a loop.

We can see that if G has ¢ bridges and j loops, then its corresponding
Tutte polynomial is given by

T(G;z,y) =z'y. (3.3)

In addition, Definition 3.1.2 shows us that the Tutte polynomial of the
disjoint union of finite number of graphs can be defined in terms of the
Tutte polynomials of each graph in the union. In other words,

T(GL UG U...UGp;z,y) = T(Gry2,y).. T(Gp; z,y). (3.4)

61



The phenomenology of non-perturbative QFT:

Ali Shojaei—Fard Mathematical Perspective

We can redefine Tutte polynomials in the language of the rank—nullity
generating functions. They are (infinite) polynomials with coefficients which
can count structures which are encoded by the exponents of variables. In
this setting we have

T(Ga,y) = Y (¢—1)FEEE@ @ 1)), (3.5)
ACE(Q)

Remark 3.1.3. The Tutte polynomials of a planar graph G and its dual
graph G* can determine each other. This means that

T(Gsa,y) =T(G%y, ). (3.6)

We can also redefine Tutte polynomials in terms of spanning trees. In
this setting, we need to define a total order < on the set of edges E(G) =
{v1,...,u,} of a given graph G such as

v < 0> (3.7)

For a given tree ¢, an edge e is called internally active if e is an edge of ¢
and it is the smallest edge in the cut defined by e. We can lift this concept
onto the dual level where an edge u is called externally active if v & ¢ and it
is the smallest edge in the cycle defined by u. Now the Tutte polynomial of
the totally ordered graph G can be defined (independent of the chosen total
order) by the formal expansion

T(Gia,y) =Y tya'y (3.8)
i,

such that t;; counts spanning trees with internal activity 7 and external
activity j. [8, 101, 135, 181, 182, 191]

The most fundamental property of the Tutte polynomial is its univer-
sality under a graph invariant setting. This means that any multiplica-
tive graph invariant on disjoint unions and one-point joins of graphs which
is formulated via a deletion/contraction reduction can be described as an
evaluation of the Tutte polynomial. There are different notions for the gen-
eralization of the Tutte polynomials and here we address the one which is
useful for us. [8, 135]

Definition 3.1.4. Let & be the set of isomorphism classes of finite graphs.
A graph invariant F' from & to a commutative ring such as the polynomial
ring Cla, B,m, x,y] is called Tutte-Grothendieck invariant of graphs, if it has
the following properties:

- F(G) = n#* V(@) if the set of edges is empty,

- F(G) = 2F(G/e) if the edge e € E(Q) is a bridge,
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- F(G) =yF(G\ e) if the edge e € E(G) is a looping edge,
- For any ordinary edge, which is not a bridge nor a looping edge,

F(G) =aF(G/e) + BF(G \e), (3.9)

- For every G,H € 6, if GUH € & or Ge H € &, then F(GUH) =
F(G)F(H) and F(G e H) = F(G)F(H) such that the one-point join G ¢ H
is defined by identifying a vertex of G and a vertex of H into a new single
vertex of G e H.

The induction machinery can show that
T(GeH)=T(G)T(H), (3.10)

which means that the Tutte polynomial does not distinguish between the
one-point join of two graphs and their disjoint union.

The Tutte polynomial is a special version of the Tutte-Grothendieck
invariant which is independent of the choice of any ordering of edges of the
graph. We can show that for any given map f : & — R, if there exist
a,b € R such that f is another Tutte-Grothendieck invariant, then f can
be presented in terms of the Tutte polynomial such that we have

E(G)|-r(E(Q))ir(B(G 2o Yo

f(G) = al E@)]=r(E@)yr(E( ))T( I ;)_ (3.11)
Here we want to apply Feynman graphon representations of Feynman
diagrams in a given gauge field theory to build a new class of Tutte poly-
nomials which contribute to the combinatorial presentations of solutions
of Dyson—Schwinger equations. Our idea is to implement an efficient al-
gorithm for the computation of the Tutte polynomial T'(Xpgg;x,y) of the
unique solution of a given Dyson—Schwinger equation DSE in terms of han-
dling intermediate graphs (i.e. partial sums) and their corresponding Tutte

polynomials to avoid unnecessary recomputations.

Theorem 3.1.5. There exists a new class of Tutte polynomials with respect
to large Feynman diagrams.

Proof. We work on the unique solution Xpsg = > _,,~ Xn of a given Dyson—
Schwinger equation DSE under the coupling constant A\g = 1. Thanks to
Theorem 2.3.7, the sequence {Y;, },>1 of partial sums is convergent to Xpsg
with respect to the cut-distance topology.

Thanks to Definition 3.1.2 and the formula (3.8), for each m > 1, the
Tutte polynomial T'(Y;,;z,y) of the finite disjoint union graph Y,, := I+
X1+...4+X,, is defined in terms of the Tutte polynomials of the components
Xis. We have

m

m
TVmiz,y) = [[ TXis2,0) = [ D tigea™ v (3.12)
k=1 k=11,jk
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such that ¢;,;, is the number of spanning trees in X, with internal activity
i, and external activity jg.

We know that lim,, .~ Y;, = Xpsg with respect to the cut-distance
topology. It means that for each € > 0, there exists N, such that for each
mqy, mo > N¢, we have

d(Yimy Yimy) = dewt((Wy,,,, |, [Wy,,,, 1) <e (3.13)

Therefore

For each m, the Feynman graphon class [Wy;,] is determined in terms of
the rooted tree representations of Feynman diagrams X, ..., X,,, where dec-
orated rooted trees (or forests) tx,,...,tx,, are the only spanning trees (or
forests) in themselves. Thanks to the relation (3.14), for enough large or-
ders, unlabeled graphon classes corresponding to partial sums are going to
be weakly isomorphic while they converge to the unique Feynman graphon
class [Wxpqg]- It means that spanning forests of partial sums for enough
large orders tend to the spanning forest tx, of the unique graph limit
XDSE-

In addition, the Tutte polynomial for each arbitrary rooted tree t is given

by
T(t;z,y) = Z mIE(S)\(y + 1)|E(S)\*|L(S)\ (3.15)
sER(t)
such that R(t) is the set of all subtrees of ¢, |E(s)| is the number of edges
of a subtree s and |L(s)| is the number of leaves of a subtree s.

Now for the collection {[[,; T'(tx,; %, y)}}m>1 of Tutte polynomials, we
can define a collection {py, : [[rey T(tx, ;2 y) — [lie; T(tx,: 2, y) tm>1
of projections. Thanks to the universal property of the Tutte polynomial,
for any graph invariant 7' (which enjoys the properties in Definition 3.1.2)
together with the collection {f, : T — [[j ;T (tx,;2,y)}m>1, We can
define the unique map

o
F:T— [ T(tx,i20) (3.16)
k=1
such that f,, = pm o F. As the consequence, we can consider the direct
product [[;2, T(tx,;x,y) as the Tutte polynomial for the infinite tree (or
forest) txpqp-

If we replace rooted tree representations with the original Feynman di-
agrams, then we can build the Tutte polynomial for the large Feynman
diagram Xpgg in terms of the direct product over the Tutte polynomials for
simpler finite graphs (i.e. partial sums) {T(X;x,y)}r>1. We have

o
T(Xpse; 2, y) = [ [ T(Xe;2,v)- (3.17)
k=1

64



The phenomenology of non-perturbative QFT:

Ali Shojaei—Fard Mathematical Perspective

O

We can address here some interesting applications of this class of Tutte
polynomials in dealing with the complexity of non-perturbative parameters.

As the first application, it is possible to describe the complexity of a
large Feynman diagram Xpgg in terms of the complexity of finite Feynman
diagrams which live in partial sums Y,,, (m > 1). The complexity of Y, is
interpreted in terms of the number of different spanning trees (or forests)
which live in the graph. We can compute the complexity of Y,, under a
recursive algorithm where at each stage of the algorithm, only an edge be-
longing to the proper cycle is chosen. The algorithm starts with a given
graph and produces two graphs at the end of the first stage. By applying
the elementary contraction to a multiple edge, the resulting graph can have
a loop and therefore the procedure can be still continued. At each subse-
quent stage one proper cyclic edge from each graph is chosen (if it exists)
for applying the recurrence. On termination of the algorithm, we get a set
of graphs (or general graphs) none of which have a proper cycle. The com-
plexity of Y,,, is the sum of the number of these graphs. If we perform this
recursive algorithm for each Y, when m tends to infinity, then we can get a
sequence which presents the behavior of complexities when the partial sums
converge to Xpgg.

As the second application, we can interpret Feynman rules characters
of the renormalization Hopf algebra of Feynman graphons in the context of
deletion and contraction operators. This approach leads us to formulate a
universal motivic Feynman rule character on large Feynman diagrams.

Corollary 3.1.6. The Tutte polynomial invariant defines an abstract ver-
sion of Feynman rules characters on the renormalization Hopf algebra of
Feynman graphons.

Proof. Feynman graphon classes in Sg;aphon can recover finite Feynman di-
agrams and their finite or infinite formal expansions which contribute to
Dyson—Schwinger equations in the physical theory &.

For each unlabeled graphon class [Wr]| corresponding to a finite Feynman
diagram I", we can define its corresponding Tutte polynomial T'([Wr];z,y)
via

T([Wrl;z,y) :==T(L;2,y). (3.18)

Thanks to Proposition 2.2 in [8], the Tutte polynomial is multiplicative
over disjoint unions of finite (Feynman) diagrams. To see this property
requires to describe each connected Feynman diagram I' as a tree tr with
1PI graphs inserted at the vertices of that tree. Then we can compute the
Tutte polynomials of the resulting trees (i.e. formula (3.15)) to show that
the Tutte polynomial of the disjoint union of Feynman graphons [Wr, |, [Wr, ]
corresponding to finite Feynman diagrams I'1, I’y can be determined by the
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Tutte polynomial of the disjoint union of decorated trees tr, and tr, which
is multiplicative. So we have

T((Wr, U [Wr,Js2,y) =TT Uy 2, y) (3.19)

Z (1_ o 1)b0(51)+b0(82)7b0(111u112)(y o 1)b1(s1)+bl(32)

s=(s1,52)

= T(Ty;2,y)T(Co; 2,y) = T((Wr, | 2, )T ((Wrol; 2, y)
such that the sum is taken over all pairs s = (s1, s2) of subgraphs of I'; and
I'y, respectively where V' (s;) C V(I';), E(s;) C E(I';), bo(s) = bo(s1)+bo(s2).
Furthermore, for a finite connected Feynman diagram I', we have

r= (J 1, (3.20)

veV (tr)

such that I'ys are 1PI Feynman diagrams inserted at the vertices of the tree
tr. The internal edges of the tree tr are all bridges in the resulting graph
and thus

T(T;z,y) = Pt/ Uee By (tr) € T Y)- (3.21)

It is possible to lift this property onto the level of Feynman graphons where
the decomposition (3.20) can be described by the disjoint unions of Feynman
graphons. In other words, for each vi,...,v, € V(tr), set [Wr,] as the
unlabeled Feynman graphon class with respect to the graph I';, such that

[WF] = [WFvl] ... u [WFW]' (322)

It means that the Feynman graphon [Wr] can be defined in terms of a
rescaled version of the linear combination of Feynman graphons [vaj]. In

ot heI‘ WY OrdS,
7=1 v;

B ’ 29:1 WFUJ' ’ .

Thanks to (3.18), the Tutte polynomial of each [vaj] is defined in terms
of the Tutte polynomial of the graph I';;. Then we have

Wr,, u..ur, (3.23)

T(Welie,y) = [T7(Wr, )i, y) (3.24)

which leads us to a Feynman graphon version of the relation (3.21).
Theorem 3.1.5 describes the Tutte polynomial of a large Feynman di-
agram Xpgg on the basis of the Tutte polynomials of the partial sums
{Y}m>1. The cut-distance convergence of the sequence of partial sums
to Xpsk and the universality of the Tutte polynomial enable us to lift the
properties (3.19) and (3.21) onto the Feynman graphon [Wx,,¢.]. It allows us
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to define the abstract Feynman rules characters on large Feynman diagrams
in terms of the Tutte polynomial where we have

U([WXDSE]) = T([WXDSE]; z,y) = T(XpsE; 7,Y). (3.25)
O

Now we explain the construction of another important class of combi-
natorial polynomials namely, the first Kirchhoff-Symanzik polynomials for
large Feynman diagrams.

The Feynman parametric representation of a given Feynman integral
U(T") can be described by the integration theory over a topological simplex
such as o, with respect to Feynman parameters w = (w1, ..., w,) € o, such
that n is the number of internal edges of the corresponding Feynman diagram
. If I = b1(T") be the first Betti number of I" (as the maximum number of
independent loops in the graph) and an orientation were fixed on the graph,
then we can define the circuit matrix 7 = (1;x)i such that e; € E(I") and
k ranges over the chosen basis of loops. If an edge e; belongs to a loop i
with the same/reverse orientations, then 7;; = 1 and n;;, = —1, respectively.
If the edge e; does not belong to a loop g, then n;; = 0. The arrays of the
corresponding [ x [ Kirchhoff-Symanzik matrix Mp(w) are given by

(M (w))ir = Z WiNikNir (3.26)
1=1

which defines a function Mr : A" —s A” w = (wy, ..., wn) — Mr(w) over
higher dimensional affine spaces. The first Kirchhoff-Symanzik polynomial
of the graph I' is then defined by the equation

U (w) = det(Mr(w)) (3.27)

which is independent of the choice of an orientation on the graph and the
basis of loops. This function on A", which is a homogeneous polynomial of
degree [, can be formulated in the language of spanning trees. We have

Up(w)=> " [ we (3.28)

TCT ¢ E(T)

such that the sum is over all spanning trees T of the graph I' and for each
spanning tree, the product is over all edges of I' that are not in the se-
lected spanning tree. We can show that this product is multiplicative over
connected components.

Now consider a large Feynman diagram X with the corresponding se-
quence {Y;,}m>1 of partial sums. For each m, we know that the first
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Kirchhoff-Symanzik polynomial of Y,, is the product of the polynomials
of each of its components which means that

Py, (w ﬁ (3.29)

where
Ux,(w)= > [ we (3.30)
T;CXj eg E(Ty)

such that the sum is taken over all the spanning forests T of X; and for
each spanning forest, the product is taken over all edges of X; that are not
in that spanning forest.

Thanks to the cut-distance convergence of the sequence {Yy, }m>1 to X,
for each € > 0, there exists N, such that for each m1,mo > N,, we have

d(Yimy s Yim,) = deut([Wy,,, |, Wy, 1) <e. (3.31)

Therefore
dcut([WYm1]7 [WYWLQ]) = O <:> [Wyml] ~ [Wym2]7 (3'32)

which means that for enough large m, spanning forests of Y, tend to the
spanning forests of the unique graph limit X.

Definition 3.1.7. The first Kirchhoff-Symanzik polynomial ¥ x (w) of the
large Feynman diagram X is defined as the convergent limit of the sequence
{Uy,, (w)}m>1 of the first Kirchhoff-Symanzik polynomials of finite graphs
Y,, = XiU...uX,, = X1+...+ X, with respect to the cut-distance topology.

We can present this polynomial by the expansion

=119x=> II w (3.33)
j=1

TCX e¢E(T)

such that the sum is taken over all the spanning forests 7" of X and for each
spanning forest, the product is taken over all edges of X that are not in that
spanning forest.

Lemma 3.1.8. The first Kirchhoff-Symanzik polynomial ¥ x (w) of the large
Feynman diagram X can be defined recursively in terms of the deletion and
the contraction operators.

Proof. Set
_0Vy
 Own,
as the deletion operator which is the result of deleting the edge e = e, from
the original graph. In addition, set

=Ty \e (3.34)

G :=VUx|y,—0 =¥x/e (3.35)
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as the contraction operator which is the result of contracting the edge e = e,
to a point in the original graph.

For each edge e which is not a bridge or self-loop in the large Feynman
diagram X, we can show that

Ux = wF + G (3.36)

such that weF collects the monomials corresponding to spanning forests that
do not include e. O

At the end of this section, we address a new application of the first
Kirchhoff-Symanzik polynomial for the study of polynomial invariants of
large Feynman diagrams and Feynman rules characters which act on Feyn-
man graphons.

For a given large Feynman diagram X with the corresponding first
Kirchhoff-Symanzik polynomial ¥ x(w), define

Vx = {w e A® := ﬁA”i ¥y (w) =0} (3.37)
i=1

such that the affine hypersurface complement A \ Vx enjoys the multi-
plicative property. We have
oo
AR\ Vx = []A™\ Vx, (3.38)
=1
such that n; is the number of internal edges of the Feynman diagram Xj;.
Consider the Grothendieck ring F of immersed conical varieties gener-
ated by the equivalence classes [V] up to linear changes of coordinates of
varieties V' C A% embedded into some affine space. These varieties are
defined in terms of homogeneous ideals with the usual inclusion—exclusion
relation R R o
V] =I[R+[V\R] (3.39)
for the closed embedding. Now we can define algebro—geometric Feynman
rules characters on the renormalization Hopf algebra of Feynman graphons.
It is an abstract Feynman rules character U - S;aphon — Agqr with the
general form

U(Wx]) = I([A®\ Vx]) (3.40)

such that [A% \ Vx]| is the class in F and I : F — Ag, is a ring homomor-
phism.

We can also define a new invariant of infinite Feynman diagrams in terms
of a generalization of the Chern—-Schwartz—MacPherson (CSM) characteristic
classes of singular varieties. The algebro—geometric Feynman rules have
been constructed in terms of a polynomial invariant originated from the
CSM characteristic classes ([7, 8, 135]) and here we plan to lift that study
onto the level of Feynman graphons.
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Corollary 3.1.9. There exists an extension of the CSM homomorphism for
the level of large Feynman diagrams generated by Dyson—Schwinger equa-
tions.

Proof. The existence of the CSM-homomorphism I3y, is another conse-
quence of the cut-distance topology and graphon representations of Feynman
diagrams.

For a given large Feynman diagram Xpgg as the unique solution of an
equation DSE, suppose V¥ x .. (w) is the first Kirchhoff-Symanzik polyno-
mial and VXDSE is its associated hypersurface. In addition, suppose 1VXDSE

is the function for Vy, ., C A® and A(P*) is the associated Chow group.
The natural transformation

1y +—a[P 4+ a1 [P'] + ao[P?] + ... € A(P™) (3.41)
XDSE
allows us to define
Gy, (T)=ao+aT+aT?+..+ayTV + ... (3.42)
XDSE
Now define
Iy F — Z[T),  [Vxpesl — GVXDSE (T) (3.43)
and extend it by linearity to achieve a group homomorphism. U

3.2 The optimization of non-perturbative com-
plexity via a multi-scale Renormalization Group

In Complexity Theory, the efficiency of an algorithm against a problem
is judged in terms of the algorithm’s capability in dealing with computa-
tional demands about quantities originated from the intrinsic complexity of
that problem. An algorithm is known as feasible if it has a polynomial-
time asymptotic scaling and it is known as infeasible if it has a super-
polynomial (typically, exponential) scaling. The calculations of quantum
field-theoretical scattering amplitudes at high precision or strong couplings
are infeasible on classical computers but recently, there are some research ef-
forts which aim to show that these calculations can be feasible on quantum
computers. Traditional calculations of scattering amplitudes in Quantum
Field Theory is on the basis of a series expansion in powers of the coupling
constant (i.e. the coefficients of the interaction terms) such that the running
coupling constant is taken to be small. Feynman diagrams provide an in-
tuitive way to organize this class of perturbative expansions where the loop
number is associated with the power of the (running) coupling constant. The
number of this class of combinatorial diagrams gives us a reasonable measure
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to evaluate the computational complexity of perturbative calculations. This
measure increases factorially in terms of the number of loops and the number
of external particles. Furthermore, if the amount of the coupling constant
is insufficiently small, then the perturbative machinery can not provide cor-
rect results while the series expansions are divergent or asymptotic even at
weak coupling constants. Indeed, if we include higher-order terms beyond
a certain point, then the approximations can be inappropriate. In fact, by
increasing the coupling constant, one eventually reaches a quantum phase
transition at some critical couplings such that in the parameter space near
this phase transition perturbative methods become unreliable. This region
can be studied under strong-coupling regimes.

Generally speaking, limits of computations and the efficiently comput-
ing of things are the most important topics in Theory of Computation and
Information Theory where people deal with the Halting problem as an un-
decidable type of problem which determines whether the program will finish
running or continue to run forever. Thanks to rooted trees decorated by
primitive recursive functions, Manin discovered a new reinterpretation of
the Halting problem in the context of the BPHZ perturbative renormaliza-
tion. He encapsulated the amount of (non-)computability in terms of the
existence of the Birkhoff factorization at the level of the renormalization
Hopf algebra of the Halting problem [63, 131, 132, 133].

Algorithms belong to the intermediate steps between programs and func-
tions which means that they are classified as substructures in the context
of Galois theory. This fundamental fact has already been applied to de-
scribe the foundations of a new categorical-geometric setting for the study
of (systems) of Dyson—Schwinger equations (as the generators of interme-
diate steps) in the renormalization Hopf algebra of the Halting problem
under Dimensional Regularization and the global g-functions. As the con-
sequence of this treatment, we already have the construction of a new class
of neutral Tannakian subcategories of the universal Connes—Marcolli cate-
gory EM which encode intermediate algorithms in the context of systems of
differential equations together with singularities. In addition, these subcat-
egories can address the existence of a new interrelationship between mixed
Tate motives and the Halting problem in Theory of Computation. Further-
more, thanks to the combinatorial reformulation of the universal countert-
erm, some new computational techniques for the study of the amount of
non-computability in the language of the theory of Hall words have been
obtained. It is now possible to analyze infinities or non-computability in the
Theory of Computation in terms of a renormalization theory on (systems)
of Dyson—Schwinger equations and vice versa. [63, 131, 167]

It is so difficult to have an optimal solution when we want to consider
a complex problem under a limited period of time. In this situation we
work on the construction of anytime algorithms by computing an initial
potentially highly suboptimal solution and then we improve the computed
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suboptimal solution as time allows.

The Kolmogorov complexity, as an uncomputable concept, aims to de-
termine the length of the shortest algorithm which produces an object as
the output of a procedure. For a given set ¥ of alphabets or letters, let
f be a computable function on the set of all possible strings generated by
elements in X. A description of a string o is some string 7 with f(7) = o.
The Kolmogorov complexity K is defined by

Kp(o) = {2 e (344
It is possible to modify this definition independent of choosing f where we
need to apply a universal Turing machine. In fact, there exists a Turing
machine U such that for all partial computable functions f, there exists a
program p such that for all y, we have U(p,y) = f(y). It enables us to
define K (o) as the Kolmogorov complexity of o. It is shown that for all
n, there exists some o with |o| = n such that K (o) > n. Such o is called
Kolmogorov random.

In this section, we plan to apply the graphon representation theory of so-
lutions of Dyson—Schwinger equations to build a new concept of complexity
of non-perturbative parameters in terms of the Kolmogorov complexity. We
will show that optimal algorithms in dealing with non-perturbative parame-
ters can be achieved by working on a multi-scale non-perturbative Wilsonian
renormalization group defined on the space S®9.

3.2.1 A Renormalization Group program on S*Y

One important method for the study of the dynamics of quantum systems
is changing the scales of fundamental parameters of the physical theory
such as momentum, energy and mass. Theory of Renormalization Group
aims to describe the behavior of quantum systems under this class of re-
scalings where the possibility of exchanging information from scale to scale
is considered under the fundamental principles of Quantum Mechanics. The
interpretation of the concept of mass in the context of time and distance by
using the Planck constant and the interpretation of the concept of time in
the context of distance by using the speed of light enable us to study the
dynamics of relativistic quantum systems under the re-scaling of the distance
parameter. In this situation, small distances and times are equivalent to
large momenta, energies and masses which produce divergencies in Quantum
Field Theory.

There is another important parameter in Quantum Field Theory which
encodes the strength of the fundamental forces. This parameter, which is
known as the coupling constant, appears in the interaction part of the La-
grangian where we encode information of physical theory in the language
of Green’s functions and Feynman integrals. The amount of the coupling
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constant has direct influence on the complexity of Green’s functions. As the
basic fact, in QED we deal with couplings smaller than 1 while in low energy
QCD we deal with couplings at the size of 1 or larger than 1. In theoretical
and experimental studies we study coupling constants under two settings
namely, the bare couplings and the running couplings. Running coupling
constants are the outputs of (dimensional) regularization and renormaliza-
tion schemes and they have been applied in high energy levels to generate
some intermediate quantities which are useful for the approximation of non-
perturbative parameters. Running couplings guide us to deal with changing
the scale of the momentum parameter where the Wilsonian model of the
Renormalization Group has been formulated.

Generally speaking, there are two different well-known approaches for the
formulation of non-perturbative Renormalization Group in Theoretical and
Mathematical Physics namely, Wilson—Polchinski framework and effective
average action. We can address following references [48, 103, 136, 145, 146,
149, 150, 154, 192] for the study of these methods and here we only review
their general facts.

In Wilson—Polchinski framework, Physics at very small scale corresponds
to a scale A in momentum space which is actually the inverse of a microscopic
length where the partition function is given by

Z|B] = / dpc,y (¢)exp( — / V(p) + / Bo) (3.45)

such that duc, is a functional Gaussian measure with a cut-off at scale A.
Now if we separate the field ¢, = ¢(p) into rapid and slow modes ¢, <, ¢, >
with respect to a scale k, then we can rewrite the partition function in terms
of these components which lead us to define a running potential V} at scale
k via performing the integration on ¢-. So we can have

2= [ duc,62)exp(- [ Vito) (3.46)

such that when k& < A, Vi involves derivative terms with any power of the
derivatives of ¢.. The Wilson—Polchinski equation is indeed a differential
equation for the evolution of Vj, with k such that the flow of potentials Vi (¢ )
do not contain all information on the initial theory and in addition, Vj(¢)
involves infinitely many couplings contrarily to perturbation theory that in-
volves only the renormalizable ones. In this method of non-perturbative
Renormalization Group there is no general achievement about the conver-
gence of the series of approximations that are used. In addition, the anoma-
lous dimension is depended on the choice of cut-off parameters that separate
the rapid and the slow modes whereas it should be independent of it.

In effective average action method, the basic idea is to build the 1-
parameter family of models for which a momentum depended mass term is
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added to the original Hamiltonian where we have

Z(B) = / D(x)exp( — H[g] — AH[9) + / Bg)  (3.47)

AHy[¢] = %/Rk(Q)(bq(b—q- (3.48)

For 0 < k < A, the rapid modes are almost unaffected by the cut-off function
Ri(q) (as a homogeneous to a mass square) which means that Ri(|g| > k) ~
0. Set

Wy[B] := logZy[B] (3.49)

with the corresponding Legendre transformation I'y[M (z)] = Fk[fB—V[(/xk)]. The

Renormalization Group equation on I'y is the differential equation of the
type
Oy = f(Tx). (3.50)

It is shown that by working on dimensionless and renormalized quantities,
the resulting non-perturbative Renormalization Group can be written inde-
pendently of the scales & and A. The geometry of the resulting Renormal-
ization Group flow from this framework supports the universality of self-
similarity and decoupling of massive modes.

In this part we address an alternative Renormalization Group platform
for the study of non-perturbative parameters in terms of changing the scales
of Dyson—Schwinger equations in terms of the rescaling of bare and running
couplings. Our study can provide a mathematical setting to exchange in-
formation among non-perturbative aspects under different scales. For this
purpose, we plan to build a new multi-scale Renormalization Group ma-
chinery on the space S®¢ of all Dyson-Schwinger equations in the physical
theory ® under different scales Ag of the bare coupling constant g.

The bare couplings are independent of any regularization and renormal-
ization schemes and therefore their rescaling can be helpful for us to approx-
imate non-perturbative parameters originated from Dyson—Schwinger equa-
tions under a universal setting. Using running coupling constants makes
some fundamental issues. On the one hand, running couplings are unoberv-
able. On the other hand, the most important mission of the Renormal-
ization Group is to show that the predictions for the observables do not
depend on theoretical conventions such as renormalization or regularization
schemes, the initial state, the choice of effective charge or the choice of
running coupling constants. Therefore different choices of these couplings
should be related to each other which means that search for an optimal
choice is very important. Our promising non-perturbative Renormalization
Group enables us to study Dyson—Schwinger equations under changing the
scales of bare couplings and running couplings not simultaneously but re-
lated to each other. We expect that this alternative machinery is helpful to

74



The phenomenology of non-perturbative QFT:

Ali Shojaei—Fard Mathematical Perspective

provide a theoretical algorithm for the determination of effective couplings
where the complexity of the corresponding Dyson—Schwinger equations will
be controlled in terms of changing the scale of the bare coupling constant.

Let XY be the collection of all interacting Lagrangians with coefficients
in the ring R[[g]], invariant under the change ¢ — —¢, and interaction parts
with the general form

1(6) == 3 1u(9) (3.51)

k>2

such that for all k, Iy = O(g) with respect to the bare coupling constant g.
Changing the scale of g allows us to obtain an effective Lagrangian at the
scale 7 < A of a Lagrangian L at the initial scale A. The interaction part
is the original source of Dyson—Schwinger equations and therefore the re-
scaling of the coupling constants lead us to rescale these non-perturbative
type of equations. The Renormalization Group with respect to this class
of momentum type rescaling enables us to discuss about the possibility of
exchanging information among rescaled Dyson—Schwinger equations.

For each k, set Fj, as the set of all smooth functions on the hyperplane
Zle v; = 0 in (V*)®F such that V is the Euclidean 4-dimensional space-
time. Define F' := [[;2, Fb; to formulate Green’s functions G given by

G:XIX My, — F, G:=(G2,04,...) (3.52)

such that
- M, is the set of scales of the momentum parameter,
- The value Gy at (L, \) is called the k-point correlation function of the La-
grangian L at the scale A,
- For each k, G is the formal expansion of amplitudes of all Feynman dia-
grams with £ external edges.

Dyson—Schwinger equations are actually formulated as the fixed point
equations of G with the general form

=1+ / LG (3.53)

such that I, is the integral kernel with respect to the (IPI) primitive Feyn-
man diagram .

Definition 3.2.1. An equation DSE’ in S®9 is called effective at the scale
7 of the original Dyson—Schwinger equation DSE at the initial scale A, if
the fixed point equation of the Green’s function G(L®,\) corresponding to
the equation DSE coincides with the fixed point equation of the Green’s
function G(L®,7) corresponding to the equation DSE’.

It is shown in [171] that we can build a unique effective equation at the
scale 7 for any equation DSE in S®9 at the original scale \ of the momentum
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parameter. It enables us to change the scale of the momenta of internal edges
of each term in the formal expansion of the solution of DSE.

In higher orders in perturbation theory we should deal with a large num-
ber of Feynman diagrams which cost us exponentially growing of the mo-
mentum scale. Therefore all orders in perturbation theory do not accessible
for any scale of the momentum parameter. The asymptotic freedom behav-
ior of QCD at very high energies enables us to study Physics of hadrons
under perturbative setting. At a relatively low energy scale, coupling con-
stants become too large where non-perturbative situations of the physical
system can be observed. Running coupling constants, as the functions of
the momentum parameter, describe the strength of the interactions among
quarks and gluons. The determination of this class of couplings has very
uncertainty nature which makes so many computational and phenomeno-
logical difficulties. Dimensional Regularization allows us to replace the bare
coupling constant with a class of scale depended couplings. The ultraviolet
divergencies are eliminated by normalizing the coupling at a specific mo-
mentum scale. In addition, the ultraviolet cut-off dependency is removed
by allowing the couplings and masses in the Lagrangian to have a scale
dependency. Therefore we can produce running couplings in terms of nor-
malizing them to a measured value at a given scale. This normalization of
the coupling to a measured value makes the running coupling to not have
sensitivity to the ultraviolet cut-off. The scale dependency of the strong
coupling can be controlled by the S-function as the infinitesimal generator
of the Renormalization Group. [51, 137, 138]

However we plan to apply effective Dyson—Schwinger equations under
different rescaling of the bare coupling constant and running coupling con-
stants to define a new multi-scale Renormalization Group on the space S®9
to analyze the behavior of rescaled Dyson—Schwinger equations. This new
Renormalization Group is also useful to rescale running couplings in terms
of changing the scale of the bare coupling constant independent of any reg-
ularization method.

Theorem 3.2.2. There exists a Renormalization Group machinery on S®9
which encodes the dynamics of Dyson—Schwinger equations under changing
the scales of the bare and running coupling constants.

Proof. Set Myunning @s the set of scales of the running couplings. For scales
A1, Az, A3 € Miynning such that Ay < Ay < Az, define the scale map RME
on S®9 which satisfies the property
running prunning _ prunning
RA1A2 RA2A3 — RAlAg . (354)
running

For each equation DSE, R, '\ "“DSE is the effective Dyson-Schwinger equa-
tion at the scale Ay of the equation DSE at the original scale A;. Now define
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an action of the semigroup RZY, on the space S®9 % My unmine given b
g <1 g8 y

ro (DSE, A) := (RY™™DSE, rA). (3.55)
The equation quﬁxingDSE is the rescaled version of the Dyson—Schwinger
equation DSE under the running coupling A while the equation

RIWADSE = (R "™ DSE, rA) (3.56)

is the corresponding unique effective Dyson—Schwinger equation in the ef-
fective Lagrangian L?A(g). The resulting Renormalization Group allows us
to study the dynamics of Dyson—Schwinger equations under the rescaling of
the running couplings.

Set Mpare as the set of scales of the bare coupling constant g. For scales
T1,72, T3 € Mpare such that 71 < 7 < 73, define the scale map RP2*® on S®9
which satisfies the property

RbareRbare _ Rbare (357)

T1T2 T2T3 T173 "

For each equation DSE in 8% define a new equation R**¢DSE which is the
effective Dyson—Schwinger equation at the scale m of the equation DSE at
the initial scale 7;. Now define an action of the semigroup RJ<F1 on the space
S®9 X Mpare given by

ro (DSE, 1) := (R¥*DSE, r7). (3.58)

The equation REf}fﬁDSE is the rescaled version of the Dyson—Schwinger equa-
tion DSE under the rescaled bare coupling constant r7 while the equation
RP2DSE := (RY¢DSE, r7) (3.59)

is the corresponding unique effective Dyson—Schwinger equation in the ef-
fective Lagrangian L®(rrg). The resulting Renormalization Group allows
us to study the dynamics of Dyson—Schwinger equations under the rescaling
of the bare coupling constant g.

Thanks to (3.55) and (3.58), we can define a new multi-scale renormaliza-
tion group on S®9 where it is possible to rescale the bare coupling constant
g — 7g before the application of regularization schemes.

Each triple (DSE, g, A;) in S®9 x Mpae X M unning Presents an effec-
tive Dyson—Schwinger equation such that its unique solution is a polynomial
with respect to the rescaled bare and running coupling constants. This poly-
nomial is an infinite formal expansion of Feynman integrals together with
the powers of the rescaled bare coupling constant bare coupling constant 7¢
(as the initial scale) such that each Feynman integral in the expansion is
defined in terms of the momentum parameter at the initial scale A.. Now
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we can define a new action of the semi-group R; on S® x Mo X M running
as the following way

Ao (DSE, 79, A7) == (RS ) (xrgany DSE, (ATg, AAL)). (3.60)
The equation RE‘;B{T% (g AT)DSE is the multi-rescaled version of the Dyson—

Schwinger equation DSE obtained by changing scales 7g — A7g and A, —
AN of the bare and running coupling constants. The equation

RO ALY (rgnnyDSE = (REMIS ) rganDSE, (ATg,AA;))  (3.61)

in S®9 is the corresponding unique effective Dyson-Schwinger equation in
the effective Lagrangian LfAT()\Tg). O

In Theorem 3.2.2, the equation RE‘/‘\‘S;A A (g, AT)DSE can be seen as the
unique effective Dyson—Schwinger equation at the multi-scale (7g, A;) of the
equation DSE at the original multi-scale (A7g, AA;). This means that this
new multi-scale Renormalization Group can generate observable running
coupling constants which are independent of any regularization or renor-
malization schemes. This fundamental property clarifies the universality
of this non-perturbative Renormalization Group with respect to generating
observable intermediate values for a given strong bare coupling constant.

Roughly speaking, the renormalization machinery enables us to redefine
the unrenormalized constants which exist in the Lagrangian in such a way
that the observable quantities remain finite when the ultraviolet cut-off is
removed. This machinery requires a new quantity p with the dimension of
a mass where all intermediate quantities are depended on u. The confine-
ment in QCD does not allow us to determine a natural scale for p. The
1 dependence of the coupling constant and various quark masses in QCD
force us to define running coupling constants and running masses where the
Renormalization Group equations can control the u dependence of the re-
sulting renormalized quantities. The running coupling constant g(u?) can
be studied in terms of the equation

2
2290 sy (3.62)

which leads us to )

2
9\H") = 257
) = GG /a)
such that the dimensional scale A is the scale at which the coupling diverges
and perturbation theory becomes meaningless. When the cut-off parameter

tends to infinity, 5(g(u?)) remains finite such that in perturbation theory
we have

(3.63)

Blg(u?) = —g(1®)*(Bo + Brg(?) + Bag(u?)* + ...). (3.64)
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The Renormalization Group machinery defined by Theorem 3.2.2 is non-
commutative because the scale of the momentum parameter is completely
depended on the chosen rescaling of the bare coupling. It encodes the dy-
namics of non-perturbative aspects of quantum systems by Dyson—Schwinger
equations under different running coupling constants derived from changing
the scales of couplings.

Dimensional Regularization or other regularization schemes can change
the nature of the bare couplings to describe QFT under a perturbative
setting but it fails to be functional in higher orders. Theorem 3.2.2 enables
us to generate a new class of running couplings in terms of the rescaled bare
coupling which are independent of any regularization process. Therefore the
resulting running couplings preserve the nature of the bare coupling which
means that they have physical meanings.

The one important application of this multi-scale Renormalization Group
together with Feynman graphon models is a new way for the description of
any strongly coupled Dyson—Schwinger equation DSE(g) in terms of a cut-
distance convergent sequence of Dyson—Schwinger equations under weaker
couplings Ag in the space S®9. This means that we can approximate
the complexity of non-perturbative parameters under the strong coupling
constant ¢ in terms of a sequence of complexities of solutions of Dyson—
Schwinger equations with lesser rate of complexities. In this setting, we can
compute the unique solution X (Ag) of the equation DSE(\g) for couplings
Ag < 1 as intermediate values for the approximation of the large Feynman
diagram X(g).

Corollary 3.2.3. For each large Feynman diagram X (g) = Y 09" Xm
derived from an equation DSE in S®9 at the strong bare coupling constant
g > 1, there exists a sequence of large Feynman diagrams at weaker effective
couplings which converges to X (g) with respect to the cut-distance topology.

Proof. Thanks to Theorem 3.2.2, we can build the sequence {R;’ar% DSE},>1

77,‘7“9
of Dyson—Schwinger equations with respect to the rescaled bare coupling

constants 27g for each n > 1 where the initial scale of the equation DSE
is at least 1.
For each n, Rsai DSE is an equation in S®¢ which has the unique

‘n+1
solution
mn > n
Y = g mX, .. 3.65

The scales 27 for each n > 1 provide an increasing sequence of effective
couplings derived from the bare coupling constant g where nL—f—l g < g. There-
fore for each n, the solution Y (15 9g) of the equation R];ar’% ,PSE is actually

‘n+1
a disjoint union of multi-loop Feynman diagrams which can be handled by

higher order perturbation methods. It remains to show that the sequence
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{Y (579) }n>1 is convergent to X (g) with respect to the cut-distance topol-
ogy. Thanks to Lemma 2.3.3, for each n > 1, we can associate a unique
unlabeled graphon class [Wy(#lg)] with respect to each large Feynman
diagram Y'(;%7¢). Thanks to Definition 2.3.5, it is enough to show that
the sequence {[Wy( }n>1 is convergent to the unlabeled graphon class
Wx(g))-

On the one hand, we can show that when n goes to infinity, the la-
beled Feynman graphons W(nLﬂg)m x,, and Wymx, —are weakly isomorphic

#19)]

for each m > 0. On the other hand, if we replace the Lebesgue measure with
the Gaussian measure in the ground probability measure of our Feynman
graphon model, then we can show that for a fixed n > 1, the labeled Feyn-
man grahons W(nL_H g X, and Wymx, ~are weakly isomorphic (or equivalent)
for each m > 0.

Therefore when m tends to infinity, labeled Feynman graphons I/Vy(nL_H 9)
and Wx 4) are also weakly isomorphic (or equivalent). U

Corollary 3.2.4. For any given strongly coupled Dyson—Schwinger DSE in
S®9, there exists a sequence of many-loop Feynman diagrams such that their
corresponding BPHZ counterterms and renormalized values converge to the
counterterm and the renormalized value generated by the renormalization of
the equation DSE.

Proof. Thanks to Corollary 3.2.3, there exists a sequence of Dyson—Schwinger
equations under weaker rescaled bare coupling constants \,g and running
couplings Ay, in S*9 with the corresponding sequence {T'y, }n>1 of their solu-
tions which is cut-distance convergent to the unique solution Xpsg(g). Now
apply Theorem 2.4.1 to each large Feynman diagram I',, to build sequences

{Sp (W, )}t (3.66)

and N
{8, d(Wr, ) bnx1 (3.67)

which are cut-distance convergent to ngs (Wxpen(g)]) and Sﬁms*é([WxDSE(g)]),
respectively O

Thanks to these investigations, the multi-scale Renormalization Group
defined by Theorem 3.2.2 is capable to optimize the computational proce-
dures in dealing with non-perturbative parameters. We consider this topic
in the next section where our main effort is to determine an order of com-
plexity on Dyson—Schwinger equations in a given strongly coupled gauge
field theory.
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3.2.2 Kolmogorov complexity of Dyson—Schwinger equations

In this part, we plan to build a new concept of complexity on the space
S®9 of Dyson-Schwinger equations of a given strongly coupled gauge field
theory @ in terms of our new multi-scale Renormalization Group (i.e. The-
orem 3.2.2). Then we use the Manin renormalization Hopf algebra of the
Halting problem for non-perturbative Feynman rules characters on Feynman
graphons to formulate a new way of computing non-perturbative parameters
in the context of the Halting problem for partial recursive functions on the
new constructive world S®9. The required structural numbering for this
new constructive world can be determined via our multi-scale Renormaliza-
tion Group (i.e. Theorem 3.2.2) and the density of rational numbers in real
numbers.

We define the Kolmogorov complexity of each Dyson—Schwinger equation
DSE in S®9 in terms of changing the scale of the bare coupling constant
where exchanging information among equations at different scales have been
encoded by our new non-perturbative multi-scale Renormalization Group.
We can generate partial recursive (or semi-computable) functions in terms
of increasing sequences of rational numbers which provide different rescaling
of the bare coupling constant and the momentum parameter. For example,
thanks to Corollary 3.2.3, define

w9 Zy x S¥9 —5 §%9. (n, DSE(g)) — DSE(nL_Hg) (3.68)

as a semi-computable function. It means that there exists an algorithm
which encodes the application of 49 on Dyson—Schwinger equations to gen-
erate effective equations under different running couplings. The equation
DSE(NL_,_1 g) is the effective Dyson—Schwinger equation Rii:f 9 generated by
changing the scale of the bare coupling constant in terms of the sequence
{aftnz1

Definition 3.2.5. The Kolmogorov complexity of an equation DSE(Ag) at
the scale A\g with respect to the function w9 (3.68) is determined by the
relation

Kus(DSE(M\g)) := Min{n € Z, : u?(n,DSE'(g)) C DSE(\g)}  (3.69)

such that the inclusion means that, up to the weakly isomorphic relation,

the large Feynman diagram XDSE’(% g) can be embedded as a subgraph

into the large Feynman diagram Xpgg(g)-
Lemma 3.2.6. There exists the Kolmogorov total order on S®9.

Proof. The Kolmogorov order of S®9 is defined as a bijection Kyq : S®9 —
Z4 which arranges all Dyson—Schwinger equations of the physical theory ®
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in the increasing order of their complexities K,¢s(DSE(\g)). Define

DSEl()\lg) =< DSEQ()\QQ) < Kug (DSEl()\lg)) < Kug (DSEQ(}\QQ))
(3.70)
It is possible to determine some constants ¢y > 0 such that for all Dyson—
Schwinger equations such as DSE(\g),

0K 49 (DSE(Ag)) < Koo (DSE(Ag)) < Ko (DSE(Ag)). (3.71)
O

This is actually the most simple example of this class of semi-computable
functions and we can generate other examples in terms of any arbitrary in-
creasing sequence of rational numbers, which provides some rescaling for the
bare coupling constant g and the running couplings, to define more general
semi-computable functions in terms of our new multi-scale Renormalization
Group. We have addressed a more general setting for the structure of the
Kolmogorov complexity in other research work and here we only focus on
the partial recursive (or semi-computable) function (3.68).

Thanks to Definition 3.2.5 and Definition 3.2.6, it is now possible to
consider S®9 as a poset such that for any given partial recursive map o :
S®9 — S®9 which generates a permutation, we can define a new map

0K, = Ky 00 0 K (3.72)
where it provides a permutation of the subset
D(ok,,) := Kys(Dom(o)) C Z,. (3.73)

Consider the equation DSE(Ag) € Dom(o) such that its corresponding orbit
oZ(DSE()\g)) is infinite. Set

K.s(DSE(\g)) := kg (3.74)
such that for each n > 0, we have
ok, o (kdse) = Kus (0" (DSE(Ag))) < cKys (n). (3.75)

In [130] it is discussed that for any partial recursive function f : Z* — Z*
and = € Dom(f) we have

K(f(z)) < ¢fK(x) < cja. (3.76)

We want to apply the inequality (3.76) for the Kolmogorov complexity of
Dyson—Schwinger equations defined by Definition 3.2.5 and bijection K.
Define

Y :={c"(DSE(A\g)): ne€Z;} (3.77)
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as a recursively enumerable subset of S®9 which plays the role of the domain
for a partial recursive function A : S®9 — Z, given by

A(DSE(7g)) =n, if ¢"(DSE()\g)) = DSE(7g). (3.78)
We then have

K, (n) = K4 (A(DSE(rg))) < ¢'Kus(DSE(rg)) = ¢'Kys (0" (DSE(Ag)))
(3.79)
such that as the consequence, it is possible to determine some upper and
lower boundaries for the permutation ok , such as

Ky (n) < ok, (kdsp) < c2Kyi (n). (3.80)

Lemma 3.2.7. Consider S®9 as the constructive world and equip this col-
lection with a total recursive structure of additive group without torsion with
the zero element 0. The Halting problem for any partial recursive function
f:Zy xS — S®9 can be described in the language of fixed points of
some permutations on Z, x S®9 derived from f.

Proof. Feynman graphon models of solutions of Dyson—Schwinger equations
enable us to define a total recursive structure of the additive group without
torsion on the constructive world S®9 11 {0} such that 0 is the zero element.
Now extend f to a new function

gr 2 Zy x (S*IU{0}) — (ST u{0}) (3.81)

such that
gr((n, X)) :=0, if (n,X) ¢ Dom(f). (3.82)

Now define a new permutation
T Ly X (S®IU{0}) x (STIU{0}) — Z, x (STIU{0}) x (ST L{0}),

Tp(n, (X,Y)) := (9¢(n,0), X + g¢((n,Y)),Y). (3.83)
We can check that finite orbits of 7 are fixed points of the permutation. It
leads us to build a new partial recursive permutation oy with the domain

Dom(oy) := (S*9 L {0}) x Dom(f). (3.84)

Thanks to [130, 132] and the definition of gf, we can show that the com-
plement to Dom(o) in the constructive world (S%9 L1 {0}) x (S%9 U {0})
covers the fixed points of 7¢. This process reduces the Halting problem for
f to the determination of the fixed points of 7. O
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For the constructive world S®9, the map u? given by (3.68), the map
0K, given by (3.72) and (3.73), the integer value ko given by (3.74),
define

K9 (DSE(A-2=g))
W (k) Jugz::; z - .
(s 707 2) = G 5+ D o
Corollary 3.2.8. - If the o-orbit of the equation DSE(Ag) € Dom(o) is
finite, then \I/(k:gSE, o,u9, z) is a rational function in the complex variable z.
All poles of this formal series, which are of the first order, live at the roots
of unity.

- If the o-orbit of the equation DSE(Ag) € Dom(o) is infinite, then
\If(kgSE,a, u9, z) is the Taylor series of an analytic function on the region
|z| <1 which is continuous at the boundary of this region.

(3.85)

Proof. Tt is a direct result of the discussions in [130, 132] where we need to
replace the constructive world Z, with S®9. O

Thanks to the Manin’s reconstruction of the Halting problem in the
language of the BPHZ renormalization program ([131, 132, 133]) and the
explained machinery with respect to the constructive world S®9, now it
is possible to relate the Halting problem for a given partial recursive map
f:7Zy xS8% — S®9 to our new version of the Kolmogorov complexity
of Dyson—Schwinger equations. For this purpose we reduce f to a partial
recursive permutation

o : Dom(of) € S*9 — Dom(o;) C S*9 (3.86)

to interpret the problem of recognizing whether a positive integer number
k belongs to the domain Dom(of) or not to the problem of whether the
corresponding analytic function W(k,of,u%, z) of a complex parameter z
has a pole at z = 1 or not.

Theorem 3.2.9. The BPHZ renormalization of Feynman graphons encodes
the Halting problem for a given partial recursive map f : Zy x S®9 — S®9.

Proof. Thanks to the construction of the renormalization Hopf algebra of
Feynman graphons Sgraphon and the BPHZ renormalization of large Feynman
diagrams, consider the character

Pk - Sg;“aphon — Aar, ok(Wxpspl) = \I](k]%SE’ of,u’, z). (3.87)
Thanks to the Birkhoff factorization on the regularization algebra Ag,, we
have Ag; = A4+ ®A_ such that A, is the unital algebra of analytic functions
in the region |z| < 1 which are continuous on the boundary |z| = 1 and
A= (1-2)71C[(1-2)71).

If we apply Lemma 3.2.7, Corollary 3.2.8 and discussion about the exis-
tence of a pole at z = 1 for the analytic function \IJ(kgSE, of,u?, z), then we
can determine whether kf)qp lives in D(of) or not. O
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The main reason of this important result is the existence of a class of
semi-computable maps such as u9 (for a given strong coupling g) which has
led us to define a modified version of the Kolmogorov complexity for Dyson—
Schwinger equations (i.e. Definition 3.2.5). The dynamics of the well-defined
map uf (3.68) can be studied by the multi-scale Renormalization Group ma-
chinery which is defined on S®9. We can define the Kolmogorov complexity
K, on Dyson—Schwinger equations with respect to other arbitrary elements
w of the set of Kolmogorov optimal functions. In this setting, the optimality
means that for any partial recursive v : Z, x S®9 — S®9 there exists a
constant ¢, ,, > 0 such that for each Dyson-Schwinger equation DSE(Ag),

Kou((n, DSE(Ag))) < cuKo((n, DSE(Ag)). (3.88)

Thanks to Corollary 3.2.3, relations (3.71) and (3.80) and Theorem 3.2.9,
which determines the amount of non-computability via the Halting problem
at the level of Feynman graphons, those semi-computable maps defined in
terms of the map R™* can be considered as the truth candidate to search
for the optimal option.
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Chapter 4

The dynamics of
non-perturbative QFT in the
language of noncommutative
geometry

e A spectral triple model for quantum motions

e A noncommutative symplectic geometry model for S;aphon
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Noncommutative Geometry studies geometric properties of singular spaces
on the basis of suitable coordinate algebras where point spaces are replaced
by (noncommutative) function algebras. The standard differential and inte-
gral calculi have been adapted to a more general setting in the way compat-
ible with the interpretation of variable quantities in Quantum Mechanics as
operators on the Hilbert space of states and spectral analysis. The interplay
between Algebra and Topology has been studied conceptually and contex-
tually under two general settings on the basis of the theory of Hopf algebras
(or quantum groups) and the theory of C*-algebras. In the resulting dictio-
nary, noncommutative C*-algebras, which are interpreted as the algebras of
continuous functions on some virtual noncommutative spaces, are the dual
arena for noncommutative topology. As the important consequence of this
interrelationship, the theory of spectral triples and the theory of noncom-
mutative differential graded algebras enable us to build the foundations of
differential and integral calculi in Noncommutative Geometry. [45, 54]

The idea of applying Noncommutative Geometry to Quantum Field The-
ory has already been considered and developed by different groups of math-
ematicians and mathematical/theoretical physicists where we can address
new models of gauge field theories or the mathematical foundations of Stan-
dard Model and its modified versions in dealing with elementary particles
[39, 46, 52, 55, 56, 127, 140]. Furthermore, thanks to the renormalization
Hopf algebra, some new applications of noncommutative geometric tools
in dealing with Dyson—Schwinger equations were found where two classes of
differential graded algebras had been formulated to describe the geometry of
quantum motions. The first class of differential graded algebras was built in
the way to determine a family of connections which encode quantum motions
independent of the chosen regularization scheme [161]. The second class of
differential graded algebras was built in the way to encode regularization
and renormalization processes of Feynman diagrams which contribute to so-
lutions of Dyson—Schwinger equations in the language of noncommutative
differential forms. This setting, which applies shuffle products and Rota—
Baxter algebras ([80]), has provided a new geometric interpretation of the
Connes—Kreimer renormalization group in the context of integrable systems
under a non-perturbative setting [166].

In this chapter, we plan to continue our search for some new applications
of Noncommutative Geometry to non-perturbative aspects ([171]). At the
first step, we explain the construction of a new class of spectral triples which
encodes the geometry of Dyson—Schwinger equations under an operator the-
oretic setting. This study provides the foundations of a theory of spectral
geometry for the description of large Feynman diagrams. At the second
step, we search for a new class of differential graded algebras on Feynman
graphons to build a noncommutative differential geometry machinery for the
description of physical parameters generated by large Feynman diagrams.
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4.1 A spectral triple model for quantum motions

Geometric objects associated to any n-dimensional C'*° manifold M such
as vector fields, differential forms, general tensor fields, vector bundles, Rie-
mannian metric, connections, curvature tensor, etc are encoded via the com-
mutative algebra C°°(M) (i.e. infinite times differentiable functions on M)
and some extra operators on this algebra. If we replace the algebra C*° (M)
with a noncommutative algebra A (such as the algebra generated by some de-
formation procedures on C*°(M)), then we can achieve the basic elements of
Noncommutative Geometry as a generalization of the standard commutative
geometry of manifolds. The basic pedagogical example of a noncommutative
space is given via Gelfand-Naimark Theorem where studying commutative
C*-algebras is translated to studying compact topological (Hausdorff) spaces
and vice versa. It leads us to a general idea that studying noncommutative
C*-algebras becomes to studying "noncommutative” compact topological
spaces. [45]

Classical Mechanics can be interpreted as the fundamental example of
a commutative geometry where the phase space of a system of N non-
relativistic particles is a 6N dimensional symplectic manifold M and the
physical observables, energy, angular momentum, etc are functions in C*°(M).
Quantum Mechanics can be interpreted as the fundamental example of a
model in Noncommutative Geometry where we should deal with a non-
commutative algebra of quantum observables consisting of operators on the
Hilbert space of states. The position operator () and the momentum oper-
ator P (as unbounded self-adjoint operators) satisfy the canonical Heisen-
berg’s commutation relation

PQ — QP = —ihl. (4.1)

The physical observables are represented by hermitian operators. If we apply
one-parameter unitary groups U, = e**F’ V; = €@, then we have the Weyl
form of the commutation relation namely,

UV, = e" MU, (4.2)

Set s =t =1 and A = —27wh to obtain the unitary bounded operators
U,V on the same Hilbert space which enjoy the property UV = 2™V U.
The noncommutative polynomial algebra A, generated by U,V together
with their corresponding adjoint operators where equipped with the opera-
tor norm is actually a noncommutative C*-algebra derived from Quantum
Mechanics.

Deformation quantization focuses on the construction of a noncommuta-
tive algebra of quantum observables in terms of defining some new noncom-
mutative type of products on the vector space C*°(M). The deformation of
the coordinates of space-time with respect to relations such as [Z#, "] = (0"
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is another machinery in this setting to build a Noncommutative Geometry
model.

In an alternative approach, Connes developed a formulation of differ-
ential geometry in terms of commutative algebras to build a noncommu-
tative generalization where we can consider a compact manifold of arbi-
trary dimension with a well-defined Riemannian structure which gives rise
to a first order differential operator known as the Dirac operator. It is
shown that the manifold, including the metric tensor, can be completely
reconstructed from the discrete eigenvalues of the Dirac operator such that
the properties of the spectrum can be encoded by a spectral triple which
contains some algebraic information. In summary, an ordinary compact
Riemannian manifold M is reinterpreted in terms of the spectral triple
(A= C>®(M),H = L*(.), D = iv,0z") which is called a commutative spec-
tral triple. Thanks to this setting, Connes achieved a new modified version
of the Gelfand—Naimark Theorem for compact Riemannian manifolds and
spectral triples. The generalization of this approach has led us to the con-
cept of noncommutative spectral triples where some new applications of
Noncommutative Geometry to the description of relativistic quantum the-
ory, elementary particles and space-time at the micro-scale Physics have
been discovered by mathematicians and mathematical /theoretical physi-
cists. As an example we can address the mathematical foundations of
Standard Model, its modified versions and perturbative renormalization pro-
gram on these physical theories in terms of noncommutative geometric tools.
[45, 46, 178, 179]

Here we plan to explain the structure of a new class of spectral triples
originated from solutions of Dyson—Schwinger equations. The resulting spec-
tral triples encode the geometry of those parts of Quantum Field Theories
under strong running coupling constants where quantum motions have com-
plicated non-perturbative behaviors.

In general, a spectral triple is a collection (A, H, D) of related mathemat-
ical structures such that A is a (unital) involutive algebra which is faithfully
represented on a given Hilbert space H via a representation 7. The operator
D is a self-adjoint operator acting on H with the compact resolvent. For
any a € A, m(a) maps dom(D) into itself. The operator [D,m(a)] extends
to a bounded operator on H.

Theory of Clifford algebras and spin structures have provided the foun-
dations of the algebraic reconstruction of the geometry of smooth (compact)
Riemannian manifolds in the context of the theory of spectral triples. For
a given n-dimensional (locally) compact C*°-Riemannian manifold M with-
out boundary, set A'(M) := I'(M,T:M) as the space of sections of the
complex cotangent bundle, which are differentiable 1-forms on M, with the
corresponding dual space X(M) := I'(M,Tc M), as the space of sections of
the tangent bundle, which are differentiable vector fields on M. The met-
ric g is therefore a C'°°(M)-valued symmetric bilinear positive definite form
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on A'(M) (or X(M)). The Cech cohomology theory of the algebra of Clif-
ford sections enables us to define spin® structures. Then we determine the
corresponding spin structures under Morita equivalent relation. A spin® con-
nection on a spinor module I'(M, S) is defined (compatible with the action
of the algebra of Clifford sections) as a Hermitian connection

Vi T(M,S) — AN (M) @cooary T(M, S). (4.3)

It is called a spin connection, if it commutes with the anti-linear charge
conjugation ¢ for each real vector field. The Riemannian distance on the
manifold M is determined in terms of the Dirac operator as a complex
linear operator such as D : I'(M, S) — T'(M, S) defined by the composition
—ic o V¥ such that

ce HOHlCoo(M)(B®F(M,S),F(M,S)) (44)

is given by ¢(p1,p2) := c(p1)p2 while B is the Clifford algebra bundle. It
is also possible to present this operator under a local setting in terms of
the spaces of vector fields and 1-forms. This explains the Dirac operator as
an essentially self-adjoint operator on its original domain, where we can see
that [D, f] = —ic(df) for any smooth function f. Thanks to this treatment
the relation

d(z,y) = sup{|f(y) = f(2)] : f € CF(M), [I[D, flll <1} (4.5)

describes the geodesic distance in terms of an unbounded Fredholm module
over the C*-algebra C*°(M) [45, 46]. Therefore all geometric information
of the manifold M can be encapsulated by the spectral triple

(C=(M),L*(M, S), D). (4.6)

Theorem 4.1.1. Consider {(An,Hp, Dm)}tm>1 as a countable family of
spectral triples with the corresponding family of representations {mm }m>1-
For each m, let ||.||,m be the norm on H,, and then choose {ouy }m>1 as a se-

quence of non-zero real numbers such that the sequence {||(14+a2, D2)) el [|m tm>1
converges to zero when m goes to infinity. There exists a spectral triple

(A® H®, D9) (4.7)

such that H® := @, < Hy,, D := @,,>1 @mDp with the corresponding
self-adjoint extension D®. In addition,

A% = {(am)m>1 € HAm :

SquElH“’M(GM)Hm < +o00, Squle[amDm=7"M((1M)mm < +oo}

such that for each a® € A%, 79(a®) == @5 Tm(am). [71]
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The graduation parameter on the renormalization Hopf algebra and Hopf
subalgebras generated by Dyson—Schwinger equations enable us to describe
the corresponding complex Lie groups G4 (C) and Gpgg(C) under projective
limits of Lie subgroups.

Generally speaking, for a given commutative (graded) Hopf algebra H,
let Spec(H) be the set of all prime ideals of H equipped with the Zariski
topology and the structure sheaf. This topological space accepts a group
structure generated by the coproduct of H. Under a categorical setting, the
functional Spec is a contravariant functor from the category of commutative
algebras to the category of topological spaces which leads us to define an-
other functional Gy = Spec(H) as a covariant representable functor from
the category of commutative algebras to the category of groups. For each
commutative algebra A, the Lie group Gy (A) = Spec(H)(A) is the set of
morphisms with the general form

p: H— A p(hihz) = e(h)e(hs), @(1n) = 14, (4.8)

which is equipped with the convolution product

@1 % pa(h) == mo (o1 ® pa) o Ap(h). (4.9)

Thanks to Milnor-Moore Theorem ([144]), the finite dimensional com-
plex Lie group GL,, of nxn matrices with non-zero determinants corresponds
to the Hopf algebra

HGLn = k[xi,j, t]i,j:l,...,n/det(xi,j)t -1 (410)

with the coproduct
Alwij) =Y i ® Ty (4.11)
S

It is shown that if the Hopf algebra H is finitely generated as an algebra,
then its corresponding affine group scheme is a linear algebraic group which
can be embedded as a Zariski closed subset of some GL,,. [139]

If we have a graduation parameter on the commutative Hopf algebra
H, then there exists a family {H,},>0 of commutative Hopf subalgebras
such that H = |J,,~o H, and for all n and m, we can find some k where
H, U H,, C Hj. Tt is called a finite type graded Hopf algebra if each
component of the grading structure is finitely generated as an algebra which
means that for each n, there exists the corresponding linear algebraic group
of the form

G, (C) = Spec(H,,)(C) < GL,y,, (C) (4.12)

for some m,,. These algebraic groups can generate the affine group scheme
Gp corresponding to the Hopf algebra H via the projective limit

Gy = lime_, Gy, (4.13)
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Theorem 4.1.2. There exists a class of infinite dimensional spectral triples
which describes the geometry of quantum motions in physical theories with
strong coupling constants.

Proof. We are going to build a spectral triple with respect to each Dyson—
Schwinger equation in S®¢ such that the bare coupling constant ¢ is strong
enough to produce non-perturbative situations. For simplicity in notation
we set g = 1 and suppose the large Feynman diagram Xpsg = ), ~cXn
is the unique solution of an equation DSE. It is discussed that terms X,
are generators of the free graded connected commutative finite type Hopf
subalgebra Hpgg(®) of the Connes—Kreimer renormalization Hopf algebra
Hpg(®) of Feynman diagrams graded in terms of the number of internal
edges. Present Hpgg(®) in terms of its graded components as follows

Hps(®) = | Hid(®). (4.14)
n>0

For each n, the finite dimensional Hopf subalgebra H](DnS)E(CD) determines
the finite dimensional complex Lie subgroup GSLS)E((C) which is embedded
as a closed subset of the linear algebraic group GL,,, (C) for some m,, with
respect to the Zariski topology. Thanks to (4.13), the complex pro-unipotent
graded Lie group Gpgg(C) is the projective limit of GgLS)E(C)S as closed
subsets of GL,,, (C)s.

For each m,,, GL,,, (C) is a finite dimensional Riemannian manifold with
the corresponding spectral triple

S(mn) = (COO(GLmn (C))7 LQ(GLmn (C)v S)a DGLmn ((C)) (4'15)

A restriction of this spectral triple enables us to build the spectral triple
corresponding to the complex Lie group G](;S)E((C). We present it by

S](DnS)E = (A](DnS)E7 H]()nS)E7 D]()nS)E)' (4-16)

Now consider the family {S](DnS)E}nZO of countable number of spectral triples
derived from components of the graduation structure of the Hopf subalgebra
Hpgge(®) generated by the equation DSE. Let {a;, },>1 be a sequence of non-
zero real numbers such that

{11+ a2(D§2)*) 2 [ln}ns1 (4.17)

(n)

converges to zero when n tends to infinity where ||.||, is the norm on Hpgp.
Apply Theorem 4.1.1 to achieve the infinite dimensional spectral triple

S = (ABse, Hoge, Dhsr) (4.18)
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originated from the five-tuples (AgLS)E,HggE,DI()nS?E,ﬂI()nS?E,an) for each n.

The norm of the Hilbert space H%SE is given by
[1-1¥ 2= supy||-]]n- (4.19)

In addition, we can check that the representation W]E)BSE and the commutator
[DEers mosr (Apsg)] are bounded where the sequence {ay, }n>1 controls the

behavior of the sequence {DggE}nzl- It means that

Z dim(KenggE) < 0. (4.20)

O

It is reasonable to name S]?SE as the non-perturbative spectral triple
with respect to the Dyson—Schwinger equation DSE.

Remark 4.1.3. If the coupling constant of a physical theory is weak enough
where higher order perturbation methods can handle solutions of Dyson—
Schwinger equations, then we can describe the geometry of this class of
quantum motions in terms of summing a finite number of finite dimensional
spectral triples.

Corollary 4.1.4. Fach non-perturbative spectral triple has a graphon rep-
resentation.

Proof. For a given spectral triple 51%9813 with respect to the equation DSE,
we can associate the unlabeled Feynman graphon class [W; XDSE] determined
by the labeled graph functions of the infinite tree (or forest) txq, corre-
sponding to the unique solution of DSE. U

The geometry of the underlying manifold determines the spectrum but
the main challenge is the possibility of recovering geometrical information
from the spectrum to determine completely the metric or the shape of the
boundary. While the answer to this challenge is negative but Noncommu-
tative Geometry can provide an operator theoretic setting to deal with the
theory of spectral geometry. The fundamental integral in Noncommutative
Geometry is described as the Dixmier trace which extends the Wodzicki
residue from pseudodifferential operators on a manifold to a general frame-
work which concerns spectral triples [45]. In other words, for a given spectral
triple, we have

/T = Ress—oTr(T'|D|™%). (4.21)

It is possible to adapt this integral to deal with the geometry of Dyson—
Schwinger equations. The construction of the non-perturbative spectral

triple Spqp (i.e. Theorem 4.1.2) shows that for each n, S](;S)E is a finite
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dimensional spectral triple. Actually, for each n > 1, S]()%E is the result

of the restriction of the spectral triple associated to the complex Lie group
Gl,, (C) for some my,. Therefore for each n > 1, the functional

a — Trt(a| DI |~ (4.22)

determines a differential calculus theory and spectral geometry with respect
to the Riemannian volume form for SI()%)E. This differential calculus is de-
scribing the geometric behavior of a quantum motion in terms of its ap-
proximation with respect to partial sums of the unique solution Xpgg of the
corresponding equation DSE. Thanks to this interpretation, we may have
chance to search for the existence of a noncommutative integral with the
general form

a® — Tr,, (a®|Dpgp|?) (4.23)

for some p > 1 and state w. This noncommutative integral, which is on the
basis of the Connes—Dixmier traces, can lead us to build a theory of spectral
geometry for large Feynman diagrams.

4.2 A noncommutative symplectic geometry model
for S?

graphon

We have discussed that for a given smooth manifold M with the corre-
sponding complex commutative unital *-algebra C'°°(M), it is possible to
reconstruct M together with its smooth structure and the objects attached
to the manifold (such as smooth vector fields) in terms of the spaces of
characters and derivations of the algebra C°°(M). The choice of the gen-
eralization method for the notion of module over a commutative algebra
when this algebra is replaced by a noncommutative algebra is related to the
choice of the noncommutative generalization of the classical commutative
case. There are some approaches to build the algebraic generalizations of
differential geometry such as Koszul framework. This framework is on the
basis of the space Der(A) of all derivations of a commutative associative
algebra A. A graded differential algebra (as the generalization of the al-
gebra of differential forms) determines another graded differential algebra
Chr(Der(A), A) of A-valued Chevalley—Eilenberg cochains of the Lie algebra
Der(A). The Koszul framework admits a generalization to the noncom-
mutative setting via differential calculus with respect to derivations. It is
actually the suitable differential calculus for Quantum Mechanics. In this
setting, an algebraic version of differential geometry in terms of a commu-
tative associative algebra A, A-modules and connections on these modules
have been designed. If we replace the commutativity of the algebra with
non-commutativity, then different classes of generalizations of the notion of
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a module over a noncommutative algebra can be resulted such as the notions
of left or right A-modules and left or right Z(A)-modules. [52, 53, 54, 56, 127]

The algebraic interpretation of Classical Geometry requires a commu-
tative setting where we have two options to fix the algebra. The first one
is the real commutative algebra Ag of smooth real valued functions where
its complexified extension is canonically a complex commutative *-algebra.
The second one is the complex commutative *-algebra Ac of smooth complex
valued functions where the set Ahermitian of its hermitian elements is a real
commutative algebra and thus Ac will be the complexification of Ahermitian

The algebraic interpretation of Quantum Physics requires a noncom-
mutative setting where we already have two classes of generalizations of
the algebra of real valued functions. The first one is the real Jordan algebra
Ahermitian o o1] hermitian elements of a complex noncommutative associative
*_algebra A. The second one is a real associative noncommutative algebra.
The most important challenge at this level is the choice of the mathematical
machinery to build a differential calculus theory. One generalization ap-
proach has been formulated by Connes in terms of theory of cyclic cohomol-
ogy of an algebra where the generalization of the cohomology of a manifold
in Noncommutative Geometry is actually the reduced cyclic homology of
an algebra which replaces the standard algebra of smooth functions. As we
know the computation of cohomology theory of classical manifolds is not a
unique way and furthermore, we can expect the construction of noncommu-
tative generalizations of differential geometry for which the generalization
of de Rham theorem fails to be true. These facts show that any cochain
complex, which has the reduced cyclic homology as cohomology, can not be
an acceptable generalization of differential forms. Thanks to these efforts,
the best candidate for the construction of a noncommutative differential cal-
culus is on the basis of the space of derivations as generalizations of vector
fields. This platform, which had been initiated and developed by Kozul and
Dubois-Violette, has already provided the foundations of a noncommutative
symplectic geometry for the study of quantum theories. [52, 56, 57, 99]

In a different story, the Connes—Kreimer Hopf algebraic renormalization
is the direct result of the existence of the Hopf—Birkhoff factorization on a
class of Lie groups. The original source of this particular factorization is
the multiplicativity of perturbative renormalization which is encoded by the
theory of Rota—Baxter algebras. The determination of a class of Hopf sub-
algebras via Dyson—Schiwnger equations together with the renormalization
of these equations under Dimensional Regularization had been applied to
build a class of Dubois—Violette’s differential graded algebras which encode
the geometric information of these equations in the context of noncommu-
tative differential forms. The basic idea in this approach is to associate a
noncommutative algebra to each equation DSE and then build a theory of
noncommutative (symplectic) geometry to encode the behavior of infinites-
imal characters corresponding to Feynman diagrams which contribute to
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the solution of DSE under the renormalization process. This platform is
also useful to formulate a new interpretation of the Connes—Kreimer non-
perturbative renormalization group in the context of quantum integrable
systems. [166]

Our main task in this part is to develop this new Hopf algebraic approach
and explain the construction of a noncommutative differential calculus the-
ory for the topological Hopf algebra S;aphon of Feynman graphons which is
originated from the BPHZ non-perturbative renormalization (i.i. Theorem
2.4.1) and the theory of Rota-Baxter algebras ([80]). The basic step is to
associate a (noncommutative) algebra to Sg;aphon and then build a theory
of noncommutative differential forms on this algebra. Our study can deter-
mine a new class of non-perturbative quantum integrable systems generated
by solutions of Dyson—Schwinger equations.

The BPHZ renormalization program is on the basis of Dimensional Reg-
ularization and Minimal Subtraction map R,,s which is an idempotent Rota—
Baxter map on the regularization algebra of Laurent series with finite pole
parts. We want to show that the application of each step of the BPHZ
renormalization program to Feynman graphons can determine a theory of
noncommutative differential calculus. These differential calculi are useful
to formulate some new geometric tools for the evaluation of solutions of

Dyson—Schwinger equations under the renormalization procedure.

Theorem 4.2.1. The Minimal Subtraction map Ry in the BPHZ renor-
malization of Feynman graphons (i.e. Theorem 2.3.8 and Theorem 2.4.1)
determines a noncommutative symplectic geometry model for the Hopf alge-

bra S2

graphon -

Proof. Consider Ag, := Ay @ .A_ as the algebra of Laurent series with finite
pole parts which encodes Dimensional Regularization (i.e. regularization
scheme) and R, as the linear map on Ag, which projects a series onto its
corresponding pole parts. The pair (Aqy, Rms) satisfies the conditions of a
Rota—Baxter algebra which enables us to define a new family of convolu-
tion products on the space L(SgraphomAdr) of linear maps in terms of the
following steps.
- Lift the map R, onto a new map R on L(Sg;aphon, Agy) defined by

R () := Bs © ¢. (4.24)

The pair (L(Sg;aphon, Agr), R) is a new Rota—Baxter algebra.

- Set R := Id — R and for each A € R, define a new class of Nijenhuis
maps Ry :=R — \R.

- Define a new family of products on L(S2

graph0n7Adr) with the general
form

B1 05 2 1= RA(01) *gr P2 + D1 *gr Ra(@2) — RA(@1 *gr d2) (4.25)
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such that *g is the convolution product with respect to the coproduct
Agraphon o0 Feynman graphons (2.46) where we have

Pr#ge2 ([Wr]) Z U1 (W) ((Wrn]), Agraphon ([WT]) = Z[WF/]®[WP/]-
(4.26)
The non-cocommutativity of the renormalization Hopf algebra of Feyn-
man graphons shows that the convolution product *g and new products oy
are noncommutative.
The Nijenhuis property of Ry shows that

Ra(¢1 01 2) = Ra(91) *gr Ra(d2) (4.27)
which supports the associativity of these new products.
Now set
CYPM™ = (L(Sgraphon: Aar). 03) (4.28)

as the unital associative noncommutative algebra generated by the Minimal
Subtraction map. For each A, the commutator with respect to o) determines

a new Lie bracket [.,.]) on the space L(Sgraphon, Aqr) given by

(91, P2]x = [Ra(d1), d2] + [¢1, Ra(P2)] — Ralé1, ¢2)- (4.29)

This class of Lie brackets is the key tool for us to build a new noncommu-
tative differential calculus on Cgraphon in terms of the following steps.

- Set Derg]raphon

linear maps such as 6 : CY — C3 which enjoys the Leibniz rule.
- The Lie bracket [., .| determlnes naturally the Poisson bracket {., .}, on

as the space of all derivations on Cgraphon. It has all

graphon graphon

C'fraphon. For each ¢ € Ciraphon, its corresponding Hamiltonian derivation
is defined by
ham(g) : & > {6, ¥} (4.30)
Set Hamgraphon as the 7 (C’fraphon)—module generated by all Hamiltonian
derivations on C’fraphon.
- Define
. raph n raphon
)\,graphon( g R F @Q)\ graphon g e ) d)\) (431)

n>0

as the differential graded algebra on Cgraphon For eachn > 1, Qg\"graphon(Ciraphon)
is the space of all Z(CEPhom)
Ham
differential graded algebra is the initial algebra C’fraphon. In addition, for

h,
each w € O o (CFP") and 6; € Hamg,, oy
gree one differential operator dy is defined by

-multilinear antisymmetric mappings from

hon
Cgrap
A

x .. x Ham? into . The zero component of this

A
graphon graphon

the anti-derivative de-

n

drxw (B0, ... 0n) = > (=1)* 0w (00, .., O, ..., )+
k=0
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> (=1 w((0y, 045,00, ., Or,y .., Os, oo, O) (4.32)
0<r<s<n
such that we have di =0.
Thanks to this differential graded (Lie) algebraic machinery, we can de-

termine a new class of symplectic structures generated by the Lie bracket
[.,.]r. Define

h
wy Hamg‘raphon X Hamé\raphon — CFrernen
W)\((g,(gl) = Zu, O\ ?}j Ox [fi7hj])\ (433)
i7j

such that {f1, ..., fans hi1y ooy B} © CEPPRN L0yt 01, ooy v} C Z(CEPROMY
and

60 => wjoxham(f;), 6 =) vjoyham(hy). (4.34)
i J
The differential form w)y is a Z (C’fraphon)—bilinear anti-symmetric non-
degenerate closed 2-form in Q%\’graphon(Cfraphon). For a given f € C’fraphon
with the corresponding symplectic vector field 9}‘, we have
{f,91x = igy(drg) (4.35)
such that
n .
ig(wodawi..dawn) = Y (1) wodrwr..0(w;)...drwn, (4.36)
j=1

is the super-derivation of degree -1. We can check that
{f,93x = igyigyeon. (4.37)
O

Theorem 4.2.2. The Dimensional Regularization in the BPHZ renormal-
ization of Feynman graphons (i.e. Theorem 2.53.8 and Theorem 2.4.1) de-
termines a noncommutative symplectic geometry model for the Hopf algebra
Sgi“aphon‘

Proof. There exists a universal setting for the construction of a new Nijen-
huis algebra from a given commutative unital algebra Ag,. We present the
product of formal series by m(f,g) = [fg] and consider the graded tensor
module T(Ag,) == @,,50 A} generated by expressions such as f1 ® fo ®
... ® fn. From now we name each series in Aq, as a letter and each sequence
U := fifa...fn of letters as a word with the length n. The empty word e
which has the length zero is the unit object in T'(Ag,).
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By induction we can define a new shuffle product on T'(Ag;) given by
JU@gV = fUegV)+g(fUV)—elfgl(UoV) (4.38)

which is unital and associative. The product (4.38) defines another new
quasi-shuffle product on T'(Ag;) := @nzl A?r" given by

fUO gV :=[fgl(UcV) (4.39)

which is also unital and associative.

The linear map B} on T(Aq,) sends each word U of length n to the
new word eU of length n + 1. Thanks to investigations discussed in [66],
the triple (T'(Aq4;), O, BJ) is th universal Nijenhuis algebra in a category of
Nijenhuis algebras generated by the initial algebra Ag,.

Now we can lift the linear map B. onto L(Sgiaphon’

T(Ag)) to define
the new Nijenhuis map

Nigraphon(¥) = B 0. (4.40)

The resulting Nijenhuis algebra is the key tool for us to build a new product
0y ON L(Sg;aphon,T(Adr)) defined by
¢1 Oy 1/}2 = Ngraphon (1/}1) *o 7/}2 + 7/}1 *o Ngraphon(¢2) - Ngraphon(wl *o 7/}2)
(4.41)
such that x5 is the convolution product with respect to the coproduct
Agraphon on Feynman graphons (2.46) and the product ©. We have

Preata((Wr]) = > r (W) ova (W), Agraphon((Wr]) = > [Wi]@[Wpw].
(4.42)
The non-cocommutativity of the renormalization Hopf algebra of Feyn-
man graphons shows that the convolution product %5 and the new product
o, are noncommutative. In addition, the Nijenhuis property shows that

Ngraphon (1/}1 Ou 1/}2) = Ngraphon (1/}1) *o Ngraphon(¢2) (443)

which supports the associativity of this new product.
Set B
cgravhon . — (1,82 T(Adr)),0u) (4.44)

graphon>

as the unital associative noncommutative algebra generated by Dimensional
Regularization. In addition, the commutator with respect to the product o,

determines a new Lie bracket [.,.], on the space L(Sg;aphon,T(Adr)) given
by

[¢1, T;Z)2]u = [Ngraphon(wl), 7112] + [7/)1 ) Ngraphon(w2)] _Ngraphon [¢1, 7112] . (445)

This class of Lie brackets enables us to build a new noncommutative differ-
ential calculus on CE*PM°" in terms of the following steps.
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as the space of all derivations on C%raphon. It has all
Cgraphon
u

- Set Dergiapnon
linear maps such as § : C&#Phon which enjoys the Leibniz rule.
- The Lie bracket [.,.],, naturally determines the Poisson bracket {., .}, on

CE¥PRON - For each ¢ € CE*PION it corresponding Hamiltonian derivation
is defined by

ham(¢) : p — {¢p, ¥} (4.46)
Set Hamg, 1o, as the Z (Cg=Phomy_module generated by all Hamiltonian
derivations on C&aPhon
- Define
Q.,graphon(cgraphon : @ Qu graphon Cgraphon)7 du) (447)
n>0

h
u,graphon (Cgrap OH)

as the differential graded algebra on CEraphon For eachn > 1, Q"
is the space of all Z (Cgraphon)—multilinear antisymmetric mappings from
Hamgraphon
differential graded algebra is the initial algebra
each w € Q7 graphon(C;%raphon) and ¢; € Hamy, o opon

gree one differential operator d,, is defined by

into CE®PP°" " The zero component of this
Cgraphon
u

n
x .. x Hamg,opon

. In addition, for
the anti-derivative de-

n

dyw (o, ..., 0,) := Z(—l)kﬂkw(ﬂo, Oy 00)+
k=0

Z ( )r+s ([9“9]%90,... 9 ---,93,---,911) (4-48)

0<r<s<n

such that we have d2 = 0.
Thanks to this differential graded (Lie) algebraic machinery, we can de-
termine a new class of symplectic structures generated by the Lie bracket

[., .Ju. Define

graphon

:H x Ham" — C%

amy, graphon

= Z Uz O Uj Oy [fl, h]]u (449)

graphon

such that {fl, cey fm, hl’ cey hn} C C«graphon’ {Uly ceey U, V1, ...,Un} - Z(Cz%raphon),

0 = Z u; o, ham(f;), 6 = Zvj o, ham(h;). (4.50)

J

The differential form w, is a Z (C’Eraphon)—bilinear anti-symmetric non-

degenerate closed 2-form in Q2 graphon(CEraphon). For a given f € Cgraphon
with the corresponding symplectic vector field 9?, we have
{f g}u = 29“( ug) (4'51)
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such that
n
ig(wodywi..dywn) = Y (1) wodywr ..0(w;)...dywn (4.52)
7j=1

is the super-derivation of degree -1. We can check that

{f: 9bu = dguiguwy. (4.53)
f 79
O

The modified version of the Connes—Kreimer Renormalization Group for
Feynman graphons is defined by Lemma 2.4.2 where we should apply the fil-
tration parameter on Feynman graphons given by Theorem 2.3.10. Thanks
to the built noncommutative differential geometry on ng“aphon’ we can pro-
vide a new geometric interpretation for the behavior of the Connes—Kreimer

Renormalization Group whenever it acts on large Feynman diagrams.

Lemma 4.2.3. Let {F;}; be the Renormalization Group on Feynman graphons
defined by Lemma 2.4.2. For each t and any large Feynman diagram X,
F,(X) is the convergent limit of the sequence {Fy(Xy,)}n>1 with respect to
the cut-distance topology.

Proof. Consider the loop v, € Loop(G;aphon((C), ) which encodes the Feyn-
man rules characters in the renormalization Hopf algebra of Feynman graphons
with respect to a given physical theory ®. For a given Dyson—Schwinger

equation DSE with the unique solution X = ano X,, we have
Mu(2)((Wx]) == Uj(X) (4.54)

such that Uj(X ) is a Laurent series as the regularized large Feynman integral
with respect to X. The one-parameter group {0;};cc sends the unlabeled
graphon class [Wx] to the filtration rank of the equation DSE (i.e. Theorem
2.3.10). The resulting Renormalization Group {Fi}; (i.e. Lemma 2.4.2)
is a subgroup of Ggraphon((C) which means that for each ¢, F; is a linear
homomorphism. On the other hand, thanks to Theorem 2.3.7, we know
that the large Feynman diagram X is the convergent limit of the sequence
of its partial sums with respect to the cut-distance topology. Therefore we
have

m
Fy(X) = F(limpmo0Yin) = Fr(limp o0 Y Xp) =

n=1

limy;, 500 Z Fy (Xn) = limy;, 00 Z lim, oy (Z)(Xn)atz (7:1 (Z)(Xn))

n=1 n=1

= limpsoolimz 0 - (2)(Xn)biz (v (2)(Xa)) (4.55)

n=1
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such that according to Proposition 1.47 in [46], for each ¢, Fy(X,) is a
polynomial in . O

Corollary 4.2.4. The non-perturbative Connes—Kreimer Renormalization
Group on Feynman graphons can determine an infinite dimensional inte-
grable system.

. L . h
Proof. We work on the unital associative noncommutative algebra C§ """ :=

(L(Sg;aphon, Agr),00) generated by the Minimal Subtraction map for A = 0.
Thanks to Theorem 4.2.1, consider the differential graded algebra

° raphon raphon
O,graphon(c’sg e ) = (@ Qg,graphon(Cbg e )7d0) (456)
n>0

with respect to the Lie bracket [.,.]o. Each character F}; of the Renormaliza-

tion Group {F;}; given by Lemma 4.2.3 is an object in the algebra Cgraphon.

Therefore the motion integral equation with respect to the character Fj, is
given by the equation

{f. Figlo =0 (4.57)

such that f € Cographon. Thanks to the existence of a noncommutative
symplectic form wy on CEPIM with respect to the Lie bracket [.,.]o (i.e.
Theorem 4.2.1), the motion integral can be determined by the equation

{f, Fio}o =igo igowo = wo(0%, ,932) = [f, F},]) = 0. (4.58)
Fro Uf 0

On the one hand, from the definition of the deformed Lie bracket [.,.Jo and
the idempotent Rota—Baxter property of (Agy, Rms), we have

{Et7 Fs}O = [Rms(Et)a Fs] + [Fta Rms(FS)] - RmS([Fh FS]) (4-59)

On the other hand, for each ¢, Fy([Wr]) is a polynomial in ¢ which means
that Rys(F;([Wr])) = 0 and in addition, for each s,t, FyxFy = F},s. Thanks
to these facts, we can observe that for each s,t,

{Fy,F}o =0. (4.60)

O

102



Chapter 5

A theory of functional analysis
for large Feynman diagrams

e The Haar integration on S*9 and its application

e The Gdéteaux differential calculus on S®9 and its application
— Feynman random graphs via homomorphism densities

— Differentiability
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This chapter aims to provide the foundations of a functional analysis
machinery for the study of large Feynman diagrams which contribute to
solutions of Dyson—Schwinger equations. We build an integration theory
and a differentiation theory for the functionals on the space S®9 with re-
spect to a given strongly coupled gauge field theory ®. The space S®9 can
be embedded into the Hopf algebra HEE(®) of (large) Feynman diagrams
topologically completed with the cut-distance topology. The space HEg (®)
consists of all Feynman diagrams and their corresponding finite or infinite
formal expansions where solutions of all non-perturbative Dyson—Schwinger
equations belong to the boundary region of this compact topological Hopf
algebra. As we have shown in the previous parts, this enriched Hopf algebra
of Feynman diagrams can be encoded in terms of the renormalization Hopf
algebra Sg;"aphon of Feynman graphons.

At the first step, we build a measure theory on S®9 where we equip
this space with a new topological group structure which leads us to a new
Haar measure integration theory for functionals on large Feynman diagrams.
Then we deal with some applications of the resulting measure space where
a new generalization of the classical Johnson—Lapidus Dyson series for large
Feynman diagrams will be obtained. In addition, we work on the con-
struction of a new Fourier transformation machinery on the Banach algebra
LY(S8®9, jifgaar) Which enables us to describe the evolution of large Feynman
diagrams on the basis of their corresponding partial sums under a functional
setting. At the second step, we concern the Gateaux differentiability of real
valued functionals on S;aphon where we obtain Taylor expansion represen-
tations for these functionals under some conditions.

Achievements of these steps can be adapted for the level of the topologi-
cal Hopf algebra H& (®). In other words, the promising differential calculus
and integration theory enable us to describe the dynamics of topological re-
gions of Feynman diagrams on the basis of the behavior of functionals with
respect to the built Haar integration theory and Géateaux differentiation
theory on Feynman graphons.

5.1 The Haar integration on S*9 and its applica-
tion

For a given physical theory ® with strong coupling constant g > 1, set
V(®) as the set of all vertices which appear in Feynman diagrams and their
corresponding formal expansions as interactions among elementary particles.
This infinite countable set allows us to count interactions independent of
their physical types. Set Ky (g) as the complete graph with V/(®) as the set
of vertices and all possible edges among these vertices except self-loops. The
collection {0,1}%v(®  as the family of all functions from Ky () to {0,1},
allows us to characterize Feynman diagrams which contribute to physical
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theory ®. Therefore, each (large) Feynman diagram I' can be determined by
its corresponding characteristic function xp which sends vertices v € Ky (¢)
to 1if v € I' and sends other vertices to 0. For each edge e € Ky (g), if Ve
be the set of vertices in V(®) which are attached to the edge e, then the
infinite Cartesian product Xc Ky @)P(KVE) has enough vertices and edges
to contain all Feynman graphs in H& (®).

Lemma 5.1.1. S®9 can be equipped with an abelian compact Hausdorff
topological group structure.

Proof. For a given Dyson-Schwinger DSE in S®¢ with the unique solution
Xpsg, we can associate the characteristic function yxpes € {0, 1}57@ to
DSE. The function xxg, allows us to identify vertices and edges which
contribute to the large Feynman diagram Xpgg. It means that we can embed
the collection S®9 into {0,1}*v® which is useful to define new addition
and multiplication operators on Dyson—Schwinger equations in terms of the
pointwise addition and multiplication of their corresponding characteristic
functions. These operators provide a vector space structure generated by
Xpsg for each DSE where as the result, we have a commutative Zs-algebra
structure on S®9.

In addition, we can also define a new binary operation on S*9 in terms
of the symmetric difference operator

(DSEl, DSEQ) — XDSE1 AXDSEQ‘ (5.1)

By adding the empty graph I to S*9 as the zero element, the pair (S®9, A)
is an abelian group which can be equipped with a compatible topology to ob-
tain a compact topological group. For this purpose, suppose a be a bijection
between Ky/(g) and the set of natural numbers N. For the fixed coupling con-
stant g > 1 and each € > 0, define a new map dg q,c : S¥9 x S%9 — [0,00)
given by

dy.0.(DSE;, DSEy) := > (g+ €)™ (5.2)

e€XpsE; AXDsE,

such that the sum is taken over vertices such as e which belongs to only
one of the large Feynman diagrams Xpsg, or Xpsg,. The map dg . is a
translation invariant metric such that dg e, and dg o, have the equivalent
topology.

The space S®9 together with the symmetric difference operator and
the topology generated by the metric dy o is a compact Hausdorff abelian
topological group. O

Thanks to the translation-invariant metric dy o . defined by Lemma 5.1.1,
for each equation DSE in S®¢ with the corresponding large Feynman dia-
gram Xpgg define

| XDSE [|g,a,e:= dg,a,e(l, XDSE)- (5.3)
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In this setting, a sequence {I';, },>1 of large Feynman diagrams in S®9 is
convergent to a unique large Feynman diagram I, if each indicator sequence
{1ecer, Jn>1 converges to the indicator 1leer for any e € Ky (g).

Theorem 5.1.2. The topological group S*9 can be equipped with the Haar
MEASUTE [Iaar -

Proof. Lemma 5.1.1 supports the existence of the unique Haar measure piyiaar
on S®9 originated from the compact topological structure. We build this
measure which is actually of the type Bernoulli probability.

Consider the product o-algebra ) . onS ©.9 generated by cylinder sets

Sty = Xrzr{L '} x {T'o} (5.4)

for each large Feynman diagram I'g corresponding to an equation DSEq in
S®9. For each large Feynman diagram I, the characteristic function yr is
useful to see I' as an infinite countable subset of vertices in Ky (g) which
contribute to the unique solution of the equation DSEr. Therefore each
function P € {0,1}%v@® can identify a new function P : S®9 — [0, 1] which
can be applied to define the measure p 5 on the o-algebra Zprod in terms of
the following steps.
- For finite intersections of cylinder sets Sr,, ..., Sr, , we have

pp(Sr, NS, N...NS,,) = HP(FZ) (5.5)
i=1

for large Feynman diagrams I'y, ..., I';; as solutions of Dyson—Schwinger equa-
tions DSEy, ..., DSE,, in S®9.

- The function pup is a probability measure on S®9 which can be pre-
sented with the general form

Hp = H Hp x- (5.6)
XeS®y9

Now we need to show that the measure i is the Haar measure. In other
words, we claim that the Haar measure is equal with 5 where P(X) =1/2
for each large Feynman diagram X € S®9.

For subsets Z1, Z3 of Ky (g), define

I(Z1,2;) == {DSE € 8*9: 7, C Xpsg, Z2 C Ky@)\Xpse}  (5.7)

and then consider the o-algebra ), generated by all sets I(Z,Z3). The
o-algebra ) is the same as the o-algebra generated by all sets I(Z7, Z3)
for disjoint sets Z1, Z. In addition, we have Sp = I(I, {T'}) which leads us

to show that 3° 4 = > 7.
Thanks to some standard methods in Analysis [158], we can determine

the unique translation-invariant probability measure pa.r on the compact
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topological group S®9. For a given large Feynman diagram X and a subset
Z of Ky (g), define
Z4+ X ={yUX: yeZ}. (5.8)

Then we can show that
I(Zl,ZQ) = I(]L VAl UZQ) + Zs. (59)

Thanks to this fact, for given large Feynman diagrams I'1, 'y, set I' = I';LTs.
Then we have

MHaar(I(Fla F?)) = ,U’Haar(I(Fly F2) + F?) = ,U’Haar(I(H, F)) (510)

which informs the translation-invariance.

In general, if (2, A) ba o-algebra generated by a subset C' C A which
is closed under finite intersections, then two probability measures on A are
equal if and only if they agree on C. If C has an algebraic structure which
is equipped by a probability measure p, then we can extend p to a unique
measure on A [158]. Now let the subset Z of Ky () can determine a finite
number of large Feynman diagrams I'q,...,I';,. Then as the set we have

§™ = | | 1(Z0, 2\ %) (5.11)
Z()CZ

which can be used to show that ppa., agrees with pg s2 on oz. In other
words,

PHaar([(Z1, Z2)) = 27" = py2(1(Z1, Z2)). (5.12)

It is also possible to check that o7 is equal with the Borel o-algebra
generated by all open sets in S®9 with respect to the metric dg o, For a
given bijection o : Ky () — N, set

En(a) :={e € Kyg): afe) <n}. (5.13)

For each large Feynman diagram X in S®9, set B(X,7, || . [lg.ac) as the
open ball in (8§%9, dg.a,c) with the center X and the radius . In addition,
for given disjoint finite subsets N1, No C N such that Ny UN, = {1,2,...,n},
define

I(N1, No) := I(a Y (Ny), a1 (Vo). (5.14)

Then we have

I(Ny, No) = Bla™ (N2), 27", || - llg.a2) | B(Kv @) \a " (N1),27", [ - llga2)
(5.15)
such that B(a™1(NV;),27™, || . |lg.a.2) is the open ball in (S®9,dy 4 g+e—2)
with the center a~!(NV;) and the radius 27",
Now a large Feynman diagram X € S®9 can be described as the con-
vergent limit of the sequence {I',},>1 such that I';, := X N E, ().
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Furthermore, we know that S®9 is a compact Hausdorff topological
group (i.e. Lemma 5.1.1). Therefore K C S®9 is compact iff ST9\K is
open. It shows that the o-algebra generated by all compact sets is the same
as the Borel g-algebra generated by all open sets. As the result, pgaar on
Oprod determines uniquely the Haar measure. Therefore pigaar = g /2- O

Theorem 5.1.3. For a given bijection «, the Haar measure of any ball of
the radius 0 < r < 1 in the normed vector space (S®9, || . ||lg.0.g+e=2) 5 7.

Proof. The proof is a direct result of Theorem 5.1.2 and the proof of Theo-
rem A in [98]. O

The resulting measure space enables us to initiate an integration theory
on the family of (large) Feynman diagrams which contribute to solutions of
Dyson—Schwinger equations of a given strongly coupled gauge field theory.
This integration theory can be interpreted in the context of the Riemann—
Lebesgue integration theory on the measure space (R, B(R)).

Theorem 5.1.4. The integration theory on the measure space (S*Y, fi1aar)
can be formulated in terms of the Riemann—Lebesgue integration theory on
real numbers with respect to the Borel o-algebra generated by all open sets.

Proof. Thanks to the structure of the topological group S*¢ (i.e. Lemma
5.1.1) where the norm | . [[44,2 (given by (5.3)) and the Haar measure
UHaar (given by Theorem 5.1.2) are defined on large Feynman diagrams, we
can adapt the proofs of Lemma 3.22 and Proposition 3.23 in [168] for large
Feynman diagrams to obtain the following results.

(i) We can show that the norm || . ||g.a,2 (as a real valued function on
S®9) is the Haar measure-preserving map.

(ii) We can show that for any Lebesgue integrable real valued function

fon [0,1], X
mmﬂmwmmzAfmm. (5.16)

(iil) We can show that for any integrable real valued function h on S,

1
mmmzéhmwwﬂ%mm. (5.17)

Therefore the Haar integration theory on (S‘D’g , Uiaar) can be described
by transferring the Riemann—Lebesgue integration theory from the unit in-
terval to the space of large Feynman diagrams. O

The rest of this section provides some applications of this integration
theory for functionals on the measure space (S®9, paar)-
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Consider a single quantum particle which moves in a given potential such
that its behavior can be studied by a class of functionals on C0,¢] given by

= exp{/ s))ds} (5.18)

where the complex valued function € on [0,¢] x R™ is the given potential. This
formulation is on the basis of the standard Lebesgue—Stieltjes measure while
under some conditions it is possible to formulate these functionals with re-
spect to other complex Borel measures. It has been shown that for each com-
plex number with positive real part A, the operators K (Z,) exist for each
n such that Z,(y) = ([, 0(s,y(s))dn)" and K\(Z) = 3,50 anKx(Zn).
The central motivation 0% fns formulation was to deal with Feynman’s op-
erational calculus in QED and other quantum theories. [96]

A modification of the Johnson—Lapidus Dyson series for a measure space
of graphs which contribute to the topological Hopf algebra Hg% (®) has been
obtained in [168]. Now we want to apply the Haar integration theory on the
topological group S®9 to formulate the Johnson-Lapidus Dyson series on
S®9. This class of series allows us to explain the evolution of (strongly
coupled) Dyson—Schwinger equations in terms of sequences of partial sums
or sequences of large Feynman diagrams corresponding to weakly coupled
Dyson—Schwinger equations.

Theorem 5.1.5. Let 0 be a complex valued function on S*9xR? and v(z) =
Y >0 an2™ with the radius of convergence strictly grater than |10|]so:upere -
For a functional Z on the measure space L' (S®9, iaar) of all complex valued
Uaar-integrable functions on S®9 given by

Z(F) = U(/sw 0(X, F(X))dpBore) (5.19)

, there exists a family of operators {K\(Zy)}nen such that
- pammeters A are comple:c numbers with positive real parts,

f3‘1> 9 ))dﬂBorel)
- KA(Z) anoanKA(Z )-

Proof. Theorem 5.1.2 and Theorem 5.1.4 enable us to understand the Haar
integration theory on S®9¢ in terms of the Riemann-Lebesgue integration
theory for real valued functions on the closed interval. In addition, we have
discussed the equivalence between the product o-algebra Zpro
determined by large Feynman diagrams and the Borel o-algebra of open balls
with respect to the norm || . ||g 2. It is useful to determine uniquely the
Borel measure pigere] On S®9 corresponding to the Haar measure UHaar (1.€.
Theorem 5.1.2). Therefore we can now extend the classical Johnson-Lapidus
Dyson series to the level of the Haar measure fipaar on S®9.

q on cylinders
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In addition, we have shown the existence of a compact Hausdorff topo-
logical group structure on S®9. Thanks to standard methods in Anal-
ysis ([158]), it is easy to show that the topological space C.(S®9) con-
sisting of continuous functions on S®9 with compact support is dense in
LY(S%9, pi1aar). Apply (5.17) to transfer the Haar measure integral

E/‘/Haar [h] = / h(X)dMHaar (520)
S%.9

of each h € C,(8®9) to its corresponding Riemann-Lebesgue integral. It
remains only to lift the proof of the classical Johnson-Lapidus generalized
Dyson series given in [96] onto L'(S®Y, fifaar). O

Corollary 5.1.6. (i) The Johnson—Lapidus Dyson series can describe the
behavior of a combinatorial Dyson—Schwinger equation in a given potential.

(i) The functionals K\(Z) (determined by Theorem 5.1.5) enable us
to describe the evolution of each large Feynman diagram X in terms of a
sequence of Dyson-Schwinger equations in S®9.

Proof. (i) Suppose Xpsg(9) = >_,509"Xn is a large Feynman diagram
as the unique solution of an equation DSE in the normed vector space
(89, . ||g.0,2)- Thanks to the Hahn-Banach Theorem ([158]), there exists
a continuous linear map YpsE : 8%9 —3 R such that

Ypse(Xpse) =|| Xpsk llga2, || ¥psE [[< 1 (5.21)

where the operator norm || ¥pgg || is defined by
| ¥pse :=nffe >0 [Posu(X)] < el X flga2 VX €SP} (5.22)

Now apply Theorem 5.1.5 for ¢psg € L' (S®9, tifaar)-

(ii) For any given Dyson—Schwinger equation DSE, if we apply the multi-
scale Renormalization Group given by Theorem 3.2.2, then we can build a
sequence {DSE, (+%79)}n>1 of Dyson-Schwinger equations under rescaled
values of the bare coupling constant where we have

n+1

mg). (5.23)

n
XDSEn(n—_Hg) C XDSE,4 (

For each n, set x{qp as the characteristic function with respect to the large
Feynman diagram XDSER(NLHg) on S®9 such that XDsE € LY (8%, jifgaar)-
Now apply Theorem 5.1.5 to the sequence {xJ)gg }n>1 to obtain a description
for the evolution of Xpgr(g) in terms of large sub-graphs. A free evolution
from Xpgg(0) =1 (i.e. the empty graph) to Xpsg, (39), interactions of par-
ticles in Xpgg, (39) with the potential 0, free evolution from Xpgg, (19) to
Xpse,(39), and so on up to n'! integration with 6 at the level XpsE, (7579)
followed by a free evolution from Xpsg, (;779) to Xpsg(g) when n tends to
infinity. O
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Lemma 5.1.7. Thanks to the symmetric difference as a binary operation
on large Feynman diagrams, there exists a complex commutative Banach
algebra structure on L'(S®9, uaar).

Proof. We have seen that the binary operation A determines an abelian
compact Hausdorff topological group structure on S®9 such that the empty
graph I is the zero element of this group. Now define the following convolu-
tion product on L'(S®9, paar)

Fy s« Fo(T)

_ / AT Ry AT )djtaer(Ts), FiyFs € LS, pitaar) - (5.24)
S®.9

such that I'y ! is the inverse of the graph with respect to the group structure
A\. The compatibility between the product (5.24) and the L!-norm

17 = [, 1P | dpite(X) (5:25)

provides our promising Banach algebra. The abelian property of the group
(89, A\) guarantees the commutativity of this Banach algebra. In addition,
we add the infinitesimal delta function § as the multiplicative unit for this
Banach algebra. Then we have

[ FXS(X)dptane(X) = F(D (5.26)

for each F € L'(S®9Y, if1aar) and each large Feynman diagram X € S®9. O

Proposition 5.1.8. (i) Each functional F € LY(S®9Y, igaar) has a non-
empty spectrum.

(ii) The space QL (S®9, unaar)) of all characters of the complex Banach
algebra LY (S®9, uaar) s a compact Hausdor{f topological space.

Proof. We need only to adapt the standard procedures in Functional Anal-
ysis ([158]) to achieve the results.
(i) We show that

sp(F):={A € C: F — X\ not invertible} (5.27)

is non-empty. If F' = 0, then thanks to the definition of the infinitesimal
delta function, we have the result. If F' be a non-zero functional, suppose
its spectrum is empty which means that the new function

R:C — L'8%, upaar), A+— (F—X0)7! (5.28)
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is well-defined, holomorphic, non-constant and bounded. For any bounded
linear functional Y on Ll(Sq)’g , iHaar ), define a new function Y on R? given
by

T(x,y) = Y(R(ze")). (5.29)

We can show that Y is continuously differentiable with respect to variables z
and y. Now by differentiation under the integral sign from the holomorphic
bounded function K (x) := fo% Y(z,y)dy, we have K'(z) = 0. Therefore K
is a constant function which is a contradiction with the initial assumption.

(ii) The ideal generated by kernel of any character provides a natural
correspondence between the set of maximal ideals of the Banach algebra
LY (8%9, u11aar) and the set of characters on the space L'(S®9Y, piiaar)-

Each character 1 € Q(L'(S®9, pi1aar)) is actually an algebra homomor-
phism from L'(S®9, pg1aar) to C such that 1(5) = 1. We can show that 1 is
continuous of norm 1, otherwise there exists a function F' € Ll(Sq)’g , UHaar)
such that ||F|| < 1 and ¢ (F) = 1. Apply the convolution product to define
G =), G". From the equation G = F + FG we have

P(G) = (F) + (F)9(G) = 1+ ¢(G) (5.30)

which shows a contradiction. So the norm of 1 is less than or equal to 1
and ¥ (0) = 1 which implies that |[¢)|| = 1. Thanks to this fact, we can
see that Q(L'(S®Y, fiaar)) is a closed subset of the unit ball of the dual
space L'(S®Y, iy1aar)* which is a compact Hausdorff space with respect to
the weak-x topology. As the consequence, Q(L'(S®9, jif1aar)) is a compact
Hausdorff topological space. ]

Thanks to the Gelfand transform, define
Ll (Sq)’gauHaar) — CfO(Q(L1 (S(I)’gﬁiHaar))) (531)

Fr——F, F):=y(F).

It is a norm decreasing algebraic homomorphism such that its image sepa-
rates fifaar-integrable functions on S®9. It can be seen that

|IF|loo = max{|X] : X € sp(F)}. (5.32)

Thanks to the Pontryagin duality Theorem [158], we can obtain a cor-
respondence between elements of the topological space Q(L'(S®Y, tifaar))
and elements of the Pontryagin dual. In this situation, the canonical iso-
morphism

VL1859 ) (X)(p) = p(X) € ST C C (5.33)

can be applied to define a modification of the Fourier transformation on
LI(S(I)’gy,U/Haar)-
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Definition 5.1.9. For a given Quantum Field Theory ® with the strong cou-
pling constant g > 1 and the corresponding collection S®9 of all large Feyn-
man diagrams generated by Dyson—Schwinger equations, the Fourier trans-
formation F on the complex commutative unital Banach algebra L'(S®9, fiaar)
is well-defined. For F' € Ll(Sq)’g, [Haar), We have

F(p)= [  F(X)p(X)dppaar(X). (5.34)

8%
for any character p.

For functionals G, H € L*(S®9, tif1aar), We have
F{Gxp H} = F{G}F{H}. (5.35)

The original motivation to formulate the Gelfand transform (5.31) is pro-
viding a way to separate functionals in L'(S®9, jifgaar). Thanks to this idea,
the Fourier transformation (5.34) encodes the mathematical procedure for
the decomposition of the functional F' in terms of large Feynman diagrams
which contribute to Dyson-Schwinger equations in S®9. In particular, if
we restrict our discussion to a fixed Dyson—Schwinger equation DSE with
the unique solution Xpgg, then our generalized Fourier transformation de-
scribes the evolution of the large Feynman diagram Xpgg with respect to
p-integrable functions originated from large subdiagrams (or partial sums)
which converge to Xpsg.

As the final note, we have developed a theory of Haar integration on the
space of all Dyson—Schwinger equations of a given (strongly coupled) gauge
field theory in the language of the classical Riemann—Lebesgue integral. This
new measure theoretic approach is useful to build an analogous version of
the classical Newton—Leibniz differentiation theory with respect to metrics
dg o for the study of functionals on large Feynman diagrams.

5.2 The Gateaux differential calculus on S®Y and
its application

In the second section of the previous chapter we have explained the construc-
tion of a noncommutative differential geometry model for the Hopf algebra
Sg;aphon which is derived from the BPHZ non-perturbative renormalization
process of Feynman graphons. In [168] we have applied the analysis of
linear spaces to discuss the construction of a theory of differentiation on
the space of Feynman diagrams in terms of the graph function represen-
tations of these physical diagrams and Gateaux differentiability under the
cut-distance topology where we worked on admissible directions to define
well-defined differentiations. It has led us to obtain Taylor series type repre-

sentations for continuous functionals on Feynman graphons on the basis of
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homomorphism densities. The homomorphism densities can be considered
as functionals Wp —— ¢(G,Wr) on Feynman graphons such that G is an
arbitrary finite graph. If G is a simple graph (such as rooted trees), then we
can show that the corresponding homomorphism density is continuous with
respect to the cut-distance topology and it is also L'-integrable. Thanks
to the disjoint union operator, we can build an algebraic structure on the
linear span of homomorphism densities with respect to finite simple graphs
which determine a dense subset in the space C (Sgi"aphon) of all continuous
functions on Sgiaphon with respect to the topology of uniform convergence.
In addition, we can compute the Gateaux derivatives of homomorphism den-
sities where their Fréchet differentiability can be achieved with respect to
simple graphs (i.e. decorated non-planar rooted trees) under some condi-
tions where we might need to remove the symmetric condition of Feynman
graphons and work on Feynman bigraphons. These observations can clar-
ify the importance of homomorphism densities to study graphons under a
functional analysis setting.

In this section, we concern the question of how to endow with a differen-
tial calculus on large Feynman diagrams independent of any renormalization
program. We consider the real or complex vector space S®9 generated by
all Dyson—Schwinger equations in the physical theory ® and equip this space
with the cut-distance topology determined by

d(DSE1, DSEy) := deyg ([fXP5E1], [fXPSE2]), (5.36)

It defines the cut-norm for each large Feynman diagram. We have

|| XDSE llcut= Sup 4,BC|0,1] ‘ /A fXDSE(xay)dxdy ‘ (5.37)
xB

such that the supremum is taken over Lebesgue measurable subsets A, B of
the closed interval. The resulting space can be interpreted as a closed topo-
logical subspace of the compact topological space of all unlabeled graphons.
It means that we can consider S®9 as a new Banach space to build a new
Gateaux differential calculus on the space of solutions of Dyson—Schwinger
equations of a given physical theory. Then we apply the functional analysis
of graphons ([50]) to obtain a new Géateaux differential calculus machinery
for the study of C(S®9).

Total derivative and directional derivatives are the most common differ-
entiation machineries in finite dimensions such that their analogous versions
in infinite dimensions are Fréchet derivative and Gateaux derivative.

For a given function F': X — Y between two Banach spaces (or normed
vector spaces), the Gateaux derivative at zy € X is by definition a bounded
linear operator Ty, : X — Y € B(X,Y’) such that for every u € X,

F(zo + tu) — F(xo)
t

= Ty, . (5.38)

lim;
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If for some fixed w the limit
F(x +tu) — F(z)
t

d
0uF(x) = EhzoF(Cﬂ + tu) = limy_y (5.39)

exists, then we call F' has a directional derivative at x in the direction u.
Therefore F' is Gateaux derivative at xg if and only if all the directional
derivatives 0, F'(x) exist and form a bounded linear operator

DF(x) : u— 0, F(x). (5.40)

Ty, is called the Fréchet derivative of F' at xq, if the limit (in the sense of
the Gateaux derivative) exists uniformly in u on the unit ball in X. If we
set y = tu then ¢ tends to zero is equivalent to y tends to zero. Now F is
Fréchet differentiable at xg, if for all y we have

F(zo+y) = F(xo) + Teo (y) + ol y [1), (5.41)

which means that

. Flx+h)—F(x)—-Th

holds. As we can see, the limit in the Fréchet derivative only depends on the
norm of y where the operator T" defines the natural linear approximation of
F' in a neighborhood of the point xo. In this setting, we call T, = DF(z)
as the derivative of F' at xg. In addition, we can show that being Fréchet
differentiable at a point implies being Gateaux differentiable at a point such
that in this case the Gateaux derivative is equal to the Fréchet derivative.
If F'is Gateaux differentiable on X, then we have the mean value formula

I E(y) = F(z) <l = =y [| supg<p<s | DE(Oz + (1= 0)y) [| . (5.43)

This enables us to show that if F'is Gateaux differentiable on an open neigh-
borhood U of z and DF(z) is continuous, then F' is Fréchet differentiable
at x. [72, 158]

We plan to study (smooth) real valued continuous functions on the Ba-
nach space S®9 in terms of their Taylor series representation under the
higher orders Gateaux differentiations. We show that the solution space of
the natural generalization of the equation Cflm—nnF (x) = 0 to large Feynman
diagrams namely, Gateaux type differential equations with the general form

dNTYR(X; 2y, Znr) = 0 (5.44)

for all large Feynman diagrams X, Z;,..Zx+1 € S®9, can be described
by homomorphism densities. Solutions of this class of equations enjoy the

property
d’F(0;2,7) d"F(0; Z,...,Z)
—+ ...+ .

F(Z) = F(0) + dF(0; Z) + 5 n!

(5.45)
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Definition 5.2.1. For a given function F' : S®9 — R and each large
Feynman diagram X, the Gateaux derivative exists at X in the direction
Y € §%9, if the limit

F(X +1Y) - F(Y)
t

dF(X;Y) = lim;0 (5.46)

exists. The higher orders of the Gateaux differentiability can be defined by
induction where for any n > 2, F' is called n-time Gateaux differentiable at
X in directions Z1, ..., Z, if at the first, the higher mixed Gateaux derivatives

A" YF(X +NZn; Z1,y ooy Zn1) (5.47)
exist for each real number A and at the second, the limit
d"F(X; 21, .., Zy) =

A" (X + N2, 24,y D) —dV VR (X 2, oy D
hm)\*)() ( + ny L1y ey n}\l) ( 3 L]y eeey L 1) (548)

exists.

It is easy to check that the Gateaux derivatives d"F(X; Z1, ..., Z,) are
multilinear maps in Z; and in addition, for any permutation 7 € .S,,, we have

A"F(X; 21, s Zn) = A"F(X; Zr(1)s ooy Zori))- (5.49)

5.2.1 Feynman random graphs via homomorphism densi-
ties
The description of large Feynman diagrams via Feynman graphons in Sgraphon
allows us to think about the concept of ”density” of infinite Feynman graphs
in the solution of a given Dyson—Schiwnger equation. From the view point
of Quantum Field Theory, any infinite Feynman graph can contain nested
loops which present different types of subdivergencies derived from virtual
particles and their interactions. One important task is to search for any
algorithm which could estimate the appearance of a particular class of sub-
divergencies (or subgraphs) in an infinite expansion of Feynman diagrams.
The homomorphism density, as a class function on Sg;aphon or S®9. is a
useful tool to formulate a new mathematical model for this fundamental

challenge.

Proposition 5.2.2. The homomorphism density is a well-defined operator
on large Feynman diagrams.

Proof. Proposition 4.6 in [169] shows that the unique solution Xpgg of a
given Dyson—Schwinger equation DSE can be interpreted as the convergent
limit of the sequence {Y;, }mm>1 of its partial sums with respect to the cut-
distance topology.

116



The phenomenology of non-perturbative QFT:

Ali Shojaei—Fard Mathematical Perspective

For each unlabeled Feynman graphon class [W], we can build the homo-
morphism density ¢(Xpgg, W) as the ”limit” of the sequence {t(Y,, W) }m>1
of homomorphism densities corresponding to finite expansions Y;,, of finite
graphs (which do not have self-loops but have loops).

For each m > 1, if the partial sum Y,, := X7 + ... + X, has k,,, vertices,
then we have

t(Yo, W) = / I W a)da..duy,. (5.50)
O™ HeE(Ym)

The induction is useful to show that
t(Yis1, W) = t (Y, Wt(Xg1, W). (5.51)

The condition deu (W', W) = 0 for weakly isomorphic graphons can be
applied to show that ¢(Y;,, W) = t(Y,,, W) which leads us to t(Xpgg, W') =
t(Xpsg, W). Therefore we can define a poset on homomorphism densities
where a family of injections {f;; : t(Y;,—) — (Y}, —)}i<; on the space
of Feynman graphons can be formulated. This gives us an inverse system
where its inverse limit can be identified as a subset of the direct product of
the homomorphism densities ¢(Y;, —)s. This inverse limit can be considered
as the homomorphism density with respect to the large Feynman diagram
Xpsg. We have

t(XDSEa —) = 1im<_mt(Ym, —)
= {W S 10_0[ t(Ym, —) : fZ](Wj) =W;, Vi< ]} - 10_0[ t(Ym, —). (5.52)
m=1 m=1

O

For 1 < n < oo, set [n] := {i € N: i < n}. For a given Feynman
graphon W, define a random graph G(n, W) with the vertex set [n] (chosen
points {z1,...,z,} at random from the closed unit interval) by letting ij be
an edge in G(n, W) with the probability W (z;,z;). It is possible to build
G(n,W) for all n by constructing G(oco, W) as an exchangeable random
graph namely, its distribution is invariant under permutations of the vertices
and every exchangeable random graph is a mixture of such graphs. Then
take the subgraph defined by the first n vertices. In general, for any Feynman
diagram T" (as a labeled graph), the homomorphism density ¢(I", W) equals
the probability that I' is a subgraph of G(co, W) or of G(n,W) for any
n > |I'|. In other words, the family {¢(I',W)}r and the distribution of
G(o0, W) can determine each other.

It is important to note that for given Feynman graphons W, W', G(oco, W)
and G(oco, W’) have the same distribution if and only if those two graphons
are weakly isomorphic or equivalent.
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Lemma 5.2.3. Homomorphism densities can determine a new class of ran-
dom graphs with respect to solutions of Dyson—Schwinger equations.

Proof. We know that Xpgg = lim, oY, with respect to the cut-distance
topology such that |Y;,| — oco. For each [k] there exists a random graph
Y, [k] on the vertex set [k] such that {Y,,[k]},>1 converges to Xpgg|k] with
respect to the metric

diens (T, 1) = Y 277 |H(W;, T) — (W5, V)| (5.53)

which is equivalent to the cut-distance ([26, 94]). Therefore there exists
an infinite random graph Xpgg on [oc] such that Xpsg[k] = Xpsglj) with
respect to the metric dgens. This means that

O

Corollary 5.2.4. The distribution of the random graphs Y,,[k] with respect
to partial sums of Xpsg converges when m tends to infinity.

Proof. Thanks to Lemma 5.2.3, for each k < |Y,,|, there exists Y,,[k| as
the random induced subgraph of Y;,, with k vertices determined by selecting
k separate vertices vi,...,v of Y, at uniformly random procedures. Now
thanks to graphon representations of Feynman diagrams, it is enough to
apply the definition of convergent sequences in the theory of graphons via
random graphs ([94]) to the sequence {Y;,}m>1 to show its convergence to
XDSE- O

Lemma 5.2.5. Dyson—Schwinger equations which generate isomorphic Hopf
subalgebras have the same homomorphism density.

Proof. Suppose Hopf subalgebras Hpsg,, Hpsg, corresponding to the equa-
tions DSE; and DSE, are isomorphic which means that the unique solutions
Xpsk, and Xpgg, are isomorphic infinite graphs. We can lift the weakly
isomorphic relation on graphons onto the level of large Feynman diagrams.
We say that two large Feynamn diagrams Xpsg,, Xpsg, are weakly isomor-
phic or equivalent if their corresponding labeled graphons have the same
unlabeled measurable function almost everywhere. In other words, Xpsg,
and Xpgg, are weakly isomorphic or equivalent whenever

et (fXPSEL | fADSEY) = (), (5.55)

Thanks to Borgs—Chayes—Lovasz Theorem ([125]) and Proposition 5.2.2, we
can show that two weakly equivalent large Feynamn diagrams Xpgg, , XDSE,
have the same homomorphism density for all (finite) simple graphs. In other
words,

t(H, fYPSE1) = t(H, fXsE2), (5.56)
|
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5.2.2 Differentiability

In this part our task focuses on the study of the space of smooth real valued
functions on S®9 in terms of homomorphism densities of Feynman graphons
which contribute to solutions of Dyson—Schwinger equations. We show that
this class of homomorphism densities can play the role of a basis for the
Taylor series representations of smooth functions.

Define a new graduation parameter on the collection H(®) of all Feyn-
man diagrams of a physical theory ® in terms of the number of edges. For
each n, set H,(®) as the isomorphism classes of Feynman diagrams with n
internal and external edges, no isolated vertices, no self-loops but possible
multi-edges. Set H<n(®) = U<, H;(®). The homomorphism density for
all Feynman graphs I' € H;(®) is well-defined.

Theorem 5.2.6. For each n > 1, define

Fr: Spaphon — R, Fn(Wp) == > ayt(y,Wr) (5.57)
'YEHgn(q))

for any finite Feynman diagram I' and some constants a.,. Then

(i) F, is continuous in the L'-topology.

(ii) It is possible to lift F,, onto the space of large Feynman diagrams and
define a new real valued map F on S®9 which is continuous in the L'-
topology.

Proof. (i) Define a new real valued multilinear functional 7 on (Sg;aphon)"
given by

H(Woy)oy) i= /[O . [T Wt o) T (5.58)

We can show that

[T ((Wa)y) = (W55 < D0 1 Wy = W, (5.59)
Tt

which leads us to
[t (U, W) — t(Unye, W) < TE(Ue)] | Way, = W2, I (5.60)

(ii) Thanks to Proposition 5.2.2, we plan to lift the above process onto
the level of large Feynman diagram Xpgg with the partial sums Y,,, m > 1.
It is enough to extend the relation (5.60) to Y41 = Yi, + Xint1. We have

[t (Yo U Xpng1, W) = t(Yin U Xy, W')| =
(Yo U X1, W) = (Yo U X1, W) £ 6 (Yoo, WX g1, W)| =

[t (X1, W) (E (Yo, W)=t (Yo, W) (Y, W) (H( X1, W)=t (X1, W) |
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< ’t(Xm-H? W)H(t(Ym, W)—t(Ym, W/))H_’t(ymv W,)‘ ’t(Xm-H? W)_t()((m-i-l)v W,)’
5.61
< [H X, W(EEm)| | Wy =W, )+ E Yo, WOI(IEX )| | W, =Wy, 1)

such that || Wy, [|~, | W{/m lloo< 1.

Lift the multilinear operator 7 onto the multilinear operator 7 defined
as a bounded operator on the Banach space S®9. Now define the new map
F on 8%9 given by

o
F(Xpsg) : H Fn(Wy,,) (5.62)
m=1

such that each term F,(Wy,, ) is a L'-continuous function. Therefore F, as
the product of continuous functions, is also continuous with respect to the
L'- topology. O

The space Wgq) of all (bi-)graphons can be embedded into the vector
space W of bounded (symmetric) measurable functions f : [0, 1]> — R which
is equipped by a semi-norm. Under weakly isomorphic relation ~, we can
build a complete metric structure on the quotient space Wy 1 / ~. The
topological space S® graphon of all unlabeled graphon classes which contribute
to the representations of Feynman diagrams and Dyson—Schwinger equations
sits inside W[o,l]/ ~. As we have discussed each Feynman graphon [Wr| €
Sgraphon is a class of bounded (symmetric) measurable functions on [0, 1]?
up to relabeling and weakly isomorphic relation. This class of graphons
are generated by rooted tree representations of (large) Feynman diagrams.
Rooted trees are simple graphs where their adjacency matrices can determine
their corresponding graphon classes. Orientations on decorated non-planar
rooted trees, which encode positions of nested loops in the main Feynman
diagram, inform us that we might need only the upper part or the lower part
of the adjacency matrix for the reconstruction of any Feynman diagram from
its graphon representation. It means that we do not need the symmetric
property of graphons and we can work only on the bounded measurable
functions f : [0,1]2 — [0,1] up to the relabeling and weakly isomorphic
relation. This class of objects, which are known as bi-graphons, enables
us to have Fréchet differentiability of homomorphism densities of Feynman
graphons.

Lemma 5.2.7. (i) The homomorphism densities on S& are Fréchet
differentiable.

(ii) The homomorphism densities on S®9 are Fréchet differentiable.

graphon

Proof. () We compute the Fréchet derivatives of the homomorphism densi-
ties on Sgraph on for ladder trees Iy, l2,l3 and the rooted tree \/ where vertices
2,3 are adjacent to the root 1.

For the tree with only one vertex, t(l;, —) = 1 which is obviously Fréchet

differentiable.
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For the oriented decorated ladder tree I with two vertices 1,2 and one
edge ey from 1 to 2, the Gateaux derivative can be computed by

d(t(H, Wr); W) =

/[ }k Z Wpl(xil,ﬁﬂjl) H Wp(xi,xj)dxl...dxk (563)
0,1

(21,1)€E(H) (,5)EE(H)\(i1,51)

which leads us to compute the unique Fréchet derivative by the linear map

Wp/ — d(t(lg, WF); Wp/) = - Wp/(.%'l, .%'Q)d.%'ldl'Q. (5.64)
0,1
We have
) ‘t(H, Wr + Wyr) — t(H, Wr) — f[o,l]g Wi (xq, xQ)dxld:UQ‘
limyy,., -0 T Toue (5.65)
. 0
- 11mWF/—)O H WF/ cht - 0

which approves the Fréchet differentiability in terms of the formula (5.42).

For the oriented decorated ladder tree I3 with three vertices 1,2,3 and
two edges e1s, €23 which connect the vertices 1 to 2 and 2 to 3, the unique
candidate for the Fréchet derivative of (I3, —) should be

Wrr — d(t(lg, WF); Wp/) =

: }3 WF/ (1‘1, 1‘2)WF(1‘2, 1‘3) + Wr(xl, .%'Q)Wp/ (1‘2, xg)d.%'ldm'gd.%'g (5.66)
0,1

=2 Wp(xl,CEQ)WF/(xg,xg)dxldCCQdﬁﬂg.
[0,1]?

t(l3, —) is Fréchet differentiable if the following limit exists and equals to
Zero,

‘t(lg, WI‘ —|— WF/) — t(lg, WF) — d(t(lg, WF); g){

thF,_)() H WF’ cht
| fO 1]3 WF'(xl’ $2)WF’ (562, $3)d$1d$2d$3‘
= limWF,aO [0,1] || WF, || . . (567)

If this limit is not zero, then there are some below boundaries ¢ > 0 which
means that we can define a sequence {W,,},,>1 of graphons which converges
to zero with respect to the cut-norm but the limit (5.67) does not zero when
n tends to infinity. In other words, we might have

1
O0<c<L —= |/ 1d$1d$2d$3‘ =
n [0,1]2,22€[0,1/n]
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‘ / Wn(xl,mg)Wn(xg,xg)dxldxgdm3| S (5.68)
[0,1]2,22€[0,1/n]

| 0.1 Wn(xl, $2)Wn(£€2, xg)d$1d$2d$3‘.
0,1

This situation supports the existence of sequences of graphons such as
W, = 1 on min(zy,2z2) < 1/n which satisfy the above inequality. On
the other hand, we can build the topological renormalization Hopf algebra
Sgi“aphon of Feynman graphons by measurable bounded functions from [0, 1]2
to [0,1] in terms of working only on the upper parts or lower parts of the
adjacency matrices of oriented decorated non-planar rooted trees. In this
non-symmetric setting, the sequences such as {W),},>1 of graphons does
not belong to Sg;aphon. As the consequence, the only lower boundary for
Feynman graphons is zero itself which means that the limit (5.67) is zero.

By a similar discussion, we can show the existence of Fréchet derivative
for other oriented rooted trees H which contains the tree \/ where vertices

2,3 are adjacent to the root 1. In this situation, we need to deal with
‘t(H7 Wr + WF’) B t(Ha WF) - d(t(H7 WF)a WF’)
| W [leut

where if this limit is not zero then we get some lower boundaries ¢ > 0 such
that

(5.69)

ol E(H)| =2 Wri(x1, 22)Wrr (x9, 23)dr1drodrs <
(0,13
/ Wi (21, 22) W (22, 23) H WF(xi’xj)dwl"'dx\V(H)\
[0,2]1V (! ()€ E(H)\{(1,2),(2,3)}
< t(H,Wr + W) — t(H, WF) —d(t(H, WF); WF/). (5.70)

This situation allows us to determine sequences of graphons which can not
belong to Sgi“aphon whenever we work on Feynman bigraphons. Therefore
the limit (5.69) should be zero.

(ii) Objects in the Banach space S®9 are large Feynman diagrams namely,
infinite formal expansions of Feynman diagrams which have nested or over-
lapping loops. Thanks to Theorem 5.2.2, homomorphism densities on large
Feynman diagrams can be computed in terms of homomorphism densities

of finite partial sums. For large Feynman diagrams X, Z, we have
t(X,Z) =lim, (Y, 2) (5.71)

such that for each m > 1,

t(Ym, Z) = [ [ (X5, Wa). (5.72)
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We have X(g) = >, ~79"X, and Wy as a Feynman bigraphon which lives
in Sgi“aphon such that it can not have a non-zero lower boundary.
Furthermore, thanks to the formula (5.41), we know that the Fréchet
differentiability depends only on the norm W where by applying (i), each
t(Xom, W) is Fréchet differentiable. Thanks to the product rule, t(Y,,, Z) as
the product of Fréchet differentiable functions is also Fréchet differentiable
for each m. Since ¢(X, Z) can be identified by a subset of the direct product

[y t(Ym, Z), t(X, Z) will be also Fréchet differentiable. O

Lemma 5.2.8. For a given C"™ (n > 0) class function G : S*9 — R,
d"G(0; Z1, ..., Zy) is a symmetric S|o -invariant multilinear functional.

Proof. We can extend the functions
gX7z()\1,...,)\m) = G(X—i—)\lZl ++)\mZm) (573)

to C"™ functions on R™ where the equality of mixed partial derivatives show
that for any permutation o € .S,,, we have

d"G(X; 21, .., Zp) = d"G(X; Zo(1), s Zo(n))- (5.74)

In addition, we can extend d"G(0; Z1, ..., Z,) multilinearly to each
(spang (T, ..., )" (5.75)
O

Corollary 5.2.9. Let F : S*9 — R be a L'-continuous functional (de-
termined by Theorem 5.2.6) such that for some N > 1, F is N 4+ 1 times
Gateauz differentiable. Then for each large Feynman diagram X and also
Z1,...; Zny1 in the Banach space 89,

ANTYE(X 2y, . Zng1) =0

if and only if there exists a unique family {a}~ of real constants such that

F(X) = 3 cp (@) a2H07 W).

Proof. Thanks to Definition 5.2.1, Proposition 5.2.2, Theorem 5.2.6, Lemma
5.2.7, Lemma 5.2.8, we can apply the main result in [50]. O

Corollary 5.2.10. Let G : S®9 — R be a continuous functional with respect
to the cut-distance topology and smooth with respect to the Gateaux deriva-
tion. For each large Feynman diagram X define the following sequence of
Taylor polynomials

1
P(X) =) —d"G(0;X,...X), Vn>o (5.76)
m=0 ’
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which converges to G(X) when n tends to infinity. In addition, let the Taylor
exTPansion

S at(r,Wx) (5.77)
m=0~yEHm (P)

is absolutely convergent to P(G)(X) such that

1
> ayt(y, Wx) = —d"G(0; X, ..., X). (5.78)
’YeHm(Cb) '

Then G(X) = P(G)(X).

Proof. In [50], the required conditions for the existence of the convergent
Taylor series of a smooth function on the space of unlabeled graphons have
been provided. Now it is enough to adapt that procedure for Feynman
graphons (which is already addressed in [168]) and then lift it onto the
whole space S®9 in terms of Definition 5.2.1, Proposition 5.2.2, Theorem
5.2.6, Lemma 5.2.7, Lemma 5.2.8 and Corollary 5.2.9. O
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The first purpose in this chapter is to build a new mathematical model
for the description of information flow among particles in (strongly coupled)
interacting gauge field theories. This new platform enables us to analyze
quantum entanglement via fundamental tools in Category Theory and The-
oretical Computer Science. We apply combinatorial Dyson—Schwinger equa-
tions as the building blocks of information flow among distant elementary
particles in a system with infinite degrees of freedom. The cut-distance
topology is applied to construct topological regions around elementary par-
ticles which encode passing information. We organize these cut-distance
topological regions into a new class of lattices of topological Hopf subalge-
bras. This setting allows us to understand quantum entanglement in the
language of intermediate algorithms which contribute to transferring infor-
mation among entangled particles [172]. The second purpose in this chapter
is to build a new mathematical model for the description of logical propo-
sitions of non-perturbative aspects in strongly coupled gauge field theories.
We explain the basic foundations of a new topos of presheaves which is capa-
ble to encode topological regions of elementary particles and the strength of
coupling constants. This topos has enough physical information to evaluate
logical propositions about infinite formal expansions of Feynman diagrams
which contribute to quantum motions [173].

6.1 Some historical remarks

Entanglement, non-locality and indeterminism are actually the most compli-
cated and challenging concepts in Quantum Mechanics. These concepts have
been originated from pioneering efforts to clarify the complicated method-
ologies applied in dealing with the outputs of Quantum Mechanics. The
study of the behavior of electrons via Quantum Mechanics had shown some
results which were against the objections of Einstein and his followers such
as the double slit experiment, the photon box experiment and the Einstein—
Podolsky—Rosen paradox. The completeness of Quantum Mechanics has
already been clarified in terms of successful experiments on photons polar-
ization and formulating modern gauge field theories. However there still
remain some philosophical challenges for the interpretation of predications
in Quantum Mechanics. [1, 11, 14, 70, 176]

On the one hand, there are some rigorous efforts for the interpreta-
tion of Quantum Mechanics under a deterministic setting. Theory of many
worlds and universal wave function, as the key tools in this setting, can
provide predictions completely different from Quantum Mechanics predic-
tions. These tools introduce a different theory for quantum world. Bohmian
Mechanics, hidden variables, many-world interpretation and theory of uni-
versal wave function are well-known tools for the deterministic interpreta-
tion of Quantum Mechanics. This class of theories has tried to show that
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the form of all hidden variable models is capable to reproduce Quantum
Mechanics of a spin-singlet by satisfying both the assumptions of free will
and no signaling, which correspond, measurement-independence and setting-
independence, respectively. [5, 11, 13, 49, 188, 196]

On the other hand, Bell’s Theorem ([11, 12]), Kochen-Specker Theo-
rem ([100, 153]) and collapse theories such as von Neumann method ([189]),
Ghirardi-Rimini-Weber Theory ([82]), no-collapse theories such as modal
interpretations ([85])) are rigorous well-known efforts to show the incon-
sistency of the Einstein—Podolsky—Rosen paradox and other deterministic
observations with the foundations of Quantum Mechanics. In this direction,
the existence of certain class of observables which can not consistently be as-
signed values at all has been considered. Then it is discussed that a quantum
system evolves based on the Schrodinger equation between measurements
at which it collapses to the eigenstate of the measured variable. In non-
measurement interactions, the evolution of states obeys a linear and unitary
equation of motion such that the particle pair in the Einstein—Podolsky—
Rosen experiment remains in an entangled state. This class of equations
dictates that in a spin measurement, the pointers of the measurement tools
are entangled with the particle pair in a non-separable state in which the
indefiniteness of spins of particles is transmitted to the pointer’s position.
The critical challenge in this description is the lack of explicit definitions for
the notions of measurement and time, duration and nature of state collapses.
There are some efforts to handle this issue such as adding a nonlinear term
to the Schrodinger equation, modal no-collapse interpretations. In addition,
Kochen—Specker Theorem shows the impossibility of the reproduction of
Quantum Mechanics predictions in terms of a hidden variable model where
the hidden variables could assign a value to every projector deterministically
and non-contextually. We can also address Free Will Theorem which proves
that no theory, whether it extends Quantum Mechanics or not, can correctly
predict the results of future spin experiments. These topics could provide
strong reasons for the intrinsic non-local indeterministic nature of Quantum
Mechanics. [11, 12, 18, 47, 153]

The notion of entanglement in Quantum Mechanics was derived from
Schrodinger’s efforts to describe quantum systems extended over physically
distant parts. Then it was modified by Bohr to deal with the Einstein—
Podolsky—Rosen paradox. Bohr was trying to solve the question about the
spin components of a pair of particles emitted from a source to move in op-
posite directions where no slower than light or light signal can travel between
them. Bohr addressed that since two particles have interacted, they were
part of one whole phenomenon which means that the two particles are en-
tangled. In other words, these particles are part of one whole phenomenon
or one whole system that has one wave function [14, 176]. On the other
hand, Bell’s Theorem made the free choice of the experimenter as one of the
axioms where it is proved mathematically that certain quantum correlations
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violate realism, locality or freedom of choice. The Bell’s inequality is on the
basis of the assumption that the quantum state is not the ultimate limit
and additional parameters such as hidden variables could provide a mod-
ified description. Bell discovered that no local hidden variable theory can
reproduce all possible results of Quantum Mechanics. This framework shows
that any local model of the Bohm’s version of the Einstein—Podolsky—Rosen
experiment is committed to certain inequalities about the probabilities of
measurement outcomes which could be incompatible with the predications
of Quantum Mechanics. Bell’s Theorem has achieved the non-locality of
the quantum realm in terms of an alternative interpretation of the factor-
ization as a locality condition. This perspective postulates that for each
quantum mechanical state there exists a distribution over all possible pair
states which is independent of the settings of the equipments. However, ex-
periments (such as polarization of photons) violate the Bell’s inequality and
moreover, they confirm the predictions of Quantum Mechanics with high ac-
curacy. The violation of the Bell’s inequality is enough to show that there is
no underlying classical description for Quantum Mechanics. [10, 11, 12, 18]

Quantum concepts such as entanglement and superposition are funda-
mental tools for a theory of quantum computation which performs opera-
tions on information in terms of quantum bits. The state of a quantum
bit lives in a superposition of two orthonormal states such as [¢) >:= «|0 >
+5|1 > such that «, 8 are complex numbers. The measurement of one quan-
tum bit collapses the wave function of the other quantum bit. Quantum
entanglement deals with three fundamental subjects which can be studied
under deterministic and indeterministic settings. The first challenge is to
explain how we can detect optimally entanglement under theoretical models
and experimental tests. The second challenge is to build theoretical models
and experimental tests which reverse an inevitable process of degradation
of entanglement. The third challenge is to design computational algorithms
which enable us to characterize, control and quantify entanglement. The
main objective in dealing with these challenges is to find a way to estimate
optimally the amount of quantum entanglement of the compound system
in an unknown state if only incomplete data in the form of average val-
ues of some operators detecting entanglement are accessible. In this direc-
tion, a notion of minimization of entanglement has been formulated under
a chosen measure of entanglement with constrains in the form of incom-
plete set of data from experiment. In addition, theory of positive maps has
been developed to provide strong tools for the detection of entanglement.
[38, 89, 93, 155, 159]

Entanglement in Quantum Field Theory have also been considered re-
cently where the measurements of the amount of entanglement in a quantum
system with infinite degrees of freedom were modeled under some settings
such as entropy, kinematic entanglement, particle mixing and oscillations,
theory of neutrino oscillations and entangled space-time points. Entropy
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is on the basis of partitioning an extended quantum system into two com-
plementary subsystems and calculating the entanglement entropy defined
as the von Neumann entropy of the reduced density matrix of one subsys-
tem. This treatment does not provide information about the entanglement
between two non-complementary parts of a larger system because of the ex-
istence of a mixed state. Negativity is one interesting tool to deal with this
issue in Quantum Field Theory. Multi-mode entanglement of single-particle
states has been concerned via particle mixing and flavor oscillations. It is
shown that in Quantum Field Theory these phenomena exhibit a fine struc-
ture of quantum correlations as multi-mode multi-particle entanglement ap-
pears. Quantum information theory is capable to provide appropriate tools
to quantify the content of multi-particle flavor entanglement in QFT sys-
tems. The multi-particle flavor-species entanglement associated with flavor
oscillations of the QFT neutrino system has been studied in terms of the
particle-antiparticle species as further quantum modes. Neutrino oscilla-
tions are due to neutrino mixing and neutrino mass differences. Theory
of entanglement in neutrino oscillations is another progress in this direc-
tion where mode entanglement can be expressed in terms of flavor tran-
sition probabilities. Charged-current weak-interaction processes together
with their associated charged leptons enable us to identify flavor neutrinos.
Neutrino oscillations and CP violation concern neutrino mixing such that
neutrino masses as corrections to Standard Model play their essential roles
in the procedure [6, 23, 24, 25, 38, 81, 97]. In this chapter we plan to build
a new mathematical model for the description of quantum entanglement
in terms of the space of Dyson—Schwinger equations of a given gauge field
theory. We show the importance of analytic generalization of solutions of
Dyson—Schwinger equations (i.e. Feynman graphon models) for the analysis
of quantum informational bridges in terms of lattices of substructures.
Passing from Classical Physics to Quantum Physics changes the logical
foundations of our mathematical frameworks. If we have a rigorous formula-
tion for the logic of quantum systems with infinite degrees of freedom, then
it definitely helps us to develop our knowledge about entanglement machin-
ery in QFTs. The logical foundations of Quantum Mechanics were firstly
built in the context of propositional calculus, Hilbert space of states and the
space of observations. The original aim of the propositional calculus in logic
is to evaluate propositions with the general form ” the physical quantity such
as A of a given system S has a value in the subset A of real numbers.” In
this context, the main task is to find what truth-values such propositions
have in a given state of the system and how the truth-value changes with
the state in time. In Classical Physics, there is a space of states such as
points in a topological space equipped with some additional structures such
as Poisson brackets, symplectic forms, .... In any given state, each physical
quantity has its value and each proposition of the form A € A, which is
represented by some Borel subsets of the state space, has a truth-value true
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or false. The Borel subsets of the state space form a Boolean o-algebra
which means that the logic of classical systems can be encoded by a definite
Boolean logic. This description enables us to label Classical Physics as a
realist theory. Quantum Physics does not have this explicit realistic nature
and according to the Kochen—Specker Theorem, there is no state space of
a quantum system analogous to the classical state space. As the assump-
tions of this Theorem, the physical quantities are represented as real-valued
functions on the hypothetical state space of a quantum system. Then it is
shown that such a space does not exist and it is impossible to assign values
to all physical quantities at once. Therefore it is also impossible to assign
true or false values to all propositions. Birkhoff and von Neumann built the
foundations of an instrumentalist approach to quantum logic where upon
measurement of the physical quantity A, we could find the result belong
in A with a determined probability. In this approach, pure states are rep-
resented by unit vectors in one particular Hilbert space and propositions
with the general form A € A are represented by projection operators on
this Hilbert space. These projections form a non-distributive lattice. Set
E [A € A] as the projection which represents the proposition A € A. The
probability of A € A being true in a given state |¢) > is determined by

P(A e AlY >) =< p|E[A € Al >€ [0,1]. (6.1)

Non-distribuitivity, dependence on measurement tools and the use of real
numbers as continuum are the most fundamental and conceptual issues of
this instrumentalist approach and its generalizations. [1, 4, 10, 20, 37, 41]

Category Theory had been applied to formulate a modern topos model
for the logical descriptions of physical phenomena. This modern approach
clarified the passing from Classical Physics to Quantum Physics in terms
of their corresponding topos models. Study in this direction has provided
a new contextual form of quantum logic where it is possible to reconstruct
the foundations of physical theories in the context of search for a suitable
representation in a topos of a certain formal language. Classical Physics
is reconstructed via the category of sets while Quantum Physics is recon-
structed via the category of presheaves on a particular base category. This
categorical machinery has been developed to QFT models where nowadays
we have some topos models for gauge field theories [17, 58, 59, 60, 61, 62,
90, 91, 92, 122, 126, 129, 141, 152]. In this chapter we plan to build a new
topos model for strongly coupled gauge field theories which is capable to
recognize the logical differences between perturbative and non-perturbative
aspects of the physical theory.
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6.2 QFT-entanglement via lattices of Dyson—Schwinger
equations

The mathematical formulation of Standard Model in the context of Noncom-
mutative Geometry can motivate to bring a new approach for the description
of quantum entanglement in gauge field theories. In Standard Model we have
six quarks, six leptons and gauge bosons which are responsible to carry fun-
damental forces. Gauge bosons describe exchanging information between
elementary particles and their interactions in strong, weak and electromag-
netic forces. For example, the exchanging virtual photons (as the gauge
boson in quantum electrodynamics) makes transferring information as the
force between two electrons which is repulsive. Gluons are involved gauge
bosons in strong interactions among hadrons (i.e. six quarks) which live in
the nucleus of an atom. Electrons and neutrinos do not feel strong nuclear
force. Every charge particle feels the electromagnetic force. W=+, Z are in-
volved gauge bosons in weak interactions where everything is effected by the
weak nuclear force. Graviton is the theoretical candidate for gauge bosons of
gravity which effects everything. The modified versions of Standard Model
aim to describe the contribution of gravity. Heavier gauge bosons are bosons
of the fundamental force with the shortest range of effect. Photons are mass-
less which means that the electromagnetic force has infinite range. W*, Z
bosons are extremely heavy and they have very short range. For example, a
neutron can decay into a proton and the gauge boson W~ where at the very
short time, this boson quickly decays into an electron and an antielectron
neutrino. A proton can decay into a neutron and the gauge boson W where
at the very short time this boson quickly decays into a positron and a neu-
trino. Protons and neutrons are built by quarks. W= bosons can contribute
to exchanging a type of quark to another type where as the result a proton
converts to a neutron and vice versa. Since W¥ are heavy, they need to
borrow energy to perform this exchange and then they should pay back the
energy by converting to pairs (positron, neutrino) or (electron, antielectron
neutrino) very quickly. Quarks enjoy the Pauli exclusion principle which
means that quarks should be in different quantum states. This distinction
is encoded by colors. Gluons govern any possible interactions among quarks
which convert or exchange the colors of quarks by absorbtion or emission
of gluons. Gluons can also produce other gluons and they glue quarks to-
gether. Force between two quarks is independent of distance between them
and therefore we need infinite amount of energy to separate quarks. This
fact, known as quark confinement, tells us that we can not isolate a quark.
Thanks to gluons, the strong force also governs the existence of protons and
neutrons together inside the nucleus but the force at this level is not inde-
pendent of distance. Theoretically, the amount of energy can be converted
to a pair of quark and anti-quark where some interactions could happen to
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exchange colours. [46, 112, 147, 156, 157, 186]

6.2.1 A new lattice model

It is possible to encapsulate all possible interactions in terms of Green’s
functions where their self-similar nature enable us to study interactions in
the context of fixed point equations of Green’s functions namely, Dyson—
Schwinger equations. The strength of the fundamental forces dictate the
appearance of perturbative, asymptotic freedom or non-perturbative behav-
iors to these equations. It is mentioned that gauge bosons provide informa-
tion exchange and here we plan to mathematically describe the existence of
information flow among elementary particles at strong levels of the coupling
constants in interacting gauge field theories via towers of Dyson—Schwinger
equations, cut-distance topological regions of Feynman diagrams which con-
tribute to solutions of these equations and the vacuum energy. The vacuum
energy guarantees the existence of virtual particles in the vacuum state
which will be used in our setting.

Remark 6.2.1. The vacuum state in free field theory can be described in
terms of a tensor product of the Fock space vacuum states for each inde-
pendent field mode where there is no entanglement between the field modes
at different momenta. The full vacuum state in interacting Quantum Field
Theory can be described in terms of a superposition of Fock basis states
where the modes of different momenta are entangled.

Our promising mathematical model tries to engineer divergencies of non-
perturbative aspects of strongly coupled gauge field theories in the context of
lattices of topological regions of elementary particles. It shows a deep depen-
dence of the quantum entanglement on the indeterminateness of elementary
particles. This platform enables us to understand quantum entanglement
as an intrinsic non-local property of non-perturbative QFT-models which
approves the indeterministic nature of strongly coupled gauge field theories.

Definition 6.2.2. For each n, consider v} as a primitive (1PI) Feynman
diagram which presents some interactions of any elementary particle p with
other (virtual) particles in the physical theory. For each Feynman diagram
T, ng (') builds a new disjoint union of Feynman diagrams as the result
of all possibilities for the insertion of I into ~5 in terms of the types of
vertices in 7% and types of external edges in I'. Each family {B;rp >0
of this class of Hochschild one cocycles can determine a particular Dgfsonf
Schwinger equation DSE,, which encodes a collection of possible interactions
between p and other (virtual) particles in the physical theory.

We plan to apply lattice structures to describe quantum entanglement.
A lattice is a partially ordered set such that each pair of its elements has a
unique join V which is the least upper bound and a unique meet A which
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is the greatest lower bound. A lattice is called bounded if there exist the
greatest element and the least element. A lattice is called distributive, if the
operations meet and join obey the distributive conditions.

Theorem 6.2.3. The information flow between the particle p and all unob-
served intermediate states can be described in terms of a lattice of topological
Hopf subalgebras.

Proof. Intermediate states address virtual particles. Dyson—Schwinger equa-
tions are the best tools for us to build Hopf subalgebras of the Connes—
Kreimer renormalization Hopf algebra Hpg(®) of Feynman diagrams of a
given gauge field theory ®. Thanks to the cut-distance topology defined
on Feynman graphons (i.e. Theorem 2.3.8), we can naturally equip each
Hopf subalgebra Hpgg with this topology such that the distance between
Feynman diagrams I'1, ' is given by

d(I'1,T2) = deue ([F1], [F12))- (6.2)

The class [f'?] is the unique unlabeled Feynman graphon with respect to
the Feynman diagram I'; and

dous([F11], [F72]) =infas,wsupAB\/AxBfrl(¢(90),¢(y))—fr2(¢($)7w(y))dﬂcdy\

(6.3)
where the infimum is taken over all different relabeling ¢, for the labeled
graphons f¢, f¥, respectively. The supremum is taken over all Lebesgue
measurable subsets A, B of the closed interval.

In addition, the coproduct of Hpgg is a linear bounded operator on
normed space of Feynman diagrams which leads us to consider each HSS
as a topological Hopf subalgebra.

Thanks to Definition 6.2.2, choose an equation DSE, which contains
some interactions related to the particle p. For each 5 > 1, build a new
collection {I‘gf )}nzl of primitive graphs

¢ =104 4ri-v (6.4)
such that F1(10) =~k for each n > 1.

Thanks to the Milnor-Moore Theorem ([144]), the Connes—Kreimer renor-
malization Hopf algebra Hpg(®) is isomorphic to the graded dual of the uni-
versal enveloping algebra of the Lie algebra of primitive elements in Hpg(®)*
where for each Feynman diagram I', we can consider its corresponding in-
finitesimal character Zr in the dual space. Since the renormalization co-
product is a linear map, we can check easily that the sum of a finite number
of primitive graphs is primitive. Therefore for each j > 1 and n > 1, the
operator B; ;) 1s the corresponding Hochschild one cocyle such that for each
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Feynman diagram I', this operator concerns all possible situations for the
(G- 1) ru=1
U A

insertion of I' into the disjoint unions of Feynman diagrams I'}
In addition, by mductlon7 we can show that for each j, the resulting graph
B (J)(F) covers BT, G- ,y (') as a subgraph.

"For each j> 1 “We can consider the Dyson—Schwinger equation
DSEY) :=< {B;%j) Inz1 >, (6.5)

with the corresponding Hopf subalgebra H There exists a natural

DSE(j)
injective Hopf algebra homomorphism from Hy SEY) to H, DSEY+) which leads

us to build the following increasing chain of Hopf subalgebras
Hpsg, < HDSE <H DSE() <..< HDSE (6.6)

_ : : : (7)
If XDSE;J') = anzo g"(J)Xr]z( ., is the unique solution of the equation DSE;”,

then for each n;) > 1, set
H(X{, . XJ ) (6.7)

as the graded Hopf subalgebra of HDSE(j) free commutative generated alge-
P

braically by graphs X{, o X

O

We can also equip these Hopf subalgebras with the cut-distance topol-
ogy and then work on the topologically completed enrichment of these Hopf
subalgebras. We have discussed that solutions of Dyson—Schwinger equa-
tions are actually graph limits of sequences of finite Feynman diagrams with
respect to the cut-distance topology. The Hopf subalgebra Hpgsg generated
by a given Dyson—Schwinger equation DSE is graded with respect to the
number of internal edges or the number of independent loops. We have

Hpsp = @D Hpsg, () (6.8)

n>0

such that Hpgg,(,) is the homogeneous component of degree n and
Hpsg, () HDsE,(¢) < HDSE, (p+q)»

A(Hpsg,(n EB Hpsg,(p) ® Hpsk,(q), S(Hpsg,p)) € Hpsg,p)- (6.9)
p+gq=n

Define a new parameter val for Feynman diagrams in Hpgg given by

val(T') :=Max{n e N: T € @HDSEv(k‘)} (6.10)
k>n

which determines the n-adic metric on Hpgg defined by the formula

dadic(rlyr2) = 27V&1(F17F2)- (611)
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Thanks to Proposition 4.6 in [169], the n-adic metric enables us to build
a sequence {R,(DSE)},>; of random graphs which is convergent to the
unique solution Xpgg with respect to the cut-distance topology. Now if
we apply the graphon representations of Feynman diagrams, then we can
embed Hpgg into the renormalization topological Hopf algebra of Feynman
graphons Sg]’raphon. We can consider the completed enrichment of H, SgE with
respect to the cut-distance topology to add graph-limits to this topological
Hopf algebra. The coproduct Ag,, is a linear bounded map HIC)‘gE which
makes it a continuous operator. Thanks to the graduation parameter, the
antipode is also a continuous operator in this setting. Denote HﬁlgE as the
resulting topological Hopf algebra.

Now for each j > 1, set H]C)uStEg) as the resulting topological Hopf sub-

algebra corresponding to each equation DSEI(,j ). The family C, of these
topological Hopf subalgebras can be equipped by the following binary rela-
tion

VW e (6.12)

there exists a finite sequence of topological Hopf subalgebras V1,...,V,. € C,
together with injective morphisms V. — Vi — Vo — ... = V,, - W which
connect V to W.

We can check that (Cp, <) is a lattice of topological Hopf subalgebras with
the greatest lower bound H (Xf?o)))c‘lt. For each subset {V71,V2} of (Cp, %), if
Vi < V5 then define

VinVe =V, ViV Ve =V (6.13)

The lattice (Cp,=<) enables us to relate a class of Dyson-Schwinger equa-
tions derived from the basic equation DSE, to each other with respect to
morphisms among their corresponding topological Hopf subalgebras. This
means that the lattice (Cp, <) mathematically describes the transferring of
information from one equation to another. It describes the informational
bridge between p and its intermediate states. O

Definition 6.2.4. Set RP as the smallest collection of all Feynman diagrams
in @ which contribute to the equations DSE,, and DSEI(,j ) for all 7 > 1. Then
equip it with the cut-distance topology and add garph limits to obtain a
complete topological region RP.

Thanks to Theorem 6.2.3, the lattice (Cp,, <) shows us the information
flow processes among all (virtual) particles which contribute to the topolog-
ical region RP.

Theorem 6.2.5. There exists a lattice of topological Hopf subalgebras which
describes the information flow in an entangled system of elementary particles
i a given interacting Quantum Field Theory.
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Proof. At the first step, we are going to show the existence of a class of
Dyson—Schwinger equations for the description of information flow between
two space-time far distant particles which belong to an entangled system in
a given interacting Quantum Field Theory.

Thanks to Theorem 6.2.3, we already have described the entanglement
process in a topological region around an elementary particle on the basis
of the cut-distance topology. Here we need to show the possibility of infor-
mation flow between two entangled particles p, ¢ while p does not belong to
R4, ¢ does not belong to RP and RP N RY = ().

We have identified topological subspaces RP and R? of the topological
Hopf algebra HEY(®) in terms of their contribution to the entanglement of
intermediate states (i.e. Definition 6.2.4). Now thanks to the metric (6.2),
define the distance between this class of regions in terms of

d(RP,RY) :=inf{d(X,Y): X €RP, Y € R4}, (6.14)

We want to show the existence of topological regions such as R?s in HEg (®)
with the following conditions

RPN Repa # (), RIN Rpa # (). (6.15)

For d(RP, R%) > 0, there exist ji,j2 > 0 such that the corresponding
equations DSEI(,] Y and DSE((IJ 2) have the following conditions

n n
Xpspgn = limn o0 kz X, Xpgpyz) = lmnooo kz xU) (6.16)
=0 s

d(ﬁ, m) — dcut (X

DSE;,jl) ) X

DSES]JQ)) > 0. (6.17)

+

ve.pr T > 1

For each ¢ > 0, we can determine Hochschild one cocycles B
which fulfills the following conditions:

- Each vy, is a finite primitive (1PI) Feynman diagram such that
Vn=1, v, ¢ R, v, ¢ RY, v, € Hpa(®). (6.18)

- The equation DSEI(,E) as the Dyson—Schwinger equation originated from
the family {Bj,:e”p}nzl with the unique solution X¢ = 37 -, X7 has the
following property that there exists N. € N such that for each n > N, we
have d(Xy(le), y(f)p) <e.

Thanks to the triangle inequality of the cut-distance metric, we can
obtain

d(X XP)<e (6.19)

DSE;jl) )

In addition, for each € > 0, we can determine Hochschild one cocycles

B;;;EL ¢» > 1 which fulfills the following conditions:
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- Each n;, is a finite primitive (1PI) Feynman diagram such that
vn>1, 0, & B, & BY o, € Hrg(®), (6.20)

- The equation DSEéE) as the Dyson—Schwinger equation originated from
the family {B%g}nzl with the unique solution X¢ = 7 -, X9 has the
following property that there exists N! € N such that for each n > N/, we
have d(X{?, X{9) < e.

Thanks to the triangle inequality of the cut-distance metric, we can
obtain

d(X X9 <e. (6.21)

DSE((ZJQ) )

The vacuum in an interacting physical theory can be described as a
homogeneous system of virtual particles where its states are invariant by all
transformations of the invariance group. Some particles in the vacuum have
negative energies where without violating the conservation laws they can
annihilate ([156]). Thanks to this fact, we can determine R¢ as the smallest
topological subset of H f#g (®) consisting of Feynman graphs which contribute
to equations of the types DSES) and DSEéE). This region contains virtual
particles (created by the vacuum energy) which has separate contributive
parts with topological regions RP and RY. The relations (6.19) and (6.21)

guarantee that
RPN R £ (), RIN R £ (). (6.22)

Now if we apply Theorem 6.2.3, then graphs which belong to the region R4
(as the completion of R with respect to the cut-distance topology) make
informational bridges between entangled particles p, ¢ and their correspond-
ing intermediate states (virtual particles) which live in RP U R4 U Réra.

At the second step, we want to encapsulate the above machinery in
terms of lattice models. Suppose DSE, and DSE, are the basic Dyson—
Schwinger equations corresponding to entangled particles p and q. Thanks
to the built lattice by Theorem 6.2.3, let (Cp, <) be the lattice of topological

Hopf subalgebras Hg:lstE(f) generated by equations of the type DSE,(,j ) which
P

live in the topological region RP and let (Cq» =) be the lattice of topological
Hopf subalgebras HgétE(l) generated by equations of the type DSE((Il) which
q

live in the topological region R4. Thanks to the previous part of the proof, we
can show the existence of j;, jo > 0 such that DSEg Y and DSEg 2) contribute
in the description of the distance between two topological regions RP and
R (i.e. metric (6.14)). Set

ji = Min{j; : DSEYV}, j3 := Min{j, : DSE{?}. (6.23)

Consider the sub-lattice (Cf, <) which contains only the first j; columns of
the original lattice (Cp, <) and the sub-lattice (C3*,=) which contains only
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the first j5 columns of the original lattice (C;,<). These two sub-lattices
have the greatest lower bound and the smallest upper bound.
Thanks to the structure of the topological region R?¢, we can build a new

lattice (cé;f , %) which is the result of the disjoint union of the sub-lattices

(C <) and (Cj?, <) which are connected to each other by topological Hopf
algebra homomorphlsms associated to Dyson—Schwinger equations of the
types DSES) and DSEéE). We have

HiSy < H™ () < .. <H™ 24
DSk, S Hpgpn <0 S Y (6.24)
HRgp, < HS™ ) < ... < H™™ 2
DSEy S Hpgn = - S Hp o (6.25)

which belong to the new lattice in terms of one of the following topological
Hopf algebra homomorphisms

cut cht cut cut cut
— 4 — H — H 6.26
DSE(“) DSEY) DSE DSE(") pSE/2) (6.26)
or
cut cut ut cut cut
HDSE“é) HDSE (e) HDSE (k) HDSE HDSE(J'T) (6.27)
1 P

such that H ]‘;gE(k) is the topological Hopf subalgebra associated to the Dyson—
(& k;)

Schwinger equation DSE& which lives in the region R°¢ and derived from
the virtual particle c. O

6.2.2 Intermediate algorithms for QFT-entanglement

The Milnor—-Moore theorem provides a correspondence between pro-unipotent
Lie groups and graded commutative Hopf algebras ([36, 139]). This corre-

spondence enables us to translate the determination of Hopf subalgebraic

structures in the renormalization Hopf algebra to a problem in Lie groups.

One interesting application of Galois theory is to find a fundamental in-

terrelationship between subgroups of the group of all automorphisms and

intermediate algorithmic structures which live in the middle of programs

and computable functions [198, 199]. Dyson—Schwinger equations can be

applied for the determination of substructures in the renormalization Hopf
algebra Hpg(®) and the determination of Lie subgroups of the complex

Lie group Gg(C) of characters. We can consider each Hpgg as the Hopf
ideal in Hpg(®) and then consider the resulting quotient Hopf subalgebra.

The complex Lie group corresponding to this quotient Hopf algebra is a Lie

subgroup of Gg(C) while we have a surjective group homomorphism from

Ga(C) to Gpse(C). Therefore these non-perturbative equations play the

middle bridge between Theory of Computation and Quantum Field Theory

(63, 167].
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Theorem 6.2.3 and Theorem 6.2.5 have explained the entanglement of el-
ementary particles in terms of the existence of substructures originated from
Dyson—Schwinger equtations. This new mathematical platform can address
a deep connection between the concept of information flow in Quantum
Field Theory and the existence of subobjects inside an object determined
by the Galois Fundamental Theorem. The immediate consequence of this
investigation is to recognize a new approach to quantum entanglement in
the language of intermediate algorithms in Theoretical Computer Science.
We deal with this interesting challenge on the basis of the representation
theory of Lie groups.

Theorem 6.2.6. The intermediate algorithms corresponding to Lie sub-
groups of the complex Lie group Ggraphon((:) can encode the information
flow in an entangled system in a given interacting Quantum Field Theory ®

in terms of a lattice of Lie subgroups.

Proof. At the first step, we plan to show that the information flow between
the particle p and all unobserved intermediate states can be encoded via a
lattice of Lie subgroups of G¢(C). Thanks to Theorem 6.2.3, the entangle-
ment of the particle p and its related virtual particles is encapsulated by the
lattice (Cp, =) of topological Hopf subalgebras. Each pair of Hopf subalge-
bras HDSE(k) = HDSE(” in this lattice determines the injective Hopf algebra
P P

homomorphism

ig - H

DSESY Hy,

SEQ" (6.28)

The passing from Hopf subalgebras to Lie subgroups can be formulated by
applying the contravariant functor Spec which sends a commutative algebra
to a topological space. For each object HDSES“) € (Cp, ), Spec(HDSE;k))
is the set of all prime ideals of the commutative algebra HDSEék) equipped
with the Zariski topology and the structure sheaf. The homomorphism i,
can be lifted onto the surjective homomorphism

I Spec(H.

DSE;’)) — Spec(H,

DSEék)) (6.29)

of affine group schemes. For a fixed Hopf subalgebra HDSEék), Spec(HDSE;k))
is a representable covariant functor which sends a topological space to a
group. Set G u) = SpeC(HDSEék))(C) as the complex Lie subgroup cor-
responding to the Hopf subalgebra HDSE;’“) such that its group structure

is given by the convolution product generated by the coproduct Ay k)
DSEP

Thanks to this setting, we can build a new lattice (Gp,>) of complex Lie
groups such that
Gr K< (6.30)

There exists a finite sequence of complex Lie subgroups Gfi,...,G, € G,
together with surjective group homomorphisms G — G; — Gy — ... —
G, — K which connect G to K.
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In addition, for each n > 1, define G(X{, ... X}) as the finite dimen-
sional complex Lie subgroup corresponding to the free commutative graded
Hopf subalgebra H(XY,..., Xi) of H ). The lattice (G, =) of Lie groups
encodes the information flow between ppand its related virtual particles.

At the second step, we plan to show that there exists a lattice of Lie
subgroups which describes the information flow in an entangled system of
elementary particles in a given interacting gauge field theory. For this pur-
pose, we need to build a lattice of Lie subgroups for the description of the
quantum entanglement process between space-time far distant elementary
particles which belong to an entangled system in the physical theory .

Theorem 6.2.5 determines a lattice (Ch]2 =) of Hopf subalgebras which
describes the entanglement process. Thanks to the first part of the Proof,
it is possible to lift the increasing chains (6.24), (6.25) onto the following
decreasing chains of Lie subgroups

G on =2 G o 2 2 Gy = Gos, (6.31)

Gq(]‘%‘) > Gq(jé“_l) >z Gq(1) > GpsEg, (6.32)

with the corresponding group homomorphisms
Gq(];) — Gq(e) — Gy — Gp(e) — Gp(ji‘) (6.33)

or
G o = Gpo — Gy — Guo — G 63 (6.34)

such that G ) is the complex Lie subgroup corresponding to the Hopf sub-

algebra HDSE(k) generated by the equation DSEgﬁ)

logical region R¢Pa. The existence of the virtual particle ¢, which contributes
to interactions of the particles p, ¢, is the consequence of the energy of the
vacuum in interacting physical theory. Now we can define a new lattice

which lives in the topo-

(GL73,») (6.35)

of Lie subgroups and Lie group epimorphisms. This lattice encodes the
entanglement processes between p and q.

As we have shown in the previous parts of this work, the renormal-
ization Hopf algebra of Feynman graphons S graphon is capable to recover
the renormalization Hopf algebra Hpg(®) and Hopf subalgebras generated
by all Dyson—Schwinger equations. Therefore for each Dyson—Schwinger
equation DSE with the corresponding Hopf subalgebra Hpsg, we can cover
the associated complex Lie subgroup Gpgg(C) via the complex Lie group
Ggraphon (C) by a natural surjection while in the quotient Hopf algebra level

3
Hom(@ C) is a Lie subgroup of G® C). O

Hpsg graphon (
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6.2.3 Tannakian subcategories as intermediate algorithms

The study of Dyson—Schwinger equations had been developed to a cate-
gorical setting where we associated a category of geometric objects to each
system of these equations. Then we have embedded this class of categories
into the universal Connes-Marcolli category EM of flat equi-singular vector
bundles. Thanks to this machinery, some new geometric and combinatorial
tools for the computation of non-perturbative parameters have already been
obtained [160, 162, 164, 167]. Thanks to Theorem 6.2.6, now it is possible
to describe quantum entanglement in the context of the representation the-
ory of Lie groups where we can address a new application of Tannakian
formalism to Quantum Field Theory.

Theorem 6.2.7. There exists a lattice of Tannakian subcategories which
describes quantum entanglement in a given interacting Quantum Field The-
ory.

Proof. At the first step, we show the existence of a lattice (Cat,,>) of
Tannakian subcategories which encodes the quantum entanglement between
an elementary particle p and all unobserved intermediate states (as virtual
particles).

Thanks to Theorem 6.2.3, the entanglement of the particle p and its
related virtual particles is encapsulated by the lattice (C,, <) of topological

. . t t .
Hopf subalgebras. Each pair of objects H]CDUSE;IC) < H]CDUSES) can determine

the natural injective Hopf algebra homomorphism

gl HDSEgg) — HDSEI(,D (6.36)
which can be lifted onto the surjective group homomorphism
it Gy — G (6.37)
For each object G, of the lattice (Gp, =), let
G;(l) =G0 X Gy (6.38)

such that G,, is the multiplicative group which acts on the original group.
Define Repg*m as the category of finite dimensional representations of
P
the complex Lie group G;m which is a neutral Tannakian category. Thanks

to the representation theory of affine group schemes ([139]), the surjective
morphism i allows us to send each representation o : G, — GLy to a
representation

ooin : Gy — GLy (6.39)

which leads us to achieve an exact fully faithful functor

* * . -4
RepGP(k) — Repg " (6.40)

P
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This information is enough to build a new lattice (Catp, =) of subcate-
gories such that
Repy+« = Repg« <= (6.41)

there exists a finite sequence of subcategories Rep Hpo oo Rep Hy € Cat, to-
gether with exact fully faithful functors

Repg- = Repyr — ... = Repyr — Repy- (6.42)

derived from the epimorphisms 7.

At the second step, we show the existence of a lattice of Tannakian
subcategories for the description of the entanglement between space-time
far distant elementary particles which belong to an entangled system.

Thanks to Theorem 6.2.5, the information flow between p and other
ﬁgq] 2*, <) of topological Hopf
subalgebras which inherits a lattice (QZ;;S, ») of Lie subgroups (i.e. Theo-
rem 6.2.6). The decreasing chains (6.31) and (6.32) can be lifted onto the
categorical setting to achieve the following chains of categories and exact
fully faithful functors

distant particle ¢ is described by the lattice (C

Rep > Repgo+ > ... > Repg > Repg= 6.43
PG, = ePGp(l) Z e Z ePGp(ﬁf = ePGp i ( )
Repg: > Repos > ... > Repg > Repg 6.44
PGhep, = qu(l) = Z qu(];il) = PGq(J; (6.44)

We can connect these two chains to each other in terms of one of the following
sequences of exact fully faithful functors

RepG*( y

— Repg+  —> Repe«  —> Repe«  — Repgs (6.45)
.2 q(®) c(k) p(©) G

pV1

or

RepG* — RepG* — RepG* — RepG* — RepG* . (646)
p(jf) p(e) (k) q(©) q(J;)

This information is enough to define (Catgigg, ~) as a lattice of Tan-
nakian subcategories which encodes the entanglement process between p
and q. O

Theorem 6.2.8. Flat equi-singular vector bundles provide a new geometric
description for the information flow in interaction Quantum Field Theories
on the basis of the Riemann—Hilbert correspondence.

Proof. Flat equi-singular vector bundles have been applied for the construc-
tion of the Connes-Marcolli category £M which is a neutral Tannakian
category. It is isomorphic to the category Repy- of finite dimensional rep-
resentations of the universal affine group scheme U*. [46]
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This universal category is rich enough to recover all categories RepG*(_)
p\J
as subcategories which enable us to define a surjective functor

m; : Repy» — RepG*(j) (6.47)
p

of categories. Now if we apply the chain (6.45) or (6.46), then we can
determine one of the functors

4 - Repprs  — Reps 6.48
ﬂflb PGp ) quO%) ( )
or
7 - Repq«  — Repoe . 6.49
ﬂfﬂl qu(ﬂ'%‘> pG,,(J'f ( )

These functors allow us to formulate one of the following equations
_ pa _ g
Tjy = p‘;’m OTjr, O Tjr = p?;j; o s (6.50)

at the level of functors. They are the key tools for us to determine some
flat equi-singular vector bundles which contribute to the information flow in
entangled systems. O

Corollary 6.2.9. There exists a category of mized Tate motives which in-
terprets the information flow in an entangled system of particles in a given
interacting Quantum Field Theory.

Proof. On the one hand, the category &M

category

is equivalent to the motivic

T Mix(Spec O[1/N]) (6.51)

of mixed Tate motives (i.e. Proposition 1.110, Corollary 1.111 in [46]).

Thanks to Theorem 6.2.8, neutral Tannakian subcategories RepG*(.*) and
J1
RepG*(v*) can be embedded into this motivic category. Therefore the in-
a2
formation flow is equivalent to determining subcategories of the category

T Mix(Spec O[1/N]) which contain those mixed Tate motives identified
by motivic Galois groups G;( ) and G* i We denote the resulting motivic
subcategories with Mot(G;(].f)) and Mot(GZ(];)), respectively.

On the other hand, thanks to Theorem 6.2.6, we have already determined
a new class of Dyson—Schwinger equations DSEgk)
mation flow in the topological region R°as. Now by applying Theorem 6.2.7,
we have the category RepG*(k) with respect to this class of Dyson—Schwinger

which describes the infor-

equations which can encode the information flow. This category can be also
embedded into EM which leads us to characterize another class of mixed
Tate motives identified with the motivic Galois group G7,,. We denote the
resulting motivic subcategory with Mot(G% ).
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The disjoint union of objects of these motivic subcategories make a new
subcategory

Moty = Mot(G":.) | | Mot(G2) | | Mot (G ;) (6.52)

of T Mmix(Spec O[1/N]). Mot,, is a category of mixed Tate motives which
contribute to the entanglement processes between space-time far distant
particles p, ¢ via virtual particles of the vacuum energy. ]

The explained mathematical machinery for the description of quantum
entanglement is related to the strength of the bare or running coupling con-
stants of physical theories where we deal with Dyson—Schwinger equations
under different running couplings. It means that our machinery still works
after changing the scale of the momenta (i.e. running coupling constant). As
we know that theory of Renormalization Group is the key tool in Quantum
Field Theory to study the changes of the dynamics of a quantum system
with infinite degrees of freedom when the scales of some physical parameters
such as momentum, energy and mass have been changed. It allows us to
concern the possibility of exchanging information from scale to scale in the
appearance of uncertainty principle. Now we can apply the Connes—Marcolli
universal affine group scheme to define a suitable Renormalization Group
which encodes the information flow under the rescaling of the momentum
parameter.

Corollary 6.2.10. The information flow between an elementary particle p
and all unobserved intermediate states exists independent of changing the
scale of the momenta of particles.

Proof. The universal category £°M is isomorphic to the category Repy:-
with respect to the universal affine group scheme U*. The Connes—Marcolli
universal shuffle type Hopf algebra of renormalization Hy is the result of
the graded dual of the universal enveloping algebra of the free graded Lie
algebra Ly which is generated by elements e_,, of degree —n for each n > 0.
The Milnor—Moore Theorem can determine the corresponding affine group
scheme U. The sum e := ) e_, is an element of the Lie algebra Ly where
thanks to the pro-unipotent structure of U, we can lift it onto the morphism
rg: G, — U. [46]

Now we can apply Theorem 1.106 in [46] to determine a graded repre-
sentation

7, : U*(C) — G*DSEP (6.53)

such that the resulting map 7, org provides the Renormalization Group with
respect to the equation DSE,. By this method, we can build a Renormal-
ization Group with respect to each Dyson—Schwinger equation DSEI(,j ) for
each j > 1. These Renormalization Groups allow us to study the behavior
of the information flow in the topological regions such as RP under changing
the scales of the momentum parameter. O

144



The phenomenology of non-perturbative QFT:

Ali Shojaei—Fard Mathematical Perspective

6.3 Quantum logic via non-perturbative proposi-
tional calculus

The fundamental purpose in this section is to address a new category model
for the study of logical propositions about solutions of (strongly coupled)
Dyson—Schwinger equations. We use cut-distance topological regions of
Feynman diagrams to build a new topos model which can encode the role
of the strength of coupling constants in the logical evaluation about non-
perturbative aspects of physical theories. This new topos model can lead us
to clarify a new class of computable Heyting algebras for the logical study
of gauge field theories.

6.3.1 Quantum Topos

Generally speaking, a quantum system is described by its von Neumann
algebra B(H) of observables which contains all bounded operators on an
infinite dimensional separable Hilbert space H. Each physical quantity A
has a corresponding self-adjoint operator A in B(H) and vice versa. Set
V(H) as the poset of all unital abelian von Neumann subalgebras of B(H)
which can be seen also as the context category. For objects Vi C V5 in the
context category, the subalgebra Vj has less number of self-adjoint operators
and less number of projections than the subalgebra V5. The restriction
process from the subalgebra V5 to the subalgebra Vi or the lifting process
from V7 onto V5 are fundamental issues in propositional calculus of quantum
systems. These translation issues have been studied under coarse-graining
process. On the one hand, it enables us to map self-adjoint operators and
projections from V5 to V;. For a proposition A € A about a given physical
quantity A, suppose its corresponding projection Pﬁ belongs to V5 but not
belong to Vi. It means that this proposition can not be evaluated from the
perspective of V7. The daseinisation process has been designed to adapt the
projection PAA and the proposition A € A to V; by making them coarser.
On the other hand, every self-adjoint operator and every projection in V;
belong also to V5 but the embedding of the smaller subalgebra into the larger
one requires some extra structures and objects which live in V5. To concern
this issue has led people to build a topos of contravariant functors from the
context category V(H) to the category Set. This categorical setting has been
developed very fast for the reconstruction of physical theories in the context
of higher order logic. [4, 20, 59, 60, 61, 62, 90, 91, 92, 122, 129, 141, 175]
The original motivation for the construction of a new topos model is to
provide a new analogous of this propositional calculus for the study of situ-
ations beyond perturbation theory in Quantum Field Theories with strong
couplings in the context of logical conceptions. Our new topos model shows
the importance of the strength of the (bare) couplings in the construction
of the category of context (i.e. base category). The context category of our
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new topos is built in terms of cut-distance topological Hopf subalgebras of
the enriched renormalization Hopf algebra HE& (®). Its complexity is more
than the complexity of the standard context category V(H). The inclu-
sion HSgEl C I%‘gEQ in our context category does not mean in general that
the equation DSE; should have less physical information than the equation
DSEs. We can remind the calculus of ordinals in Set Theory, where we deal
with different types of infinities while sometimes a subset of a set and the
set can have the same cardinal. Therefore coarse-graining process is not
noticed in the foundations of our topos model and we need to concern other
parameters to deal with propositions at the level of large Feynman diagrams.

Let us give a short overview about the concept of topos . The fundamen-
tal motivation for the study of topos came from the concept of abstraction in
Mathematics. In fact, Category Theory, as a modern discipline, comes to the
game whenever we plan to study a general theory of structures. Categories
enable us to concern mathematical structures in terms of interrelationships
among objects (which are formally known as morphisms) while under a set
theoretic perspective, we choose to deal with properties of mathematical
structures on the basis of elements and membership relations. Many ba-
sic concepts such as spaces and elements in Set Theory can be replaced by
objects and arrows in the categorical setting, respectively. It is reasonable
to think about Category Theory as a generalization of Set Theory where
we are capable to study a mathematical structure in terms of its relations
with other structures. This approach leads us to a universal fundamental
language in dealing with mathematical structures where we have general
powerful tools such as functors between categories and natural transforma-
tions between functors instead of the equality relation between elements of
sets in Set Theory. Actually, the language of Category Theory provides a
new understanding of the notion of ”element” of an object in a mathematical
structure which is more general than its set theoretic version. Each arrow
is indeed a generalized element of its own codomain which means that each
object X can be described in terms of consisting of different collections of
arrows Y — X. This interpretation is known as the varying of elements
of X over the stages Y which corresponds to the notion of absolute ele-
ment x of a set X in Set Theory. This story is encapsulated in terms of
a map z : {*} — X where we enable to address the terminal object un-
derlying the categorical setting. Questions about the existence of a class of
categories which could be regarded as a categorical-theoretic replacement
and generalization of the category of sets and functions have led people to
build elementary topos and Grothendieck topos such that the second class
is known as a replacement for the notion of ”space”. The concept of topos
has all tools of the set-theoretical world which are necessary for the con-
struction of mathematical structures and their models under a categorical
configuration. It provides a generalized version of the notions of space and
logic where we enable to interpret it as a categorical-theoretic generalization
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of the structure of a universe of sets and functions that disappears certain
logical and geometric restrictions of the base mathematical structure. Gen-
erally speaking, for a given mathematical theory, we can have a treatment
to evaluate and study the theory under different stages with respect to ob-
jects of a fixed base category. So there is a chance to consider possible
relations among toposes in the context of a special family of functors which
are called geometric morphisms. The category Set of all sets and functions
is an example of a topos which is the basis for the construction of more
complicated toposes such as the Grothendieck topos of sheaves over a given
base category. Consider the category Set®” of contravariant functors from
the base category C to the standard category Set of sets and functions. El-
ements of this mathematical theory corresponded to the base category C,
which have been already modeled as objects in the mentioned topos, be-
come representable in terms of set-valued functors over the base category C.
Roughly speaking, a topos is a Cartesian closed category with equalisers and
subobject classifier. In other words, a topos has terminal object, equalis-
ers, pullbacks, all other limits, exponential objects and subobject classifier.
[10, 95, 123, 124, 126, 152, 151, 177]

6.3.2 Non-perturbative Topos

In this part we build the context category of our new topos model. Then
we show the existence of a new class of computable Heyting algebras which
encode truth-values of propositions about non-perturbative aspects of gauge
field theories.

Definition 6.3.1. Topological Hopf algebras H]%“StE()\ o) generated by solu-
tions of Dyson—Schwinger equations under different running couplings in a
given gauge field theory ® with the strong bare coupling constant g and
their closed Hopf subalgebras can be organized into a poset structure. For
each pair (Hy, Hy) of objects, we can define arrows pointing from H; to Hs
(i.e. Hy < Hy) if and only if there exists a homomorphism H; — Hs of Hopf
algebras which is continuous with respect to the cut-distance topology.

This poset can be seen as a category denoted by Cz Y.

Lemma 6.3.2. Cg""Y is a small category.

Proof. The existence of the graduation parameters on the renormalization
Hopf algebra Hpg(®) allow us to represent it in terms of an infinite sys-
tem of Dyson—Schwinger equations generated by fixed point equations of
vertex-type and edge-type Green’s functions of the physical theory under
different running couplings. Therefore Hpg(®) can be seen as an object in
the category Cg Y which makes this category as a small category. O
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The small category Cg Y is useful to determine cut-distance topological
neighborhoods of Feynman diagrams and expansions around a fixed Feyn-
man diagram. These topological regions are Hausdorff and therefore they
allow us to separate not weakly isomorphic Feynman diagrams from each
other. It gives us an advantage to study the unique solution of a given
Dyson—Schwinger equation in terms of Feynman diagrams which contribute
to arbitrary small neighborhoods around the corresponding large Feynman
diagram.

Lemma 6.3.3. There ezists a topos structure on the small category C3™™®.

Proof. The natural choice is the topos of presheaves on the category Cg™™"®
(as the category of context). We denote this new category by Tg ¢ and
call it a non-perturbative topos.

An object in Ty™? is a contravariant functor from the category Cg 7
to the standard category Set of sets and functions.

A morphism between a pair (F, F») of objects is a natural transfor-
mation such as 1 : F; — Fy which is actually a family of morphisms
{ng : F1(H) — FQ(H)}HE()bj(CgOU,Q) with respect to the contravariant prop-
erty. It means that for each morphism f : H; — Hy in Cg Y, we have
N, © F1(f) = F2(f) o -

A sieve on an object H € C3”™7 is defined as a collection S of morphisms
[+ H — H' in C3°™Y with the property that if f belongs to S and if
g : H — H" is any other morphism in Cg ™Y, then go f : H — H" also
belongs to S.

The terminal object 1 : Cg Y — Set can be defined by 1(H) := {x}
at all stages H in Cz"™?. If f : H — H’ is a morphism in C3”™7, then
1(f) : {x} — {*}. It is the terminal object because for any other presheaf
F we can define a unique natural transformation n : F© — 1 such that its
components ng : F(H) — 1(H) = {x} are the constant maps I" — x for all
I'e F(H).

The subobject classifier Q"°" is the presheaf Q™" : C3°™Y — Set such
that for any object H € Cg™Y, Q"°"(H) is identified by the set of all sieves
on H. If f: H — H" is a morphism in Cz ", then Q™" (f) : Q"*(H") —
Qmon(H') is given by

QUn(£)(S) = {h: H" - H", hofeS} (6.54)

for all sieves S which lives in Q""(H).

The outer presheaf is the contravariant functor O which maps each Hopf
subalgebra Hpgg in the base category to the set In(DSE) of all infinitesimal
characters corresponding to Feynman diagrams in Hpgg.

The spectral presheaf is the contravariant functor ¥ which sends each
Hopf subalgebra Hpgsg in the base category to its corresponding complex
Lie group of characters. O

148



The phenomenology of non-perturbative QFT:

Ali Shojaei—Fard Mathematical Perspective

More details about the basic structure of the non-perturbative topos has
been studied by author in other separate research work.

Heyting algebras are practical models of the intuitionistic logic where we
do not have the law of excluded middle. It means that the proposition ¢V—¢
is not intuitionistically valid. The importance of this class of logical algebras
in physics have been clarified when people started to describe quantum logics
in terms of topos models. [10, 86, 90, 91, 92, 122]

Definition 6.3.4. A Heyting algebra A is a bounded distributive lattice
with the largest element 1 and the smallest element 0 which obeys this
condition that for each couple (a,b) of its elements there exists a greatest
element x € A such that a A z < b. This particular element is called the
relative pseudo-complement of a with respect to b. A is called a complete
Heyting algebra, if it is a complete lattice.

Theorem 6.3.5. The topos Tg Y can encode the logical evaluation of
propositions about topological regions of Feynman diagrams.

Proof. Truth objects corresponding to cut-distance topological regions of
Feynman diagrams can be determined by the Heyting algebraic structure

defined naturally on the subobject classifier of the topos Ty ™.
For a given topological Hopf algebra HB‘%}E, consider the space Q"°"(H B@E)

: : : cut : : cut
which contains all sieves on Hfgy. Now for arbitrary sieves S1, 52 on HEgy

which live in Q""(Hg4,), the partial order relation on Q" (HS4,:) can be
determined naturally by the relation

S1 <8y & S CSs. (6.55)
It leads us to make the following elementary logical statements

S1 A Sy :=51N8,, SV Sy =51 USs,

Sl = SQ =
{f: HRSp1 — HBSp o s.t. Vg : HR§p o — HpSps, go f € S1=go f € Sy}

(6.56)
The negation of an element S is defined by the proposition -5 := 5 = 0
which means that

S ={f: H]%ustE,1 - H]CjuStE,Z s.t. Vg : H]%ustE,z - H]%uStE,37 gof ¢ S}. (6.57)

Thanks to the defined partial order (6.55), for Si,S2 € Q"*(H{4g),
there exists a proposition S; = Sy of Q" (HSY,) with the property that
for all S € Q"™ (HEYR),

S < (Sl = SQ) S SAS <8, (6.58)
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In addition, the unit element in Qnon(HSgE) is the principal sieve on H]C)lgE
and the null element is the empty sieve (.

The presheaf Q™" as the subobject classifier shows that subobjects of
any object F' in the topos Ty ¥ are in an one to one correspondence with
morphisms such as y : FF — Q"". In other words, for a subobject K of F,
its associated characteristic morphism y* is determined by its components

XﬁBuStE : F(HRS:) — Qo (HEY,) where

X (A) = {f - Hip — Hipy : F(f)(A) € K(HBgy)},  (6.59)

for all A € F(H{Yy), is actually a sieve on Hi4,. Furthermore, each mor-
phism x : FF — Q" which is a natural transformation between presheaves,
defines a subobject KX of F' which is given by

KX(H{%:) == XI;}:DuStEﬂQm( Hew ) b (6.60)

As the conclusion, for each equation DSE, (Q"*(HZE:), <, A, V,—) is
our promising Heyting algebra. O

A Heyting algebra is called finitely free, if it is generated by the equiv-
alence classes of formulas of finite number of propositional variables under
provable equivalence in the intuitionistic logic.

A subset A of natural numbers is called computable if there exists an
algorithm to decide whether a natural number belongs to A or not. In
other words, A is computable if its corresponding characteristic function is
computable. An algebraic structure is called computable if its domain can
be identified with a computable set of natural numbers where the (finitely
many) operations and relations on the structure are computable. If the
structure is infinite, people usually identify the cardinal of its domain with
the symbol w. The computable dimension of a computable structure is the
number of classically isomorphic computable copies of the structure up to
the computable isomorphism. [175]

Definition 6.3.6. A Heyting algebra (H, <,A,V,—) is called computable,
if H and all its corresponding operations are computable.

For a given Heyting algebra with one generator, there exist infinitely
nonequivalent intuitionistic formulas of one propositional variable. The con-
nection between free Heyting algebras and the intuitionistic logic leads us to
the concept of "computable dimension” for Heyting algebras in particular
the ones which can encode the logics of the non-perturbative toposes Tg Y.

Theorem 6.3.7. There exists a computable Heyting algebra which encodes
truth objects associated to topological regions of Feynman diagrams which
contribute to the unique solution of the Dyson—Schwinger equation DSE in
a given gauge field theory .
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Proof. We work on the non-perturbative topos Tgon’g . Thanks to Theorem
6.3.5, we can associate the Heyting algebra Q" (H{Y,) to each combinato-
rial Dyson—Schwinger equation DSE. Therefore the subobject classifier Q™"
has the internal structure of our interesting Heyting algebra (as the alge-
braic structure appropriate for the intuitionistic logic). We want to lift this
logical type of algebra onto a enriched version Q" which is computable at
the level of dimension.

Consider the propositional intuitionistic logic over the given language
(o (HEE:), A, V, —, L, T) such that Q"°"(Hg%,) can be seen as the col-
lection of propositional formulas in infinitely many variables modulo equiva-
lence under the intuitionistic logic where A, V, — are the logical connectives,
L is false and T is truth. The codes for formulas such as ¢ Ay, ¢V or
¢ — 1 are always greater than the codes for ¢ and .

The intuitionistic propositional logic is decidable ([37, 180]) which means
that we need a finite constructive process to apply uniformly to every propo-
sitional formula to understand either it produces an intuitionistic proof of
the formula or it shows no such proof can exist. Therefore we have a com-
putable copy of the free Heyting algebra on w generators. Now we can
consider elements of Q"°"(H{Y;) as the equivalence classes [¢] under prov-
able equivalence in the intuitionistic logic which leads us to the following
computational operations.

[¢] < [Y] & ¢ — 1 is provable under the intuitionistic logic,

PIA =l Al (ol VY] =IoVyl (6.61)

The plan is to build Qnon a5 a computable copy which is not computabil-
ity isomorphic to Q"°". Let ay(n) be a label at stage s determined by the
domain of Q"°" in the construction process. It is a propositional formula in
the intuitionistic logic such that
- a(n) = limsag(n),

- For n # m, the propositional formulas «(n) and a(m) are not intuitionis-
tically equivalent,

- For each intuitionistic propositional formula ¢, there exists such n such
that «(n) is intuitionistically equivalent to ¢,

- Morphisms with the general form ¢, : Quon _y Quon cap be applied to
deal with the diagonalization against all possible computable isomorphisms
([180)).

Once we define the join, meet or relative pseudo-complement of elements,
these relationships never change in future stages. Therefore, the function «,
which indicates an isomorphism map between Qron and Qren - makes (ynon
computable. O
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In this part we summarize the original achievements of this monograph
which focused on the mathematical foundations of non-perturbative gauge
field theories in the context of combinatorial, geometric—analytic and cate-
gorical settings.

(A) We have studied solutions of Dyson—Schwinger equations in terms of
an infinite combinatorial setting. We applied the theory of analytic graphs
(for sparse graphs) to formulate non-trivial graphon models of Feynman
diagrams and their formal expansions. Then we encapsulated the renormal-
ization of these graphons in the context of a new topological Hopf algebra
Sg;aphon of Feynman graphons with respect to Feynman diagrams of a given
(strongly) coupled gauge field theory ®. The topology of this Hopf algebra is
the topology of graphons, its coproduct is derived from the Kreimer’s renor-
malization coproduct and its graduation parameter can be determined in
terms of loop numbers of the corresponding Feynman diagrams. The com-
pactness of the topology of graphons enables us to identify Feynman graph
limits as the convergent limits of sequences of finite Feynman diagrams. In
addition, solutions of fixed point equations of Green’s functions have also
been studied as the cut-distance convergent limits of the sequences of their
corresponding partial sums. We then applied these Feynman graphon mod-
els of Dyson—Schwinger equations to formulate a new enrichment of the
BPHZ renormalization theory for infinite formal expansions of Feynman di-
agrams. Our study completes the foundations of a differential Galois theory
(in terms of the Riemann—Hilbert problem) for the study of non-perturbative
parameters derived from the renormalization of Dyson—Schwinger equations
under strong running or bare coupling constants.

We have also studied Dyson—Schwinger equations in the language of some
combinatorial polynomials. We built a new parametric representation for
solutions of these non-perturbative equations in terms of Tutte polynomials
and Kirchhoff-Symanzik polynomials. We then formulated a new multi-scale
Renormalization Group on the collection S®¢ of all Dyson-Schwinger equa-
tions in a given gauge filed theory in terms of changing simultaneously the
scales of momenta (i.e. running) and bare coupling constants. This Renor-
malization Group is useful to study strongly coupled Dyson—Schwinger equa-
tions in terms of cut-distance convergent limits of sequences of large Feyn-
man diagrams under weaker running couplings. Feynman graphon models
and the topology of graphons are the essential tools for this fundamental
result. In addition, this Renormalization Group has been applied to for-
mulate a new concept of complexity for Dyson—Schwinger equations under
different running coupling constants. We considered S®9 as a new con-
structive world to formulate a new generalization of the Kolmogorov com-
plexity for Dyson—Schwinger equations. We showed that our generalized
non-perturbative BPHZ renormalization program can encode the Halting
problem of partial recursive functions on S®9.

(B) We have built a new Noncommutative Geometry model for the study

153



The phenomenology of non-perturbative QFT:

Ali Shojaei—Fard Mathematical Perspective

of Dyson—Schwinger equations in terms of a new class of infinite dimensional
spectral triples. These spectral triples are derived from graded Hopf subal-
gebras generated by solutions of Dyson—Schwinger equations. The strength
of running couplings has a direct influence on the structures of these spectral
triples. This is a fundamental achievement for the description of the geom-
etry of non-perturbative quantum motions via noncommutative differential
geometry and the theory of Spectral Geometry.

Thanks to Feynman graphon models, we have explained the foundations
of a new Functional Analysis approach for the study of solutions of Dyson—
Schwinger equations in terms of the Haar integration theory on S®9 as
a modification of the classical Riemann—Lebesgue integration theory with
respect to the Borel o-algebra on real numbers. As we have shown this new
approach is useful for the analytic description of evolution of large Feynman
diagrams in terms of sequences of their corresponding partial sums where
we have formulated a new generalization of . Johnson—Lapidus Dyson series
for strongly coupled Dyson—Schwinger equations.

We have also worked on the Banach algebra L'(S®9, jifgaar) to formu-
late a generalized version of the Fourier transformation on the basis of the
Gelfand transform. It is useful to encode the evolution of Dyson—Schwinger
equations in terms of ppaar-integrable functions on S%9.

In addition, we explained the basic elements of the Gateaux differential
calculus machinery on the separable Banach space S®9 with respect to the
cut-norm to study smooth functions on S®9 in the language of Taylor series
of higher order Gateaux differentiations and homomorphism densities.

(C) Thanks to Feynman graphon models of Dyson—Schwinger equations,
we have obtained a new mathematical model for the description of quantum
entanglement in interacting (strongly coupled) gauge field theories in the
language of intermediate algorithms organized in some new lattice models.
These intermediate algorithms have been encoded via lattices of topologi-
cal Hopf subalgebras generated by solutions of Dyson—Schwinger equations.
We then lifted these lattices on to the level of lattices of Lie subgroups and
Tannakian subcategories. Our study provides a new bridge between infor-
mation flow in Quantum Field Theory and the Theory of Computation and
Complexity.

In addition, we have organized topological Hopf subalgebras derived from
solutions of Dyson—Schwinger equations in a given gauge field theory into a
new topos. This new topos can provide the logical foundations of gauge field
theories under strongly coupled running couplings. This new topos model
has been developed by Author in his recent research works. We have shown
the existence of a new class of computable Heyting algebras which encode
the evaluation of logical propositions about topological regions of Feynman
diagrams.
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