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In this article, the Poincaré/Lorentz covariant/invariant formalism without ultraviolet divergences gives an
answer to the Yang-Mills existence problem of Millennium problem (MP), since axiomatic approaches use
traditional field properties. Fields are expanded using scalar plane-waves with continuous four-momentum
of quantum particles. Because of asymptotic freedom, Yang-Mills theory become trivial with vanishing
interactions for the infinite cutoff energy. To avoid the triviality, the main procedure introduces a cutoff. In
mathematics, for the metric of the four-dimensional spacetime continuum (on which Yang-Mills fields are
defined), only in the case where metric is determined from general relativity like Riemannian geometry, the
cutoff scale is restricted to the Planck energy, preventing unphysical losses of intermediate states into black
holes. Only for applications of mathematics to physics, self-energies due to Higgs fields will be cut off by
dividing spacetime into arbitrary-shaped elements. Next, pure Yang-Mills fields composed of variational
stationary classical fields and quantum fluctuations are considered. The Wilson loop for the classical field
yields a linear potential between a charge and an anticharge, and the stabilization energy provides a mass
gap. The action has a local mass from the classical field. These masses present an answer to the mass gap
problem of the MP.

1 Introduction and Summary

This paper presents a mathematical solution to the Yang-Mills (YM) existence and mass gap problem, which
is one of the Millennium problems [1]. The problem is widely known as a longstanding important problem to
be solved. The aim of science is to clarify unclear problems. This paper treats solely pure Yang-Mills fields.
In this paper, Sec. 2 presents a mathematical solution to the Yang-Mills (YM) existence problem, deriving
Theorem 2.12. Section 3 gives a solution to the mass gap problem, leading to Theorem 3.28. Subsections
2.1 and 3.1 describe the aim and outline of Secs. 2 and 3, respectively. This study aims at constructing
solid foundations of quantum field theory (QFT) for Yang-Mills fields [2]. Mathematics is a science which
constructs axioms and which derives theorems from the axioms. Although mathematics is independent of
physics, mathematics and physics have mutually influenced each other. In physical field theory, an expec-
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tation value for a product of operators [2—-6] sometimes diverges due to high-energy contributions. This is
known as the ultraviolet divergence problem, [7—15] which this paper treats. Mathematically, this expec-
tation value with ultraviolet divergences may be in some sense expressed by a tempered distribution. This
distribution is included in Schwartz distributions, and its Fourier transforms are available. On the other hand,
non-Abelian Yang-Mills fields should physically gain a mass, which leads to a transition from long-range in-
teractions to short-range interactions. A set of these mathematical requirements is the Yang-Mills existence
and mass gap problem. A physical formulation of the themes including a solution to the above problems
has been presented in previous papers [16—20]. Other approaches in different motivations are seen in the
literatures [21-23].

On the basis of this physical formulation, this paper aims at giving a mathematical solution to the Yang-Mills
existence and mass gap problem. Tomonaga (S. Tomonaga) stated that when the problem is difficult, one
way is to learn theoretical schemes from nature. For this reason, two theories with associated lemmas in
this paper are constructed mathematically, referring to physical meanings. (If a reference to experimental
input is expressed by an axiom in mathematics, this axiom is not excluded in mathematics.) First, in Sec.
2, a mathematically well-defined field theory is formulated, presenting Theorem 2.12. Fields are expanded
in terms of scalar expansion functions, which are plane waves as a function of an inner product between a
four-vector in the four-dimensional (4D) spacetime continuum and a four-momentum. As mentioned below
in 2.4 in the main procedure of this paper, Yang-Mills fields have a specific feature of asymptotic freedom.
Interactions disappear and particles are free for the infinite cutoff energy. Namely, the Yang-Mills theory
is trivial for the infinite high energy. In order to avoid this triviality, this paper introduces a finite cutoff
in the main procedure for Yang-Mills fields. (The cutoff scale is not spesified at this stage.) Quantities,
corresponding physically to vacuum expectation values for a product of operators, are formulated using
this cutoff. As described below in Subsec. 2.2, in mathematics like for Riemannian geometry, it does not
necessarily seem that an axiom for the metric of the spacetime continuum should not be determined from
general relativity. Only if general relativity is considered, the metric gives rise to black holes at the Planck
energy (fundamental unit energy of about 10%® eV (10'° GeV)), missing particles probabilities unphysically
in high-energy intermediate stats. Only when the metric is induced from general relativity, the cutoff scale is
specified at the Planck energy, as mentioned in Subsec. 2.4. (Only as possible applications of mathematics
to physics, Appendices provide a suppression of quadratic self-energies due to Higgs fields (around 10! eV
(10? GeV)) [24], which are extremely large for an inevitably large ultraviolet cutoff. At the energy lower
than the ultraviolet cutoff energy, this cutoff is achieved by dividing spacetime continuum into arbitrarily
shaped elements, based on solid-state physics [25,26].)

The fields are Poincaré covariant under rotational and translational transformations in the spacetime con-
tinuum. The expansion coefficients of the Yang-Mills gauge field have a symmetry represented by such
as a compact and simple group [2]. The four-momentum is continuous for energies lower than the cutoff
energy. The Lagrangian in the action is defined in a traditional way for the cutoff scheme, and the fields are
quantized using the path integral. The formalism that presents Theorem 2.12 constructs Poincaré/Lorentz co-
variant/invariant Yang-Mills fields without ultraviolet divergences, and is consistent with the corresponding
properties of the axiomatic formalism [5] by Streater & Wightman (SW) or equivalently that by Osterwalder
& Schrader (OS). It is emphasized that except for high-energy contributions, which give rise to the ultravio-
let divergence problem, the formalism of physical field theory is already mathematically rigorous. The field
theory defined in theoretical physics is therefore not repeated mathematically here.



Next, in Sec. 3, a solution is presented to the mass gap problem for pure Yang-Mills fields, stated by
Theorem 3.28. The quantization scheme employed in this paper is the Feynman path integral. It is regarded
that contributions to the path integral are a variational stationary classical field and quantum fields. The
former classical field leads to a differential equation in analytic dynamics, and the latter quantum fields
fluctuate around the classical field. The pure Yang-Mills field then comprises classical and quantum fields.
An example of compact simple groups considered here is represented by such as SU(N) of degree N, which
does not involve any loss of generality. The classical localized field with SU(2) symmetry is embedded
in the classical SU(N) field with all zero elements. The classical field considered in this study is the sum
of localized and unlocalized fields. For a specific configuration of the classical fields, the classical Yang-
Mills differential equation is then reduced to a linear equation. This linear equation differs from that for
the U(1) gauge field, because each component of the Yang-Mills field is multiplied by a generator (matrix)
of the group. The charge and anticharge densities associated with the localized and unlocalized fields,
respectively, cancel each other. The classical localized field gives rise to a linear potential between a charge
and an anticharge. Quantum fluctuations around the vacuum of the classical zero-field provide a Coulomb
potential between paired charges. By contrast, when the classical field contains the localized field, a linear
potential appears, and quantum fluctuations add the Coulomb potential to the linear potential. The latter
confinement phase, which yields the binding energy between the paired charges under the linear potential,
is stable compared to the former Coulomb phase. Moreover, the non-interacting term in the Lagrangian of
the action gains a positive local mass originating from the non-vanishing classical field. Thus, in Theorem
3.28, not only the above binding energy between the paired charges but also the local mass contributes to
the mass gap of the pure Yang-Mills field. Hence, this paper presents a solution to the Yang-Mills existence
and mass gap problem.

This paper is organized as follows. Subsections 2.1 and 3.1 outline Secs. 2 and 3, respectively, for easier
understanding. Then, the next Sec. 2 presents a well-defined formulation of Yang-Mills fields without
ultraviolet divergences, leading to Theorem 2.12. Subsequently, Sec. 3 gives a solution to the mass gap
problem of the pure Yang-Mills field, resulting in Theorem 3.28. Although usual mathematical papers
need no conclusion section, Sec. 4 in this paper summaries conclusions. Appendices provides possible
applications of mathematics to physics for cutoffs of physical phenomena containing self-energies.

2 A solution to the Yang-Mills existence problem: Formulation of
quantum field theory without ultraviolet divergences

2.1 Aim and outline of Sec. 2

This Subsec. 2.1 describes an outline of this Sec. 2. Quantum field theory in physics is rigorous, except for
the problem of ultraviolet divergences. This section then presents a Poincaré covariant field theory without
ultraviolet divergences, leading to a solution to the Yang-Mills (YM) existence problem. The remainder of
this subsection describes the background, aim, and outline of this section.

Quantum field theory, which is quantized equivalently by such as the path integral or canonical quantization,
has too many high-energy configurations (values), resulting in the ultraviolet divergence problem. Therefore,
the ultraviolet divergences must be removed. Using plane waves in Eq. (2.8) with coordinates x;, and energy-



momentum (four-momentum) p, on the four-dimensional spacetime continuum, a field without the cutoff
of high energies (including momentums) is expressed in a Fourier expansion form of Eq. (2.9), where
T¢ denote generators of the group such as SU(N) with N being a general and meaningful natural number.
When a quantum particle with unlimited energies emitted from a field is reabsorbed by the field in the self-
interacting intermediate state, ultraviolet divergences occur in some physical quantities. For field theory, the
Poincaré covariance with the rotational and translational covariance is required. It is noted that in this paper,
the underlining for quantities with the cutoff is omitted, except in cases where it is explicitly required to
denote the cutoff.

A cutoff for removing ultraviolet divergences is treated in Subsec. 2.4 in the main procedure of this paper,
giving a mathematics framework. As mentioned in Sec. 1, Yang-Mills fields with asymptotic freedom results
in the phenomena that interactions disappear and particles are free for the infinite value of the cutoff energy.
The phenomena mean the triviality of the Yang-Mills theory for the infinite cutoff energy. To avoid this
triviality, Subsec. 2.4 introduces a finite cutoff for Yang-Mills fields. In mathematics, it does not necessarily
seem that the metric is not determined from the general relativity, as described below in Subsec. 2.2. Only
if the metric from general relativity is treated, the metric yields the loss of possibilities of high-energy
intermediate states into black holes. Only when this metric like Riemannian geometry is dealt with, the
cutoff scale is restricted to the Planck scale. This cutoff prevents the loss of possibilities of high-energy
intermediate states into black holes.

To provide an overview of the cutoff in quantum field theory calculations mentioned below, quantum theory
used in this paper is briefly summarized here, with reference to the literatures [2—6,9-15]. In principle, field
theory is formulated using a differential equation reproduced from a stationary state with a vanishing varia-
tion of the action functional (Lagrangian) in analytical dynamics. One quantization theory is Feynman path
integral, in which integrals are performed over all field configurations (field function values) associated with
the weight of the action. Canonical quantization of the operator form is another theory that was developed
from the Hamilton formalism in analytic dynamics. As reported in the literatures [13, 14], a state vector
|¥ >, which represents a field system, changes to | > by the multiplication of matrix Uy in interactions, as
shown in Eq. (2.18) in Subsec. 2.5. The probability (transition) amplitude in Eq. (2.19) projected onto the
vector < ¥”| is derived from < V|9 >=< ¥"|U;|¥ >. When a coupling constant in interactions is small
like that of the Yang-Mills field with the well-known asymptotic freedom [2] mentioned later, an expansion
of Uy is performed using the Feynman-Dyson diagram method. It is known that in path integral, derivatives
of a generating functional yield terms in a power series of Uy with respect to a coupling constant [2,3]. Using
the Fourier expansion of fields as a function of four-momentum, field theory calculations are performed in
momentum space. In the Feynman diagram, as shown later in Figure 1 in Subsec. 2.5, a straight or curved
line connecting two intersections of lines physically corresponds to the vacuum expectation value for a time-
ordered product of field operators (in the interaction representation). This expectation value, so-called such
as the invariant function, propagator, Green function, correlation function, or Wightman function, is typi-
cally a tempered distribution. From the Wightman function in the Minkowski space, Schwinger function
in the Euclidean space is derived through a transformation on a complex plane. In integrals in 4D momen-
tum space according to the Feynman diagram, high-energy contributions to the diagrams, such as so-called
loop and vertex, yield ultraviolet divergences. Proper diagrams, which cannot be essentially divided, are
separated, including the case of a higher-order series. The ultraviolet divergences are removed by cutting
off high-energy contributions. Notably, the characteristics of this paper employ the Lorentz-invariant cutoff



radius, which is rotationally (Lorentz) invariant in the Euclidean space. The divergent integrals described
by the proper diagrams are put into a set of limited number of renormalization constants (including subtrac-
tion cases), and fields are renormalized. Due to this renormalization, the coupling constant depends on the
cutoff energy. Yang-Mills fields then reveal the asymptotic freedom, which is the property that the coupling
constant decreases as the cutoff energy increases.

The Poincaré covariant cutoff in this paper is used in the following procedure. The Feynman-Dyson diagram
method developed in the original studies [12—14] are described in detail in many literatures [5, 15]. Figure
1 depicted later in Subsec. 2.5 shows a two-point graph for a self-interaction in the Feynman diagram,
representing a two-point function below. In this graph, the process x — y is finally taken. Although this
graph exactly corresponds to Eq. (2.29), the conceptual meaning is roughly symbolized in Eq. (2.20). The
general term displayed by the Feynman diagram is given by Eq. (2.27), which can be rewritten as a simple
product of the two-point functions, as indicated in Eq. (2.28). In a sample case, Eq. (2.28) becomes simple
Eq. (2.29) followed by Eq. (2.30). In the diagram, a quantum particle with a momentum p (namely p)
annihilates at intersection y and a particle with momentum k is created. This particle propagates along a
curved line and annihilates at intersection x. Here, a particle with the momentum p is created. In this case,
the process x — y is finally taken to yield a quartic interaction, in which the field reabsorbs the emitted
particle at the same intersection. The field particle without the cutoff propagates freely between the two
intersections in the intermediate state during the interaction and takes any momentum k. Conversely, the
momentum with the cutoff is restricted within the cutoff energy.

Here, the remainder of this Subsec. 2.1 sequentially overviews the theoretical procedures in the current Sec.
2, summarizing each subsection and referring to some equations.

Section 2.2 presents the metric of the 4-dimensional spacetime continuum, on which Yang-Mills fields are
defined. In mathematics, if the metric is given like for Riemannian geometry, it is not necessarily excluded
that the metric is determined from general relativity. This metric leads to black holes at the Planck scale,
which results in unphysical missing of particles in intermediate states.

Subsection 2.3 describes a Poincaré covariant plane wave in Eq. (2.4), which is used for a Fourier expansion
as a function of four-momentum, since the cutoff in this paper is also represented in 4D momentum space.

Subsection 2.4 presents the main procedure for a cutoff to avoid the triviality of the Yang-Mills theory for
the infinite high energy. Only if the metric is given by general relativity, the cutoff energy is set to the
Planck energy, preventing the particle probability loss of high-energy intermediate states into a black hole.
A Yang-Mills theory on the 4D spacetime continuum is defined without ultraviolet divergences.

In Subsec. 2.5, the beginning up to around Eq. (2.30) is devoted to summarizing the Feynman-Dyson
diagram method, which gives an expansion in powers of a coupling constant, for field theory calculations. A
(vacuum) expectation value of a product of operators is given in the Minkowski space in Eq. (2.30). Using
the residue theorem for complex functions, the expectation value is rewritten to the form in the Euclidean
momentum space, as shown in Eq. (2.31). The field without the cutoff yields divergences of self-interaction
quantities contained in the transition amplitude as shown in Eq. (2.34), while the field with the rotationally
invariant cutoff gives a finite value without ultraviolet divergences, as indicated in Eq. (2.35).

Subsection 2.6 refers to the relationship between (vacuum) expectation values in the Minkowski spacetime



and tempered distributions, showing the energy cutoff.

The lemmas and the theoretical schemes in this Sec. 2 finally lead to Theorem 2.12, which is a solution to
the Yang-Mills existence problem.

2.2 Spacetime continuum on which fields are defined

As mentioned in the previous Sec. 1, mathematical theories, which are independent of physics, are con-
structed in this paper, referring to physical formulations with their meanings. In this section 2, quantum
field theory (QFT) without ultraviolet divergences is formulated by introducing a cutoff. Fields with state
vectors are defined mainly on the four-dimensional (4D) Euclidean spacetime continuum R‘é. This Subsec.
2.2 defines the metric of the 4D spacetime continuum. At the end of this subsection, it is added that in
mathematics, only if the metric of the 4D spacetime continuum is determined from general relativity like for
Riemannian geometry, particles in high-energy intermediate states at the Planck energy are lost into black
holes.

Definition 2.1. For a set of real numbers R, let # € R and x,y,z € R be time and space coordinates, respec-
tively. Physically, ¢ =1 and 7 := h/m = 1 in natural units, where ¢ and & correspond to the speed of light and
the Planck constant, respectively. Let R* = {x*} with u = 0, 1,2, 3 be 4D spacetime continuum, where x* are
contravariant components of a four-vector, denoted by No=r=cr,x!i=x,x%:= Y, x3:=z Ttis noted that x
used as a coordinate is also used as a four-vector denoted by x = (x%,x', x?,x%)= (%, x)= (x%,r) = (¢,x,,2).
Using a repeated Roman index i with i = 1,2,3, the summation of spatial components is expressed by
(x)2:= xix! = (x1)? + (x?)3 + (x*)?. Hereafter, the covariant and contravariant components are not distin-
guished, because there is no need to distinguish between them in the Yang-Mills theory. Let Rﬁd be the four-
dimensional Minkowski spacetime continuum. For x,,y, € Ry with the repeated Greek index u, which is a
non-negative integer that runs from 0 to 3, the scalar inner product is defined by x - y:= x;,y,= —xoyo + X;yi
instead of x-y = xoyo — x;y;. Via Wick rotation, this product is transformed to that in the Euclidean spacetime
continuum denoted by R* = R*. Then, for Xp,Yu € R%, the scalar inner product and norm are defined by
X-y:i= XgYu= Xoyo +x;yi and |x-x|:= ||x-x|[:= (x-x)!/?, respectively.

In mathematics, the metric of the spacetime continuum can be included in an axiom as for Riemannian
geometry. It does not necessarily seem that the metric of spacetime is not determined from general relativity.
Only if the spacetime metric is provided by general relativity, the theory in this paper consider the following
phenomena. It is known that the Compton wave length is the particle size, while the black hole size is
equal to the size of the Schwarzscild sphere. When the Compton wave length of a particle is smaller than
the Schwarzscild size, the particle becomes a black hole. In high-energy intermediate states, the particle
misses the probability, when the particle becomes the black hole. This theoretical result is sufficient for
mathematics, which does not need experimental facts for black holes, because mathematics is not physics
and does not need the physical experimental evidence.

2.3 Poincaré invariance/covariance of plane waves

In this subsection, Poincaré invariant/covariant plane waves are considered. Using four-momentum pj, a
plane waves is expressed as a function of an inner product py,x;, in the form defined by Eq. (2.4) below. The



plane wave is used for a Fourier expansion without and with the cutoff in the momentum space, as mentioned
in Subsec. 2.1.

Lemma 2.2. For x(1),x2) ,x’(l) ,x’(z) € Ré, let L,y be a matrix that represents a Lorentz transformation. For
vectors x(z) — Xy and x’(z) —xzw, the following Lorentz transformation is considered

X(2) = X(1) = X@)v —X(1)y = Lvp X2y = X(1))- (2.1

Then for x(1),X(2),X(3):X(4) € R% as well as vectors x(3) — x(1) and X(4) — X(3), the scalar inner product of
these vectors is Lorentz covariant/invariant:

Ban = (x
= (= *3)n) 32u = ¥ ) 22)

Piaspry = Ln(X{ayy = X3 ) Lu (X(a)u — (1))

= S ayn —Xam) K2 —X(u): 2.3)

where 517 u is Kronecker’s delta. O

4 o _
Lemma 2.3. For x(1),x(3) € Rg, as well as a constant four-vector ay, let x(1), = X(1)u +ay and x3), =
x'(z) ptau be translations contained in the Poincaré transformation. Using the quantities in Lemma 2.2, and
considering that x(3), — X(1)y = x’(z) u —x’m u and Pyg3 1) in Eq. (2.2) are Poincaré covariant/invariant, it
follows that a plane wave

Xp(x) == exp(ipuxy), (2.4)

is a scalar function for x;, € Rﬁ and a four-vector py,.

Proof. The above lemma is simply because in Lemma 2.3, the quantity x,; can be regarded as a vector for
X(2)u = *u and x(pyy, = (0,0,0,0). Here, X(4)u — X3)u is regarded as py in Eq. (2.4). O

2.4 The Poincaré invariant/covariant cutoff

Yang-Mills fields have a property of asymptotic freedom. This property results in that interactions disappear
and particles become free for the infinite value of the cutoff energy. This fact leads to the triviality of the
Yang-Mills theory for the infinite cutoff energy. A finite cutoff energy, which is not specified at the present
stage, is therefore introduced for Yang-Mills fields. As aforementioned in Subsec. 2.2 for the metric of the 4-
dimensional spacetime continuum on which Yang-Mills fields are defined, it does not necessarily seem that
in mathematics, the metric of general relativity like Riemannian geometry and associated black holes are not
treated. Only if the spacetime metric is determined from general relativity, the cutoff scale is specified at the
Planck energy for avoiding the missing of particles into the black holes. It is noted that this paper does not
state that black holes are related to the renormalization, since the renormalization is not a cutoff.



In the following, a special unitary group is considered as an example of a compact and simple group. This
treatment does not involve any loss of generality of the obtained results for compact and simple groups.

Definition 2.4. For a meaningful natural number N, let us here consider a special unitary group SU(2) or a
more extended SU(N) represented by matrices whose dimension is Np = N 2 _ 1, as an example of a compact
and simple group. Let T“ be traceless Hermitian matrices defined as generators of the group, and generate
the commutators

[T, T .= 197" — T°T = Zz fabere. (2.5)
where the indices @, b and ¢ run from 1 to Np, and f%¢ are totally antisymmetric structure constants. It is

noted that the summation of the quantities over these indices is explicitly denoted. Using parameters ®, € R,
the SU(N) group is represented by the following special unitary matrix

U(x):= exp[igz 0, (x)T4], (2.6)

where g denotes a coupling constant. For x,, € R*, a Yang-Mills field A u(x) has the form of

Ay (x) =Ay(xy) =Apu(t,x) : ZA“ T 2.7

It is also noted that each component Aﬁ(x) of the Yang-Mills field A (x) is multiplied by the generator 7¢
of the group.

Definition 2.5. Let x,(x) be plane waves denoted by
Xp(x) = exp(ipuxy), 2.8)

where the momentum p;, takes any value in the 4D momentum space. Then, using Definition 2.4, the
quantum Yang-Mills field is expressed in the Fourier expansion form

ZZA ST %p(x) (2.9)

Whereas, using the notation
Li(x) = exp(ik,xy),  with |k] < Aco, (2.10)

as well as Definition 2.4, the quantum Yang-Mills field, whose momentums are restricted to |k| < Aco due
to the cutoff at Aco in the Poincaré covariant form, is represented as follows:

ZZA kT“ with k| < Aco. (2.11)

It is noted that since the expansion functions )y (x) are scalar plane waves in Subsec. 2.3, the individual
coefficients AﬁkT“ transform as a vector and a tensor under a transformation of the Lorentz group and
SU(N) (and similar groups), respectively.



Definition 2.6. According mainly to the notations in the literature [2] for the Yang-Mills field, the La-
grangian density of the pure Yang-Mills field is defined by

Lym = _%TY[FMV(X)FHV(X)]
= —% ;Fﬁv (x)Fyly (x), (2.12)
where Tr is trace of the matrix, and
Fity = OuAY (x) — 0vAy (x) — g ) f** AL (1A} (v). (2.13)
b

Although this paper focuses on pure Yang-Mills fields, it briefly summarizes that the Yang-Mills field is a
gauge field. A fermion field y(x) comprises components y*(x), and the Lagrangian density of fermions
with a mass of nearly zero is denoted as

L=y duy(x), (2.14)

where ¥, are Dirac matrices. For the gauge transformation of the fermion field
y(x) = U(x)y(x), (2.15)
the covariant derivative is defined by
Dyy = dy +igAyu(x). (2.16)

Then, the gauge transformation of the Yang-Mills field is expressed as

Ap(x) = Ux)AL (x)U ! (x) — éU(x)auU_l(x). (2.17)

2.5 Vacuum expectation value for a product of operators with the cutoff

As aforementioned in Subsec. 2.1, this subsection first describes the Feynman diagram method. Subse-
quently, corresponding physically to a vacuum expectation value for a product of operators, an expectation
value for a quantity is presented, in the case without and with the cutoff. The established Feynman diagram
method has been described in detail in many literatures [2,4-6, 12—15], and this paper briefly summaries
this method. The integral for the expectation value in the Minkowski momentum space is rewritten in the
Euclidean momentum space using the residue theorem on a complex plane.

A state vector | >, which describes a quantum Yang-Mills system, transit to another state [¥ > by multi-
plication by a matrix Uj, as follows:

¥ >=U|¥ > . (2.18)
The probability (transition) amplitude projected to the vector < ¥”| is given by

<YNY S=< W'Y > . (2.19)
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Figure 1: A Feynman diagram for a self-interaction of a field.

The above U is expanded by a power series of a coupling constant g, and the general term of the series is de-
picted using the Feynman diagram, as shown in Fig. 1. This figure is an example of a graph, which describes
a self-interaction of the field, with final setting of x — y. In this interaction, a quantum particle named gluon
with an initial four-momentum p annihilates at the intersection y of two (straight or curved) lines, followed
by the creation of a particle with momentum k. The particle with k is annihilated at the intersection x, and a
particle with the momentum p is created. The straight or curved line indicates the field-particle propagation
without momentum change. In canonical quantization, at the intersection of straight/curved lines, particles
with each momentum are created/annihilated due to creation/annihilation operators and the associated cou-
pling constant. The intersection is a location where the momentum changes. It is known that path integral
quantization without creation and annihilation operators is equivalent to canonical quantization and provides
an identical expectation value. Finally, by putting x — y, this process becomes the case, in which emitted
particle is reabsorbed at the same intersection, In quantum mechanics, the absolute momentum |k| in this
intermediated state takes any value from zero to infinity. The process between the intersections x and y is
the interaction in quantum theory. The freedom of the momentum k& for this self-interaction in the inter-
mediate state is excessively large; and therefore, the integral over the momentum k results in an ultraviolet
divergence. The solution in this paper prevents the ultraviolet divergence by the Poincaré invariant/covariant
cutoff, which removes contributions from high energies beyond the cutoff energy, and enables us to treat
fields without ultraviolet divergence.

Before describing the expression depicted by the Feynman diagram in Fig. 1, the interaction of one compo-
nent of the Yang-Mills fields is roughly written as

1
~ , 2 3 *4/1 . _ . .
Sy /d k {(271:)32k0a” exp(—ipx)0(xo — yo) exp[ik(x — )]
x < 0lay (k)ay' (k)[0 > ay, exp(ipx)}, (2.20)

where a;;" (k) and aj; (k) are creation and annihilation operators of a quantum particle of the Yang-Mills field

10



for the component a. Here,

_J 1 fort>0
G(t).{o fort <0 ° (2.21)

with 6(0) :=1/2. For the rough Eq. (2.20), the strict expression is derived below, noting that the quantities
with the repeated group index a are not summed. The fields without the cutoff have any four-momentums,
including those beyond the Planck energy. The Yang-Mills field A, (x) = T?A“(x) without the cutoff is
expressed in the form of a Fourier expansion

“)c:/d3 aj, (k) exp(ikyxy) +ay' (k) exp(—ikyxy)| , (2.22)
) \/T% [ p 1% ,U) ( ) P( H H)]

where k;; is the energy-momentum, and Kk is the three-dimensional momentum. The field without cutoff
has some difficulties. In the quantum field scheme, an interacting field exchanges a quantum particle with
any momentum in the intermediate state. The field with the four-momentum &, within the cutoff energy is
denoted by A, (x) = T“A“(x). For A, (x), the field expression corresponding to Eq. (2.22) becomes

3 7 * .
/ N ET 3sz [ (k) exp(ikyx) +ay (k) exp(—iky x| (2.23)
Hereafter, only when necessary, the underlined symbols such as k,, and A, (x) with the cutoff are explicitly

indicated, and most field quantities with the energy cutoff are not distinguished from those without the cutoff.
Using the symbol [A, B] = AB — BA, the creation and annihilation operators satisfy

[y (k). a3 (K')] = SupSuv e, [y (K), @y (K)] =0, [a (k) ay ()] = 0,
a;, (k)[0 >=0. (2.24)
Additionally, T product, which is the time-ordered product of operators, is defined by
TAS (x)A3 (y) = 6(x0 — yo)Af, (x)A} (v) + 6 (yo — x0)A} (y)AS (x), (2.25)
using Eq. (2.21).
For a positive natural number n, the coordinates x, y are generalized to Xy, - -, X(,), and the abbreviated
quantities
b(x) :=Ag(x),  b(y):=AY(), (2.26)
are generalized to b(x(y)), - -,b(x(y)). For a positive natural number j, it is known that Uy in Eq. (2.18) is

expanded into a power series with respect to the coupling constant g, and each term is depicted by a Feynman
graph. This term is written in the following form, which is further multiplied by a power of g and structure
constants of the group,

Y INb(x(yy) -+~ b(x(;))] < OITh(x(; 1)) - - b(x(,)|0 >, (2.27)
comb
where Y comp denotes the sum over all combinations of x(jy,- - -, x(,). The quantity Nb(x’(l)) e b(x’(j>) is
defined as N product in which creation operators aj;’ (k) and annihilation operators ay (k) are placed on the
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left and right, respectively. For odd n, the above expectation value < O|Tb(x’(j +1)) x -b(xén))|0 >, which

physically corresponds to the vacuum expectation value, vanishes, while for even n, the value is rewritten as
< 0|Tb(x’(j+1))b(x(j+2>) . -b(xzn))|0 >

)y <O|Th(x{y, ) )b(x{y,))|0 > -+ < OTh(x(y, ))b(x(y,))|0 >,

ky <k2,k3<k4.~-

(2.28)

where ky,kp,- - -, k,, are permutations of j+ 1, j+2,---,n. Using Egs. (2.22)—(2.25) denoted by the original
notations, such as Af (x) for b(xz kl)) in Eq.(2.26), the above (vacuum) expectation value multiplied by g2 is
given by

g% < O|TA% (x)A}(y)|0 >
1 |
2 3 3
— g, / 4*kd {
§ Cab T\ n)2k /2R 200
%[0 (xo — yo) exp(ikx — iqy) < afy (K)a}’(q)|0 >

10030 — xo)exp(—ikr + iqy) < a (@)’ (Kk)[0 >J}

1
2 3
— 28,5 / Pl
& Oab Oy {(27:)32k0
x [0 (x0 — yo) exp(ik(x —y)) + 0 (yo — x0) exp(—ik(x —y))] } (2.29)
Now, Eq. (2.29) is expressed in the following integral with the help of the residue theorem of complex
analysis:
g’ < 0[TA}, (x)AZ (x)]0 >

1 1
_ 2 4
= Owduvs /d k i2m)* K2 + (me )2 — i€

explik(x—y)], (2.30)

where € is an infinitesimal value, and the limits of me — 0, € — 0 are taken after calculations. Let us extend
the real number kg to the complex number shown in Fig. 2. In the integral [ Bm dko(- - ) on the real axis, the
pole indicated by x that lies at —/k2 + (mg )2 — ie= —/k2 + (m¢)? + i€’ infinitesimally above the real axis.
Here, €’ is also an infinitesimal quantity, which is taken as €’ — after calculations. Similarly, for the integral
JoF= dko(- - -) on the real axis, the pole denoted as x that lies at ++/k2 + (mg)? —ie= ++/k> + (m¢)? — ie’
infinitesimally below the real axis. For the field without the cutoff for xo —yp > 0, we add the vanishing

integral on the lower half circle infinitely distant from the origin as shown in Fig. 2. For xp —yp < 0, we also
add the integral on the upper half circle. Based on the residue theorem, Eq. (2.30) reproduces Eq. (2.29).
For the field with the cutoff, the outcome is the same as that for the case without the cutoff, because the
cutoff leads to vanishing of the function of the momentum in the region that is sufficiently distant from the
origin.

12
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| Re(ko)

\\\m

Figure 2: Contour of the integral for a (vacuum) expectation value using the residue theorem.

Figure 3: Contour for the energy integral on the real axis in Minkowski space and rotation to that on the
imaginary axis.

Next, the integral above is transformed to the Euclidean integral using the residue theorem. As mentioned
below, the integral path is rotated by 7 /2, as shown in Fig. 3. For ko on the complex plane, the integral
[*2dko(- - -) on the real axis is extended by adding the vanishing integrals 550”/ 2 (which is rather symbolic)
and 3?:;/2 on an infinitely large radius circle. Furthermore, we also add the integral on the imaginary axis
" dko. Then, based on the residue theorem, the integral on the real kg axis becomes that over the imaginary
iko axis with ko being real (ko is the limited meaning used here only). The quantity —(ko)? in the integrand
also becomes (ko)? that is equivalent to the Euclidean metric. This implies that using the contour rotation,
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the integral with the Minkowski metric is transformed to that with the Euclidean metric. From Eq. (2.30),
the Euclidean integral in the limit of me — 0, € — 0, € — 0 yields

1 1
an) k—zexp[ik(x—y)]. (2.31)

& < O[TAL (WAL ()|0 >= 8wy [ d'k
The above (vacuum) expectation value has the form of a Fourier series as a function of momentum in the
Euclidean space. It is known that the transition amplitude in Eq. (2.19) contains self-interaction quantities
expressed by the integral over momentums for the individual (vacuum) expectation value. An example of
the self-interaction is depicted by a Feynman graph in Fig. 1.

Lemma 2.7. A self-interaction quantity contained in the transition amplitude in Eq. (2.19) diverges in the
case without the cutoff, while the self-interaction quantity has a finite value in the case with the cutoff.

Proof. A self-interaction quantity depicted by such as a graph in Fig. 1 has the form

1
2 (2.32)
In the Euclidean-space integral, the following relation is used
d*k = dk 27°k> = d(kK*) m?(k?). (2.33)

For the field without the cutoff, the integral in Eq. (2.31) with respect to k> over all momentum values
amounts to

!
/ AN 15 = (2.34)

which is referred to as the ultraviolet divergence.

Whereas, for the field with the cutoff at the rotation-invariant Aco, the momentum in the region within the
cutoff value is here explicitly denoted as k in Eq. (2.23) instead of k. In this case, the above integral is
derived to give

(Aco)? 1
/ ° d(kz)kzﬁ = (Aco)*, (2.35)
0 k

which is proportional to the finite (Aco)? and the ultraviolet divergence is removed.

O

The above integral for the multi-component gauge field is multiplied by the antisymmetric structure con-
stants. If the absolute value of one term has the same value as that of another term with the opposite sign,
these terms are cancelled.
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2.6 Relationship between vacuum expectation values of operator products and tem-
pered distributions

This subsection describes the relationship between (vacuum) expectation values in the Minkowski spacetime
and tempered distributions. The procedure in the present Sec. 2 finally derives Theorem 2.12, which presents
a solution to the Yang-Mills existence problem. A mathematical expectation value for a product of operators
is here modified using the cutoff at an energy E.,. For a proof of the lemma below, one can refer to the
literatures [4,5]. Because vector fields are expanded in terms of scalar plane fields, the essence of vector
fields is obtained from the scalar fields.

Definition 2.8. For x € R%,, let ¢(x) be a massless scalar field, which satisfies (—d,d, + 9;9;)¢(z,r) = 0 in
the no interaction case. In the interaction picture, the expectation value for a product of two-point operators
#(x)¢(y) is denoted by < 0|T¢(x)¢(y)|0 >, where T (x)¢(y) is a time-ordered product (T product) of
operators defined by

roo) = { G680 B

Lemma 2.9. According to the literature [5], the expectation value < 0T (x)¢(y)|0 > in Definition 2.8 is
given by

i~ [ &%k
2<2_”)3k0>0
<O[TP(x)9(y)[0 >= { elhuiiunl] forxo> 7o .
—i—z(ziﬂ)3 J 4k 7&“_*’;{?‘1_”” for xo < yo
ko>0

(2.37)

The detailed proof of the above relationship is described in the literature [5] by Schweber. A slightly different
representation and derivation procedure for general fields were presented in Eq. (2.29).

Lemma 2.10. One of the above integrals yields

i 3, explikyxy) 4mo
e /dk L= (), (2.38)
ko>0

Proof. As written in the literatures by Tomonaga and coworkers (N. Fukuda, H. Fukuda, and K. Sawada) in
Japanese as well as by Heitler [4], the above integral is reduced to

i /d3k exp(ikuxy)

2(2m)3 k
( ) ko>0 0
i [~k [T
= %/0 dk 5/0 dO sin0exp(ikrcos 0 — ikt)
_an_ /wdk sinkrsinkt — —— /w dk explik(r—1)]
= A = r —
(27)3r Jo 87%r J oo Pl
1
=—908(r—1). 2.39
= b(r—1) 2.39)
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O

The above physical §-function corresponds to a mathematical tempered distribution, and indicates a signal
propagation. However, the above integral causes ultraviolet divergences. The theoretical framework of this
paper removes ultraviolet divergences using the cutoff. For the above Eq. (2.39), the below Eq. (2.46) is to
be given as a simple example of the cutoff.

Corresponding physically to singular invariant functions in field theory, mathematical tempered distribu-
tions, which are included in Schwartz distributions, are usually utilized with the benefit that Fourier trans-
formations are available. A simple example of the physical d(x)-function, which was introduced by Dirac,
is redefined mathematically as one of tempered distributions. Let us consider a test function fr: R — R.
This is generally written by fr: U — R with U being an open set in R; and R is generalized to R*. For
o, ot B, € N with N being a set of non-negative natural numbers in this case, higher-order partial derivative
is denoted by DY fr(x) := 9% fr(x). The differentiation is generally expressed as D%:= 0y dy, I dxs’ with
o = o+ ap + o + o3, and the derivative satisfies

sup [xP D% fr(x)| < oo, (2.40)
xeR

where the symbol sup denotes the supremum. Then a set of the test functions fr which have the above prop-
erties is denoted by D. The Dirac delta function 8 (x) € D/, with D’ being a set of the tempered distributions,
is introduced using the following scalar inner product with fr € D

/dx 8(x) fr(x) = f2(0). (2.41)

More generally, s(x)€ D' is introduced using the following scalar inner product with the test function fr € D

<s, fr>= /dx s(x) fr(x). (2.42)

As is known, derivatives as well as the Fourier and inverse transforms are mathematically defined similarly.

The Fourier transform of the §-function yields

1
—— [ dx exp(—ipx)6(x) = —. 2.43
Tz ] ex(ipd) = @43)
The inverse Fourier transform of the above function is then

1 o
E/dp exp(sz)ﬁ =6(x). (2.44)

Lemma 2.11. Let E., be the cutoff energy. For simplicity, with the cutoff of solely energies for the integral
=, dk explik(r—1t)] in Eq. (2.39) is regularlized to give

" ke explik(r—1)] = 20 Eeo(r=1)]

(2.45)
—Eco r—t
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Proof. The integral above results in

ECO
/ dk explik(r—1)]
_EC()

1 ] .
= iy (exPliBeolr )] —expl—iEeo(r=1)]}
_ 2sin[Eeo(r—1)] 016

r—t

O

It is noted that the numerator of the above integral is written in the form of 2E., (r — )+ higher-order terms,
and the integral has a finite value at r — ¢ = 0. When the scalar field has a mass Uy, the following integral in
Eq. (2.39)

/ dk sinkrsinkt (2.47)
0
is replaced by

coskrsinkot, (2.48)

2 / - dk #
ar 0 \/ k2 + l'LI%l
according to the literature [5].

The procedure without ultraviolet divergences in this Sec. 2 leads to the following theorem.

Theorem 2.12. By introducing a cutoff with Poincaré covariance/invariance, the formalism in this paper
defines pure Yang-Mills fields without ultraviolet divergences. Since vector fields are expanded in terms
of scalar plane waves, the expansion coefficients of the fields are transformed as vectors under a Lorentz
transformation. At the same time, each component of the Yang-Mills and its generalized fields is multiplied
by the generator of the SU(N) group, which is an example of compact and simple groups. Each of these fields
constructs a covariant derivative as a gauge field with fermion fields, thereby forming an invariant/covariant
system under the gauge transformation via a unitary matrix in terms of the group generators. This is an
answer to the Yang-Mills existence problem of Millennium problem.

It is noted that by removing the high-energy contributions, the present formalism is well-defined and con-
sistent with the corresponding properties of the axiomatic formalism [5] by Streater & Wightman (SW) or
equivalently Osterwalder & Schrader (OS), because these axioms are constructed based on physical fields
such as Yang-Mills fields.

At the end of this section, the author adds the following remark.

Remark 2.13. The author provided descriptions in this paper based on or/and considering theories in the
literatures [2—15,21-29] including author’s/authors’ papers [16—20], as well as books written in Japanese by
such as Tomonaga (with S. Fukuda H. Fukuda, and Sawada), Yukawa, Nakanishi, Kugo, Nishijima, Ezawa
(with Watanabe, Suzuki, and Tasaki), Iwasaki, with a literature by Hara (T. Hara), and so on. If necessary,
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expressions in this paper are described using the corresponding expressions in these literatures and my own
contemporary books written on such as detailed lattice gauge theory [30], canonical quantization with Yang-
Mills theory [31], and gauge theories in the standard model including Yang-Mills theory [32]. The present
and associated papers by the author are referred to by a paper [33] (regarded as a private communication or
peer-reviewed in some sense at present), and it seems that the contents in the present paper are readable for
field theorists. A feature of the theory in this paper is that fields are defined on the spacetime continuum with
limited degrees of freedom. The infrared divergence in the paper [34] is followed by such the literature [35]
by CERN. Historically, infrared divergences are regarded as the phenomena that do not destroy the field-
theoretic scheme, as seen in the article [36] (private communication). Additionally, the Yang-Mills fields are
not regarded to be massless. The mass gap is shown in Theorem 3.28 given in Sec. 3.

Since experimental strong interactions are described by Yang-Mills fields, there exists at least one corre-
sponding mathematical non-trivial Yang-Mills theory. Hence, the construction of a Yang-Mills theory can
be presented by a suitably described paper.

3 A solution to the mass gap problem for pure Yang-Mills fields

3.1 Aim and outline of Sec. 3

This section presents a solution to the mass gap problem. This solution provides a property that although
the Yang-Mills fields are gauge fields, these fields are not long ranged because of a non-vanishing mass.
Furthermore, it is shown in a physical meaning that a pair of a quantum particle (gluon) and an antiparticle
of the Yang-Mills field is strongly bound, making the pair separation difficult. This binding energy of the
pair is equal to a non-vanishing mass of the field. In the case of quarks mediated by the Yang-Mills field,
it is experimentally shown by the Regge trajectory that the long-range potential associated with the force
between a quark and an antiquark is linear. Whereas, the short-range interaction in the same quark case
reveals that the particles move rather freely under the Coulomb potential. Based on these experimental
results, this section shows that the potential between a gluon particle and an antiparticle of a pure Yang-
Mills field is a combination of linear and Coulomb potentials, similarly to the quark case. The Feynman path
integral, a field quantization formalism, calculates an expectation value of a quantity, by summing probability
values over all field configurations associated with the individual weight of the action functional. The action
is expressed by an integral of the Lagrangian density on the spacetime continuum. This quantization is
regarded as fluctuations from a stationary state derived from a vanishing variation in analytic dynamics.
The stationary state is described by a differential field equation, which provides a solution of a classical
field. This approach to a non-perturbative stationary state is similar to the intermediate-coupling theory [27]
formulated by Tomonaga and coworkers. The solution resembles to a Laurant series containing both a term
1/z and the remainder expressed by a power series in complex analysis, where z is a complex number.
Therefore, in this paper, a solution to the pure Yang-Mills field equation comprises a classical field and
quantum fluctuations. The classical field is a base of the quantum fluctuations, and corresponds physically
to a vacuum. Components of the classical field transform under transformations of such as the SU(N) group
including the SU(2) subgroup, whose finite fields are embedded in an extended group with classical zero
fields. An example of such an extended group is SU(N) of the compact and simple group. By contrast,
quantum fluctuations around the classical field are formulated by using the path integral of the fields with a
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symmetry represented by the extended group. No restriction is imposed on the quantum path integral, unlike
the classical field case.

The solution to the differential equation of the Yang-Mills equation is restricted to the form given by Eq.
(3.1). For this type of solution, the non-linear field strength tensor in Eq. (3.3) becomes linear. This linear
solution is not a U(1) field but an SU(2) field, because the component of the field is multiplied by the
generator 7¢ of the group. It is known that the potential between a particle and an antiparticle is derived
from the Wilson loop in Eq. (3.45). In order to derive a linear potential in Eq. (3.66), a classical localized
function Ay (x) is expressed in the form given by Eq. (3.1). This classical localized field does not satisfy
the Yang-Mills equation. By adding an unlocalized field A(cy)(x) in Eq. (3.28) to the localized field A ¢y
(with the charge density distribution such as that in Eq. (3.32)), the total field Acp)(x) +A(cy)(x) satisfies
the Yang-Mills field equation given by Eq. (3.7). This is because the charges of these fields cancel each
other. As described in Lemma 3.11, the added unlocalized field A cy)(x) differs from the localized field,
and does not influence the Wilson loop, as shown in Eq. (3.49). In the next procedure, the string tension
(energy per unit length) for the linear potential is related to the size of the particle-antiparticle gluon pair,
as indicated in Eq. (3.76). The decrease/increase in the energy of the pair is equal to the increase/decrease
in the energy of the Yang-Mills field, as given in Eq. (3.74). The energy of the Yang-Mills field is derived
from the energy-momentum tensor of the field in Eq. (3.68). In contrast to the atomic Bohr radius, which
is obtained from fundamental physical units, the size of the pair of the particles is not determined, because
this size is a given fundamental physical quantity. The binding energy at finite temperatures is derived from
the Polyakov line in Eq. (3.78), and yield Eq. (3.81). This paper also shows that the Lagrangian density in
the action functional has a local mass due to the included stationary field, as stated in Lemma 3.24. Finally,
since quantum fluctuations for a sufficiently large cutoff energy lead to the asymptotic freedom with a small
coupling constant, the potential derived from the Wilson loop reveals a Coulomb potential, as shown in
Subsubsec 3.3.2.

Consequently, a solution to the mass gap problem is presented in Theorem 3.28.

The contents of this Sec. 3 are as follows.

[3.2] Confinement for Yang-Mills particles of gluons

[3.2.1] A classical solution of pure Yang-Mills fields

[3.2.2] Classical Wilson loop

[3.2.3] Scale-invariant energy of Yang-Mills fields, string tension of the linear
potential, and Polyakov’s binding energy

[3.3] Quantum field in path integral around the classical field as a vacuum

[3.3.1] Quantum action of pure Yang-Mills fields expanded in terms of scalar
plane wave functions

[3.3.2] Quantum Wilson loop
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3.2 Confinement for Yang-Mills particles of gluons
3.2.1 A classical solution of pure Yang-Mills fields

In the following, it is shown that the field expressed in Eq. (3.1) satisfies Eq. (3.7) without losing the
properties of the SU(N) group, because the field is multiplied by the generator of the group.

Definition 3.1. For x € Ré, let A(c), (x) be a solution to the field equation of the classical pure Yang-Mills
field. Here, using Definition 2.4, the present solution considered is that of SU(2) group embedded in SU(N)
group in the form

()T =A%), (x)T*  fora=1,2,3

Aopu(x) = : (3.1)
0 fora>3

where A4 are real-number constants.

Lemma 3.2. For the classical Yang-Mills field in Eq. (3.1) with the structure constant fp in Definition 2.4,
let’s consider the following field strength

F(L(l:)yv = aﬂA?C)v - avA?c)“ —&c bz‘,fuhcAl(?c)”A?c)va (3.2)

where g. is a classical coupling constant. Then it follows that
F(aCmv = aﬂA((C)v - avA?CW' (3-3)

Proof. Since algebraic structure constants of the SU(N) group are totally antisymmetric denoted as f . =
— fuch, the following self-interaction term in Eq. (3.2) vanishes, to give

ge Y [ Al Ay = A Ay Y ATAFC = 0. (3.4)
b,c b,c

O
As seen in Lemma 3.3 below, the classical limit (correspondence) of quantum theory shows that the variation
in the Feynman gauge leads to the classical field equation. In this correspondence of quantum theory to
classical theory, the quantum condition by Gupta-Bleuler (or Nakanishi-Lautrup if necessary) in the form of

expectation value corresponds to the Lorentz condition. In the Feynman gauge, the action functional, which
comprises the Lagrangian density in Eq. (2.12) and an additional term, is expressed as follows:

s = [ @'y, {—i[F;v(x)P - %[@Aﬁ (x)]z} . 35)

Historically, the variational calculus for an action in analytical dynamics was constructed from differential
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equations. It is known that using Eq. (3.3), the above Eq. (3.5) for A?Q u is reduced to

1
—— 4 a Y/
Stke) = _/ A Y5 MAle Aoy
l a a a a
f/ dx4;§aV(A(c)v8uA(C)u 7A(C)#a“ (CW)

1
- / ax Y2 0y Al (3.6)

Lemma 3.3. For the variation of S(gc) with respect to A‘(’C) “(x), the stationary condition SS(FC) =0 leads
to the Yang-Mills field equation given by

8uauA?c)v =0. 3.7
Proof. Using the stationary condition 6Src) = 0, Eq. (3.6) leads to Eq. (3.7). O

It is noted that algebraic properties of non-Abelian Yang-Mills fields without self-interactions are different
from those of Abelian fields, because the component of the Yang-Mills field A%(x) is multiplied by the
generator matrix of such as the SU(N) group to form A%(x)T“, unlike Abelian fields such as electromagnetic
fields.

Subsequently, the author presents a solution A?C) ”(x) to the above differential equation in Eq. (3.7). A field
configuration A‘(’CL) ”(x) in Egs. (3.9)—(3.12) is considered, and the field yields a linear potential between a
particle and an antiparticle, because A‘(‘CL) u (x) is multiplied by the group generator T¢. This A?CL) ”(x) does
not satisfy the differential equation in Eq. (3.7). By adding A‘(CU) u (x) in Eq. (3.28) to A?‘CL) u (x), a solution

A((lc) u (x) to Eq. (3.7) is derived.

Definition 3.4. The classical field configuration treated in this paper comprises two different functions

Aloyu (%) = Ay () +A{cy) (1) (3.8)
where A?CU u and AfCU) p are localized and unlocalized fields, respectively.

It is noted that the classical Yang-Mills field is a base field of the quantum fields mentioned below. Physically,
the base field is a vacuum, which may be a candidate for a black matter.

The above classical localized function is given in the restricted region. Physically, this is due to the property
of a wave packet in the expanding universe with boundaries and the cutoff.

Definition 3.5. Forz,x,y,z € R4, the classical localized function is defined in the region 0 < T(b)O <t< T(b),
|x] < X(p)» [y < Y), and lz] < Z(1), where the symbols used for the bounds are positive real numbers.

Definition 3.6. In the center-of-mass frame, which is physically used, the localized field AE‘CL) u for1<a<3

of the group SU(2) is embedded in the field of the group SU(N), and is shifted from A?CL) 0= 0 to the field
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with non-zero components. The classical localized field A?CL) u (x) are expressed by

Ay, () = APt exp(—lel ), (39
Alcp)x) =0, (3.10)
a — AHP (2) _ (2) 3 11
(CL)y(‘x) . (2)%n exp(—|cy xv|)> (3.11)
(@ = AP exp(—|el ), (3.12)
with
M)

1 _ —1|b

Py = <—2 N;/zb(vo)xv> exp(—| #(VM))CHMD ) (3.13)
[l_eXp(_z‘buv xuxv‘)]l/z

For a > 4, the components are set as A?CL) u= 0, and A“ here are defined by constants that depend on the
index a for the component of the symmetry group. In the center-of-mass frame, the symbols in Egs. (3.9)
and (3.11)—(3.13) are represented as b\")=(0, ac,0,0) and ¢\”) = ¢{¥ = ¢{¥) = (0,0,1/d, 1/d), where ac > 0

and d > 0. The matrix b%) is written as

0 1ac 0 0
1
™M ._ | zac 0 0 0
byy 0 0 0 0 (3.14)
0 0 0 O
The variable 51(10) is a product of the form
st = s s s she (3.15)
and ng) and s513) have the corresponding form, where
sg(,» = 51(3) = 51(3) =41 for all 7,
s,(g) = sr(,i) = sr(,i) =+1 for all x,
sﬁfj) = s[(é) = s[({%,) =41 fory >0,
sﬁg) = —s,%) = sr(g,) =—1 fory <0,
sﬁg) = sr(é) = sr(é) =+1 forz > 0,
$O = P= = for z < 0. (3.16)
The field A?CL) , for x > 0 is then represented by
A‘(ZCL)t (t,x) = /IaP(o) (t,)we (y)wr (2), (3.17)
where
1 _
Py (t,x) = EkN];/zh(t,x), (3.18)
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with
—acxexp(—actx)
h(tx) = forx > &, 3.19
(t,%) [1 —exp(—2actx)]'/2 Or¥ =& (3.19)

h(t,x) = —h(t,—x) for x < —¢&,. (3.20)

The symbol &, stands for an infinitesimal positive real number, and after the calculations a limit is taken as
& — 0. The derivative defined is dyh = lima,_,o(Ah/(Ax) for x > &; and dyh = lima,—,_o(Ah/(Ax) for
X < —&. The function wy (y) is written as

+exp(—3) fory>eg,
wi(y) = w(y) := : (3.21)
—exp(+3) fory<—g

where g is an infinitesimal positive real number, and a limit is taken as & — 0. The derivative is defined by
dyw = limpy—, 1o(Aw/(Ay) for y > &; and dyw = limay—,_o(Aw/(Ay) for y < —¢,. The forms for z are the
same as those for y.

The fields A‘(‘CL)y(Lx) and A%, , (¢,x) are written as

(CL)z
d
Kenx) = 2%(5) @R OG), 622)
d
Kalon) = 29(5) @Ro)wOu(a) 6.23)

where

+w(y) fory>g
wy(y) == : (3.24)
—w(y) fory<—g,
+w(z) forz>g
w,(z) == . (3.25)
—w(z) forz< —¢g

Lemma 3.7. Let Af ), (x) be the classical localized functions of the Yang-Mills field. Then Alcn) ”(x)
satisfies the following Lorentz condition

8”A‘(‘CL) u (x) =0, (3.26)
where the derivatives are defined in the region in which the function is defined.
Proof. With the help of Definition 3.6 involving Egs. (3.10), (3.17), and (3.21)—(3.25), it follows that
QAL () = A3 P w()w(z) +0

=S @PWOI(E) ~ 5 (3P WO ()] = 0. (.27)

1
2
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The localized function A‘(‘CL)v(t,x) satisfies Eq. (3.31), where p§(z,x) is given by such as Eq. (3.32). The
unlocalized function A%

(CU)V(I,X), which is different from A?CL)V(LX), as shown in Eq. (3.38), is introduced

in Eq. (3.28) to satisfy Eq. (3.35). Then A‘ZCLW(t,x)—i—A?CU)V(t,X) becomes a solution to Eq. (3.37).

Definition 3.8. For x € R}, the unlocalized function in Eq. (3.8) has the form

a ! X(v) Yo) Z(v)
Al (tX) = / dt, / dx, / dy, / dzs
Tv) —Xv) ) —Z(p)
><G4(I7X;fs,Xs)P(QCU)”(ts,Xs); (3.28)

where G4 is the Green function denoted by

1 1
G e, Xg) 1= — , 3.29
X0 = e P T - m P+ O P T o) :29)

which satisfies

IgAlcuyy (1,%) = —pley)y (1,%), (3.30)

with p(cy) being four-dimensional (4D) charge-current density of the classical unlocalized field. In the
denominator in Eq. (3.29), an infinitesimal positive real number &g, is added to (f — ;) + (x — x5)* + (y —
ys)2 +(z— zs)z, and after the calculations the limit is taken as €g; — 0. If necessary, the Green function is
extended.

Lemma 3.9. The classical localized function A’(‘CL>v(t,X) satisfies

aﬁA‘(lCL)V(I,X) = —P(cLy (1,X) = —py(t,x), (3.31)

where p(aCL)v(t’X) = pi(t,x) is the 4D charge-current density of the classical localized function Alcr) “(x)
in Eq. (3.8), and is derived such as

29[ (3%) €1.0) = 2Py (1.2 | wOIw(:)

pi(t,x,y,2) = foree <x<X. > (3.32)
0 forx > X,
where X, is the wave-packet size of the classical localized function, and
O(t,x) := a2x3Q1 (t,x) — 2a§tQ2(t,x) +agt2xQ1 (¢,x), (3.33)
with
O1(t,x) == Qyya(t,x) +40Q35(,x) +305)2(t,%),
QZ(tu-x) = Ql/2(t7x) +Q3/2(t>-x)a
exp(—acltx|)
t, = ,
)= (T exp(ac )72
exp(—3ac|tx
Q3/2(t,x) = p( C| |)

[1—exp(—2ac|tx|)]3/?’
exp(—>5acltx|)

O30 = (T exp( a2 -39
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Proof. This lemma is obtained straightforward from Definition 3.6. O
Lemma 3.10. By setting

Pty (1:X) = —p(t,), (3.35)
for the current density of the unlocalized field, the classical Yang-Mills field A?C)v(x) in Eq. (3.8) satisfies
aﬁA‘gC)v(x) =0. (3.36)
Proof. Using Egs. (3.30) and (3.31),
8& (Alcryy (¥) +Afcu)y ()

= _p(aCL)v(th) - p(aCU)v(ta X)
= —pi(t,x) + pi(t,x) =0. (3.37)

Lemma 3.11. The unlocalized field A?’CU)V(Z, x) differs from the localized field A‘(‘CL)V(I,X), namely,

Alcuyy (1,X) # Afcy), (1,%), (3.38)
which states that Eq. (3.36) is meaningful as the Yang-Mills field.
Proof. From Egs. (3.21) and (3.32), it follows that
pr (15, X5, =Ys:2s) = =Py (£, X5, Vs, 2s) (3.39)
P; (B, %5, ¥5, —25) = =P (£, %5, Y5, Zs) (3.40)

canceling the charge contributions to the integral for the Green function in Eq. (3.28) at y =0 and z =0, and
then the unlocalized field takes the value

Alcyy(t,x) =0 aty=0andz=0. (3.41)

By contrast, the localized function A?CL) . (¢,x) does not always take the value of zero at y =0 and z =0, as

can be seen, with the help of Egs. (3.17)—(3.21). O

3.2.2 Classical Wilson loop

In this subsection, a potential between a particle and an antiparticle for the stationary classical field is con-
sidered using the Wilson loop. These paired particles exist in the pure Yang-Mills field, and have opposite
color charges, which imply the charges of the SU(V) symmetry. The Wilson loop is defined in Eq. (3.45) as
trace of an exponential function of a closed line integral of the field. The trace obtains a physical quantity,
and the potential in Eq. (3.66) is derived from the logarithmic (inverse) function of the exponential function.
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Notably, properties of the group are used in such as Eq. (3.64), because the field component is multiplied
by the generator of the group. Before presenting the Wilson loop for the Yang-Mills field, an example of
the loop integral in the case of an Abelian field is briefly described. For x € Ré, let’s consider the following
integral

Icay = dxy Ay(x)= %dxu Au(t,x,y,z)
(1) ) 3) )
I(CA)+I(CA)+I(CA)+I(CA)7 (3.42)
where
10— [P ax gAd(n,x,0,0)
(NI Xl 8Ax\11,X,U,U),
2) 2
I(CA> = /tl dr gA;(t,x2,0,0),
19— [Nt gA(2,x,0,0)
(CA) . Y g x\F2,4,Y, I
(4) "
Iy = dt gA,(t,x1,0,0). (3.43)

15}

Here, a unit charge and a unit anticharge are in interaction with the field in the above I(%)A) and I((é)A),

respectively, for a coupling constant g. By setting A, = 0 in the nearly static case, it follows that
Ica) = 8[Ai(t1,x2,0,0) — A (t1,x1,0,0)] (12 — 11), (3.44)

which implies the potential depends on the distance between the charges. This loop integral is generalized
to Trlexp(—il(ca))], which is available to both Abelian and non-Abelian fields.

Definition 3.12. The Wilson loop of the classical pure Yang-Mills field A ), (x) is defined by the form

W i=Trlexp(—ig f dxu Ay (3) (3.45)

To obtain the Wilson loop, the following line integrals are performed along a closed rectangular loop whose
sides are parallel to the x- or 7-axis

a(l) . 2 a

= /x. dx Al (11,%,0,0),

a2) 2o

12 = /Il dt Afep,(:22,0,0),

X1

1) = /x2 dx Aley)(12,%,0,0),

a4) U aa

1) = dr Al (6.21,0,0), (3.46)

15}
where x, = —xj.

Lemma 3.13. The line integrals contained in the Wilson loop for the classical unlocalized field vanish.
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Proof. The x-component of the unlocalized field satisfies A?CU)X(Z,X) = 0 from Egs. (3.10), (3.28), (3.31),
and (3.35), then the line integrals along the x-axis vanish as written by

0 e A

(CU) = . d.x A(CU)X(tl , X, 0, 0) = O,

a(3) L " a —
I(CU) = . dx A(CU)x(tz,x,QO) =0. (3.47)

In addition, with the aid of Eq. (3.41), the following relations are derived
@ _ (7 _

12 = /,] dx Al (£,31,0,0) =0,
4 "y Ad

cu) = /Jq dx A(CU)t(t7x27070) =0. (3.48)

From Eqgs. (3.47) and (3.48), the sum of the contributions of the classical unlocalized field to the Wilson
loop thus vanishes as

o . qal) | ga) | gaG) | e)
Ity = Iicy) T icuy +icu) e =0 (3.49)

O
Lemma 3.14. The total line integral I(aCL) in the Wilson loop for the classical localized field has the form
Iy = —A“(k;;/z) arccos[exp(—dacxzt)). (3.50)
Proof. From Eq. (3.10), the line integrals along the x-axis in Eq. (3.46) yield
Y=o, 1Y =o. 3.51)

(L) —

Whereas, using Definition 3.6 that contains Egs. (3.17)—(3.21), the integrals along the ¢-axis in Eq. (3.46)
provide

) ) Aap=l/?
I(C(i)) ‘H(éi)) = ;vD [Hcw) (12,%2) — Hicw) (11,%2)], (3.52)

where xp = —x1. From Eqgs. (3.19) and (3.20), it follows that

Hicyy(t,x) := / dt' h(t',x) = —arccos[exp(—acxt)), (3.53)
where H (t,x) has the symmetry H(¢,x) = —H (t,—x), and summing the above integrals results in
y _ g
ey = (CL)+ICL +Ia +ICL)
= —l“kND/ {arccos[exp(—acxat2)]
— arccos[exp(—acxat1)]}. (3.54)
By neglecting the last term arccos[exp(—acxpt1)] for small acxoty, Eq. (3.50) is thus derived. O
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Lemma 3.15. Only the classical localized field contributes to the total line integral I(”C) in the Wilson loop,
as written by

Ity =1ty ). (3.55)

Proof. With the aid of Eqgs. (3.49) and (3.54), the Wilson loop is reduced to the following integral to give
the above lemma

Ic) = Iy T {cy) = L{cr)- (3.56)

O

Lemma 3.16. The classical Wilson loop yields a classical potential V¢ between a charge and an anticharge
of the Yang-Mills field of the form

ac
VC = 3()62—)61). (3.57)

Proof. Using Eq. (3.50), the classical Wilson loop in Eq. (3.45) becomes
We = Trlexp(i Yy gA %y, *T)], (3.58)
with
y' = arccos[exp(—acxat2)])]. (3.59)

The value of the normalization constant ky,, for A = % = A3 is given to satisfy

3 3
kvoge Y Y AAbTer?
a=1b=1
3 3
=Y ¥ (k2 g AT (ky, g AP T?)
a=1b=1
=10, (3.60)

where 73 is the unit matrix in the form of 2 x 2 submatrices, such as SU(2), embedded in the N x N matrix,
which has individual elements equal to zero. For the quantity in the above equation, ¢ is defined by

£ = k;,é/zgcla. (3.61)
Then, the following series are considered
ST
cos(y) = n;)(—l) 20
. o y2rl
sin(y) = n;)(—l)”m- (3.62)
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With the help of the properties of the matrices 7%, representing generators of the SU(2) group,

Te(T9T?) = %5(1,,, Tr(T%) =0, (3.63)

Trlexp(iy Y2_, £9T)] is simplified as

3
Trlexp(iy’ Z,l §T)]
3

3
= Tr[cos(y’ ; EITY)] +iTr[sin(y’ ; ET)]

= Tr[cos(y'I?))] = [Tr(1P))] cos(y). (3.64)

Then, using Eq. (3.58), the classical Wilson loop, which is obtained as a sum of the integrals in Eq. (3.46)
for small a.x,t;, becomes

We = [Tr(1(3))]{cos{arccos[exp(—acxztz)]}}

= [Tr(I¥)]exp(—acxat2)
= exp[—acxa (2 — 1) +In[Tr(I?)]]

a
= oxp [~ S —xi)(—n) + [T D)) (3.65)
where the relation x, = —x has been used. It then follows that
In(We)  ac
Ve=- =—(x— 3.66
P 5 (2 —x1), (3.66)
where the last term in Eq. (3.65) was neglected. 0

It is note that that this linear potential is not derived for Abelian fields, since the Abelian fields do not involve
the matrices 7¢ of the group.

3.2.3 Scale-invariant energy of Yang-Mills fields, string tension of the linear potential, and
Polyakov’s binding energy

The Yang-Mills field contains a basic constant that is not determined theoretically. This constant is a given
scale-invariant energy that indicates the size of a pair composed of a particle and an antiparticle. In the case
of an atom, this size corresponds to an atomic size, which is determined using the fundamental constants
such as the Planck constant and electronic charge. The liner string tension is related to the above scale-
invariant energy. Furthermore, the binding energy between a particle and an antiparticle is derived for the
pure Yang-Mills field. In these analysis processes, the energy of the Yang-Mills field is calculated using Eq.
(3.68), and Eq. (3.73) is obtained. The decrease/increase in the energy of the Yang-Mills field is equal to the
increase/decrease in the energy of the paired particles through the linear potential. This equality provides
the relationship between the slope of the linear potential and the distance between the paired particles, as

29



indicated in Eq. (3.76). The binding energy, which is the mass of the pair of the particles, is calculated using
the Polyakov line in Eq. (3.78), yielding Eq. (3.80).

Physically, an atom has the characteristic Bohr radius, which is expressed in terms of Planck’s constant,
electron mass, and coupling constant in the Abelian field theory. By contrast, it is known that non-Abelian
Yang-Mills fields have a somewhat different intrinsic scale-invariant energy, which is equivalently length or
time. This fundamental scale-invariant energy is a given constant similar to such as the Planck’s constant,
and cannot be determined from theory. It is therefore required that a solution to the Yang-Mills equation be
consistent with this scale-invariance. Here, the present theory introduces the scale-invariant energy of the
classical field as a vacuum at Minkowski time ¢/, corresponding to Euclidean time 7.

Definition 3.17. Let & be a positive real number in Minkowski time ¢’. Then the existence of classical fields
is limited to |x| < &, where ¢ = 1 with the speed of light c.

Lemma 3.18. The energy of the classical localized field Ecy) (&) at the Minkowski time t' is given by

cBIrE) 1

4z ac(ey)d

EcL) (&) = (3.67)
where § and T are zeta and gamma functions, respectively.

Proof. The energy of the classical localized field E(CL)(&‘,/) is expressed with the aid of the energy-
momentum tensor [28] Too(cr)

E(CL) = /dxdydz TOO(CL)' (368)
Here
dLpcL) 9AcLyv
Tooer) = —Gna . ow LrcLy (3.69)
8(37)66) 0
where
2 2
LrcL) == *ZTT(F(CL);W) . (3.70)

Then let us use the aforementioned field strength Ficp),, at time ¢ in the limit as d — 0 with d being
the thickness of the classical localized field. The dominant term is the integral of squared field strengths

[— 8),A L) t,] in [IQ‘EL)W,] and [— BACL t,] in [F(“CL)H,]Z, leading to
Ecy (&) = {Z/dx—e,/x)]}
S [ vz (@m0 + ) n() 370

This integral does not depend on d, and limits are taken as €, — 0, & — 0, and & — 0. Using Egs.
(3.19)—(3.21) and

/dx (&,%)% = C3)T(3)a (2%) (3.72)
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the integral in (3.71) results in

cEerE) 1
4g2  (&)3ac

Eu(en) = (3.73)

O

Lemma 3.19. For charges of gluons, namely, particles of the Yang Mills field, let’s consider a pair of a
charge and an anticharge, which are separated by the distance 2€, with ¢ = 1, where c is physically the
speed of light. Let Ecy)(&y) be the energy of the classical localized field, and let E( p)(&/) = | — %5 (2&/)| =
| — 0(28)| be the stabilized/unstabilized energy of the pair. The following relation can be set

EcL)(&) = Ewp)(&), (3.74)
L _ 4 (3.75)
Avom

with Avom being the intrinsic scale-invariant energy. This Avowm is not determined from theory. Then, the
absolute string tension (energy per unit length) ¢ has the form
1 48(3)'°I(3) " Agiom

6= -a.— , (3.76)
2 8

Proof. With the use of Egs. (3.73)—(3.75), the above Eq.(3.76) is obtained. O
The binding energy of a charge-anticharge pair is obtained from the Polyakov line [29] in a similar way to
the Wilson loop.

Definition 3.20. Corresponding to physics, let kg and T be the Boltzmann constant and temperature, re-
spectively. Then 7 is defined by T = 1/kgT. By replacing ¢ by 7’ and under the periodic condition along the
temperature axis, the classical localized function at finite 7 has the following form

A((ICL)z(tvxayvz) — A((ICL)‘;(T/7xay7Z)

= A?CL)[(*L",)c,y7 2) +AE‘CL)I(T —1',x,y,2). (3.77)

The Polyakov line is defined by the line integral

P; := Trlexp(—ige Y 5 T)], (3.78)
a
with
T—Tg
8= / dv' Aley (7' 132,0,0), (3.79)
Te

where the starting point returns to the end point, and 7 is an infinitesimally small real number. It is known
that the Polyakov line yields the following binding energy of a charge-anticharge pair

gq=—In(P;). (3.80)
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Lemma 3.21. For the charge-anticharge distance r, the Polyakov line gives the following binding energy

or

= — 3.81
8‘1 kBT ( )

This equation states that for large T, physically at low temperatures, the non-zero binding energy leads to a
finite mass gap of the pure Yang-Mills field due to the pairing of a charge and an anticharge.

Proof. With the aid of Egs. (3.54) and (3.65), the Polyakov line is represented by

P, = cos{arccos[exp(—o0rT)]

—arccos[exp(—orte)]}, (3.82)
where constant was neglected. When 7 — 0, this P; becomes
P; = cos{arccos[exp(—ort)|} = exp(—orT). (3.83)

Denoting Eg by Eg = o', the binding energy is thus derived as

q = g nfen(2)]

EB or
= B - 3.84
ksT kT ( )

3.3 Quantum field in path integral around the classical field as a vacuum
3.3.1 Quantum action of pure Yang-Mills fields expanded in terms of scalar plane wave functions

Here, the additional potential between a particle and an antiparticle is derived considering quantum fluctua-
tions from the aforementioned stationary state. The Wilson loop for quantum fluctuations is calculated using
the Feynman path integral. For the sufficiently large cutoff value, the coupling constant is small, and the
action functional in the Feynman gauge is given by Eq. (3.87). By expanding the quantum field in terms
of the plane-wave basis functions in Eq. (3.91), the path integral is reduced to the Gauss integral in Eq.
(3.107). The potential is independent of the generators of the group in Eq. (3.111), and has the same form as
that of the U(1) group. The potential reveals to be a Coulomb potential, and the absolute Coulomb potential
is larger than the absolute linear potential at short distances. As aforementioned, the pure Yang-Mills field
A{ (%) in the present formalism is expressed as

AL (x) = Ay, (1) + Al (%), (3.85)

where A (), (x) is the classical field as a vacuum and A?Q) u (x) is the quantum field, which is the fluctuation
around the classical field. When necessary, Faddeev-Popov (FP) ghost is added. Then, the zeroth order of
the action for the non-Abelian Yang-Mills fields is the classical field, and the first-order action vanishes due
to the classical equations of motion, while the second order remains.
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Definition 3.22. Let’s consider the following quantum action with the coupling constant g in the Feynman
gauge

§=53 456) 4 54 (3.86)
where
1
$9 = 0¥ / d*x (dyATy Al ), (3.87)
3) . abe [ 14 b ¢ a
SO = e L/ ./d * (AQuAiQy Aoy
b c a b c a
+AQuAlwIuA Qv T AAlQv Ay
+Ag)uA Qv uAlgy): (3.88)
2
4 . 8 abc pade 4 b c d e
sW o= % bZd T / 4’x (AuAiovAlouiicy
+APD AC’ AdAe L Ab AcAd o pe
(QuHCOWVHQu(C)v ©p Qv (Qu(C)v

b c d e b c d e
TAuAcpA ooy TArAvacuiioy

b c d e b c d e
TAepAcpAQuiiQy TAuAvAQuAc)v
b c d e b c d e
TAuAvA Ay TAQuACvAlQuAQy

b c d e b c d e
FAcuAlovAlQuAloy TAQuAvAQuAQV)-

(3.89)

The above quantum action comprises kinetic and self-interaction terms, and the latter in the cubic and quartic
form almost contain the classical field. The cubic term is small because the quantum coupling constant g is
small for the cutoff at the high energy due to the asymptotic freedom; and the quartic term is smaller than
the cubic term for such the cutoff at the high energy.

The contributions of the quantum fluctuations are analyzed using the path integral.

Definition 3.23. Using Definition 2.5, the quantum pure Yang-Mills fields are expanded in terms of basis
functions ) (x) within the cutoff energy as

Aflgu®) = ;A?@ X (%), (3.90)

where considering Definition 2.5, the basis functions ) (x) are denoted by

Xk(x) = exp(ikyxy)  with k| < Aco, (3.91)
Since the energy of the localized field is independent of 4 in Eq. (3.21), one can consider the case in which
a limit is taken as d — O for the classical field. Before the lemma below, let us consider a scalar field g (x)

with a mass my;, which was introduced by Klein and Gordon, and was used by Yukawa. The Lagrangian
density of the mass term for this field has the form

A o< %‘PM(X) () Pna (x). (3.92)
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Lemma 3.24. Let SE )) be an integral denoted by

l aoc raade c e
Q) = _ZgZ fabe pad / d*x Aly), (X)Afe), (D)Afe), (1Al (). (3.93)
For b =d and c = e, it follows that

1 abc c
Sty =~ 58U / d'x Ay, (AT, ()P ALy, (x). (3.94)

As aforementioned, the summation notation is employed solely for the indices referring to spacetime coor-
dinates. In the case of AEC) ,(x) # O, from the above equation, the relation,

1 . :
Mige = Zgz( TV A, (0 >0, (3.95)
states that the pure Yang-Mill field has a local mass gap of (2myec) 1/2,

Proof. In Eq. (3.95), squared non-zero structure constants take the positive value as written by
(f%)?2 > 0. (3.96)

Hence, my. and (2myc) 1/2 have each positive value, with the aid of Eq. (3.92). O

3.3.2 Quantum Wilson loop

Here, the dominant quantum fluctuations to the Wilson loop is presented, considering that higher-order terms
do no contribute to the loop, due to the asymptotic freedom having small coupling for the cutoff at the high
energy via renormalizations.

Definition 3.25. Let’s denote the action of the kinetic terms in Eq. (3.87) by Sg )S Then this term is

expanded in terms of the basis functions to give

s@e = _% / d*x [0y IZAEACICH §A?Q>Hk, e
ZA“ M QA (ot (3.97)
where
W30 = [ (o) (o), (3.98)
with each diagonal eigenvalue 7, in the form proportional to k? for the plane-wave basis functions.
Definition 3.26. The quantum action Sq considered for the above Sg )5' is expressed by
=LY MG Al oy (3.99)

a k'

34



By using the classical Wilson loop Wc, in which the 2 x 2 unit submatrix /®) embedded in the N x N matrix
with vanishing components, the Wilson loop Wy in the quantum path integral has the form

Wo = Tr{WCI / DIAZy exp(—SQ)exp(C)}. (3.100)
Here, C is denoted by
= —igZXk:B“kA?Q)“kT“, (3.101)
a
where
Bui = ?{dxu 2%, (3.102)

The quantity Zy is a normalization constant in the path integral with respect to A‘(IQ> ke and is written as

Zn 7/1) o] exp(—50)- (3.103)

In Eq. (3.100), the contribution from the classical field gives rise to the prefactor. Meanwhile, the quantum
fluctuations A?Q) uk of the pure Yang-Mills field such as the SU(3) gauge field are represented in terms of the
matrices 7¢ that represent the SU(3) group as an example.

Lemma 3.27. The analytical confining potential V (x; — x| ) between a Yang-Mills charge and an anticharge
separated by the distance xy — x1 is composed of the first classical linear term plus the second quantum
Coulomb term written by

V()Cz—xl)z%(XZ—xl)—‘er(XQ—xl). (3.104)

Proof. By the diagonalization of Eq. (3.99) using a diagonal matrix Ry associated with the eigenvalues
M(wy in the general case

Sqo= ZZ’? (Aue) (3.105)
with
AI(%)/J]( = RkklA?Q),le” (3106)

it follows that
Wo = Tr{WcI /D A’“ Qur) exp( ZZZB
x exp(— ZZ" A’“ )}, (3.107)

where

By = gZﬁuk’Rkk/T (3.108)
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The integrals have the form of Gaussian integrals, and the odd term vanishes independently of the group,
leading to

1 n
_ (3) la
WQ = Tl‘{ Wcl ZfN HaHk/dA(Q)“k
% c0s (Bl A(G) i) exXP M) (A )] } (3.109)

By denoting By, as By, = B, T, and with the aid of

1/2
Zn = TT; (”) : (3.110)
Nk

the quantum Wilson loop results in

B‘/ 2
Wo =Tr [WCI(” exp (—ZZ (“")T“T“N . (3.111)
e T Mk

The sum of the matrices 797 is proportional to the unit matrix, and is independent of the group, showing
that the quantum potential is a Coulomb potential. This is confirmed by the fact that the quantum potential
of the Abelian field is a Coulomb potential. The analytical confining potential derived above is a sum of a
classical linear term and quantum Coulomb term, as expressed by Eq. (3.104) O

The above procedures also lead to the following theorem.

Theorem 3.28. In pure Yang-Mills fields, the classical localized field as a vacuum produces the linear
confinement potential between a charge and an anticharge, which are created by the pure Yang-Mills field.
A non-zero binding energy between the paired charges generates a finite positive mass of the pure Yang-Mills
field, namely, the mass gap, as shown in Eq. (3.84). Furthermore, a non-zero classical field gives rise to a
local mass gap with non-zero positive value for the Yang-Mills field, as shown in Eq. (3.95). These masses
give an answer to the mass gap problem of the Millennium problem.

4 Conclusions

Despite usual mathematical papers contain no conclusion section, this section describes the conclusions.
This paper presented a mathematical solution to the Yang-Mills existence and mass gap problem, which is
one of the Millennium problems. The problem is widely known as a longstanding important problem. This
paper has aimed at constructing solid mathematical foundations of field theory. The solution comprises two
theorems derived via processes constructing associated sequential lemmas. For the first theorem, this paper
formulated mathematically well-defined pure Yang-Mills fields, and a cutoff was introduced. Due to the
asymptotic freedom, interactions of Yang-Mills fields vanish for the infinitely high-energy cutoff, meaning
that Yang-Mills theory is trivial for this infinite energy. This paper then introduced an ultraviolet cutoff to
avoid the triviality. In mathematics like for the Reimann space, it does not necessarily seem that the metric
of general relativity should be excluded. Only in such the case for Yang-Mills fields, the cutoff scale is re-
stricted to the Planck scale, preventing unphysical losses of high-energy intermediate states into black holes.
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Fields are expanded in terms of scalar plane-waves, which are Poincaré/Lorentz covariant/invariant. The ex-
pansion coefficients have a symmetry represented by a compact and simple group. Below the cutoff energy,
the momentum is continuous. Only as applications of mathematics for suppressing quadratic self-energies
due to Higgs fields in physics, mathematics will provide a tool by dividing the four-dimensional spacetime
continuum into arbitrarily shaped elements. Quantities, which correspond physically to vacuum expectation
values for operators, have been analyzed within the regime below the cutoff energy. Corresponding math-
ematical formulations constructed from axioms have a basis in the traditional physical field theory except
for high energies. The first theorem for this Poincaré/Lorentz covariant/invariant formalism without ultra-
violet divergences presents an answer to the existence problem. Next, the pure Yang-Mills field considered
is composed of classical stationary and quantum fluctuation fields. The classical field, which is a vacuum,
has localized and unlocalized fields. From the Wilson loop for the classical localized field, there is a linear
potential between a charge and an anticharge, and the binding energy yields a mass gap, by stabilizing the
system compared to the Coulomb phase. Meanwhile, quantum fluctuations add a Coulomb potential to the
linear potential. In the action, a local mass term appears due to the classical field. Due to these masses, the
second theorem presents an answer to the mass gap problem. Consequently, the Yang-Mills existence and
mass gap problem has been solved.
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Appendix A: Aim and outline of Appendix B and Appendix C

This Appendix A describes the background, aim, and outline of Appendix B and Appendix C. Appendix B
and Appendix C are aimed at describing a formulation only for a possible case of mathematics applications
to physics. In these Appendices, a cutoff at the high energy is denoted by IIy, which means the cutoff
introduced in Sec. 2 in the main procedure of this paper. Whereas, a possible cutoff at the energy lower
than the above cutoff IIy is denoted by I, which is introduced in these Appendices. The low-energy cutoff
I suppresses the extreme large quadratic self-energy by Higgs fields when the energy of the high-energy
cutoff Il is inescapably high. The low-energy cutoff Iy is achieved by dividing the 4-dimensional spacetime
continuum into arbitrary-shaped spacetime elements. Although the high-energy cutoff Iy makes physical
quantities finite for self-interactions, this cutoff is insufficient. This is because when interactions include
self-interactions to some extent contributed from Higgs particles around 10'! eV (10? GeV), the calculated
results with the high-energy cutoff Il become extremely large values, which are unphysical.

In a lattice theory, fields are defined on a discrete lattice in the spacetime continuum, and wave lengths
shorter than the lattice spacing are cut off. By contrast, it is widely known that in solid-state physics, the
cutoff is achieved by dividing the space continuum into periodically aligned space elements [25,26]. For
the nearest-neighbor distance as between space elements, wave lengths shorter than as, which corresponds
to the absolute momentum of 7 /as, are cut off in this case. Additionally, without influencing this cutoff, the
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wave rarely absorbs or emits a discrete momentum G, = (27 /as)n, with n being an integer variable, raising
or lowering the wave energy. The calculation results for solids obtained using this band theory agree well
with experimental results.

By analogy with solid-state physics, this paper deals with the low-energy cutoff Iy. The formalism is re-
quired to satisfy the Poincaré covariance with the rotational and translational covariance This theory divides
the four-dimensional (4D) spacetime continuum into arbitrary-shaped spacetime elements. Fields are de-
fined on this spacetime divided into elements that are locally periodically aligned. The momentums with
the individual absolute value larger than 7/a, are cut off, where a, denotes the nearest-neighbor distance
between the spacetime elements. Additionally, it is known that a function with the same periodicity as the
space elements is expressed using the Fourier series as a function of momentum G, = (27 /a,)n, where n
is an integer variable [26]. Here, this theory introduces in Eq. (C.5) a compensation field with the same
periodicity as that of the space elements. The momentum of the field is G,, = (27/a;)n, with ny being
integers for coordinate indices y = 0, 1,2,3. For the local periodicity, the momenta are given by Eq. (C.3).
Without influencing the low-energy cutoff Iy, the field exchanges momentum G,, = (2m/ar)ny, via interac-
tions with the compensation field, and rarely absorbs/emits energy within the energy range of the field up to
the energy of the high-energy cutoff IIy. Because of the long-range disorder, the wave is scattered by the
exchange of momentum in Eq. (C.3). As mentioned in Sec. 2, using the plane waves in Eq. (2.10) with
the cutoff, the fields with the cutoff are expressed in the form of the Fourier expansion, as shown in Eq.
(2.11). Tt is noted that as mentioned in Sec. 2, the underlining for quantities with the cutoff is not indicated,
except in cases where it is explicitly required to denote the cutoff. Physics describes nature, while mathe-
matics is independent of nature and is based on axioms. In other words, mathematics is not necessary to
describe nature. Nevertheless, physically the low-energy cutoff I, based on the relationships between some
physical quantities was introduced in the literatures [19,20]. The energy of the low-energy cutoff Iy is about
3 x 10" eV (3 PeV), which is much lower than the energy of the highe-energy cutoff II. In fact, such as
a break (abnormal behavior, the so-called knee) in the energy dependence of natural cosmic-rays has been
experimentally observed around 3 PeV, as reported in the literatures [37,38] and other ones [39,40].

Appendix B describes the cutoff by analogy with solid-state physics. The 4D spacetime continuum is divided
into arbitrarily shaped spacetime elements that are aligned locally periodically. Wave functions are defined
on this spacetime with divided spacetime elements, and the wave length of the wave function is restricted to
that longer than the nearest-neighbor distance between the spacetime elements. In this paper, this cutoff at
the low energy is denoted by Iy, and is distinguished from the high-energy cutoff IIy.

In Appendices, Poincaré covariant plane waves are also used for a Fourier expansion as a function of four-
momentum within the specified cutoff energy, because the cutoff in this paper is represented in 4D momen-
tum space.

Appendix C presents the low-energy cutoff energy, which is (used in physics as the same meaning as) the
reciprocal of the cutoff length that is the nearest-neighbor distance between spacetime elements. Addition-
ally, the divided spacetime elements are aligned locally periodically. It is known that a periodic function in
the spacetime with this periodicity is expressed by a Fourier series as a function of the momentum that is the
product of the cutoff momentum (vector) and integers, as shown in Eq. (C.3). A compensation field with the
this momentum is then introduced in Eq. (C.5) without influencing the low-energy cutoff Iy . A field particle
is only rarely excited by the above effective compensation field beyond the energy of the low-energy cutoff
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I through interactions with the compensation field. Furthermore, the field particle is not excited above the
energy of the high-energy cutoff Ily. Yang-Mills fields are expressed in the form of Fourier expansion in
terms of the plane waves as a function of the momentum within the energy of the low-energy cutoff I, as
described before in Definition 2.5.

Appendix B: Spacetime continuum divided into spacetime elements

In this Appendix B, the author shows a possible formulation only for the case, in which an application of
mathematics to physics is considered. In Sec. 2, the cutoff, denoted by IIy hereafter, of the main pro-
cedure at the high energy was formulated for quantum field theory (QFT) without ultraviolet divergences.
Besides the above high-energy cutoff Ilg, the cutoff denoted here by I, at a low energy is introduced to
suppress quadratic self-energies associated with Higgs fields. Fields with state vectors are defined mainly
on the four-dimensional (4D) Euclidean spacetime continuum R‘é. As aforementioned in Appendix A, the
present Appendix B describes the low-energy cutoff I obtained by dividing the 4D spacetime continuum
into arbitrary-shaped spacetime elements aligned locally periodically. This system is based on solid state
physics, in which the wave lengths are restricted to those longer than the nearest-neighbor distance between
spacetime elements, as described in Appendix C.

The spacetime continua R‘é and Rﬁ,l are divided into spacetime elements, in which hypersurfaces normal to
the time-axis at each point are space-like. The spacetime elements are aligned locally periodically without
any long-range order. These are described by the following Definitions Appendix B.1-Appendix B.3.

Definition Appendix B.1. Let Ré be the four-dimensional Euclidean parameter spacetime continuum.
Then its coordinates are denoted by xpy:= (xpo,xp1,Xp2,xp3) = (fp,xp,yp,zp). For k,I,m,n € N* with
N being positive natural numbers, let p be indices denoted by p = (k,I,m,n). The parameter space-
time R‘li is divided into hypercubes, then a lattice/grid point in the parameter spacetime is defined by

XPp = Xp(ktmn) = (tP(k)sXP(1)> YP(m) 1 ZP(n))-

Definition Appendix B.2. Let Rﬁ/[ and R4P be the 4D Minkowski spacetime and Euclidean parameter
spacetime, respectively. For four-vectors xp € Ré and x € R}, , the following map is introduced

foixp € Rp — x e Ry, (B.1)
where each component of the above map is written by
xu = fru(xp) = fou(tp, Xp). (B.2)
The inverse map is defined by
fR=fr' i xERYy — xp €RE. (B.3)
Definition Appendix B.3. For (tp,xp) € R} and (#,x) € Ry, a three-dimensional hypersurface op; normal
to the fp-axis in R;‘, is introduced, and then o; in Rﬁ,[ is defined as a three-dimensional hypersurface mapped

from op; under the function in Egs. (B.1)—(B.3). For xu,x;l € Rﬁ,[ on the space-like hypersurface o; at the
point x,, the following relation [5,9, 10, 15] is satisfied

(' —1) < (x}—x)>. (B.4)
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Appendix C: Cutoff at the energy lower than the ultraviolet cutoff en-
ergy solely for possible applications of mathematics to
physics

Here, let us define two Poincaré invariant/covariant cutoffs. Only for possible applications of mathematics
to physics, the low-energy cutoff I, at the energy lower than that of the high-energy cutoff Ily is effec-
tive at removing the large quadratic self-energies associated with the Higgs field. By analogy with solid
state physics as described in Appendix A, the low-energy cutoff I, is achieved owing to the division of the
spacetime continuum into spacetime elements. In this case, the wave length is longer than the size of the
spacetime element. As a result, continuous momentums of the usual Yang-Mills field are restricted to the
regime within the energy of the low-energy cutoff Iy . On the other hand, it is stated in the literature [26] that
when a function on the Euclidean spacetime has the same local periodicity as that of the local alignment of
the spacetime elements, the function has Fourier components of the discrete momentum; and this discrete
momentum is the reciprocal cutoff four-momentum multiplied by integers. Here, the present theory intro-
duces an effective compensation vector field in the form of this periodic function with discrete momentums.
By interactions with the effective compensation field, quantum Yang-Mills gluon particles are only rarely
excited beyond the energy of the low-energy cutoff I;. Furthermore, above the energy of the low-energy
cutoff I, the author uses the cutoff Il introduced in Sec. 2 at the high energy.

Definition Appendix C.1. Let a, € R be the separation between each center of the nearest-neighbor space-
time elements, whose alignment is locally periodic without any long-range order. Four-momentums are
limited within in the following first momentum zone by the cutoff

k| = [ky| = |(kyky) 2| < /ay, (C.1)
and plane waves with the cutoff are expressed as
X, = exp(kyxy)- (C.2)

For the quantities whose momentums are limited within the cutoff energy, an underline under the symbol(s)
such as x and k is added, although this underline is not always denoted explicitly.

The underline is added explicitly only if necessary. The momentums beyond the energy of the high-energy
cutoff Iy are also cut off.

Definition Appendix C.2. Let a, be the separation between spacetime elements in the above Definition
Appendix C.1. Let x, = xpu = (Xp0,Xp1,Xp2,Xp3) be a center of the space-time element. For integers
np,n1,n2,n3, quantities G := Gy := Gu;p at x, are defined by

Goip :=no(2m/ay)eop, Giap :=m(27/a,)erp,

Gz;,p = n2(27t/a,)ezp, G3ﬁp = n3(27r/a,)e3p. (C.3)
Here, ey, at x,, are unit vectors, which are mutually orthogonal, and are oriented in arbitrary directions.

Lemma Appendix C.3. On the spacetime continuum R, which is divided into spacetime elements aligned
with a local periodicity without long-range order, let us consider a function u(x), which has the same peri-
odicity as the aligned spacetime elements. Then u(x) is expanded in the form of the following Fourier series
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in terms of Gy in Definition Appendix C.2

u(x) =Y ug, exp(iGuaxy) with Gj:=Gus. (C4)
Gj

The proof of the above lemma is given in Chap. 1 of the literature [26].
Here, the following effective compensation vector field is newly introduced.

Definition Appendix C.4. Using the four-momentums Gy; in Definition Appendix C.2, let us introduce
the following compensation vector field, which has the same local periodicity as the periodically aligned
spacetime elements that are obtained by dividing the spacetime continuum R,

Ago)u(x) ==Y Awcjuc, exp(iGvaxy), (C.5)
G

where A(gc)uc, are expansion coefficients.

Definition Appendix C.5. Only via interactions with the effective compensation field of discrete momentum
in Definition Appendix C.4, a particle described by a usual plane wave is rarely excited by an additional
discrete momentum. The plane wave then has the following form

X6z (¥) = Y explilky + Gui)xy]
G

= Zexp(iPuxu). (C.6)
Gii

In the above equation the quantity k, is the four-momentum in the first momentum zone given by Eq. (C.1)
using a, in Definition Appendix C.1. Additionally, the momentum P, of the quantum particle becomes
Py =k, + Guip-
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