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Abstract

We present a rigorous mathematical framework for a physical theory characterized by a
Zs center symmetry, establishing connections between the arithmetic of cyclic cubic number
fields, the geometry of the automorphic category for SU(3) via the Geometric Langlands
Program, and the operator algebraic structures of Noncommutative Geometry (NCG). This
framework is founded on the generalization of the Bost-Connes system to cyclic extensions,
realizing the principle that a Z,, symmetry necessitates n — 1 distinct, conjugate non-trivial
twists. Arithmetically, this is realized via the factorization of the Dedekind zeta function
into Dirichlet L-functions. For Z3, it manifests geometrically as twisted sectors of the auto-
morphic category on the moduli stack Bungys)(X). We provide a detailed construction of
the associated von Neumann algebra Mgy sy (expected to be a Type III; factor), interpreted
as the algebra of 't Hooft-Wilson loop operators, and its decomposition via central projec-
tions Py, P1, P». These correspond to the topological (N-ality) superselection sectors of a
confining SU(3) gauge theory. We rigorously derive the physical consequences: the rank-2
internal structure of flux tubes characterized by the Cartan subalgebra; the exact spectral
equivalence of vortex and anti-vortex states proven via the anti-unitary charge conjugation
operator C; and the SU(3) fusion rules governed by the underlying braided tensor category
structure. A connection is established between Casimir scaling (and its breaking) and the
leading analytic invariants of the underlying L-functions at the central point s = 1/2, derived
from the spectral interpretation of the Weil explicit formula and motivated by the Birch and
Swinnerton-Dyer conjecture. Finally, we construct the explicit spectral triple (A, H, D) for
this theory. This construction features a Dirac operator D whose spectrum is defined by the
zeros of the associated L-functions, and a generalized Tomita-Takesaki modular structure
characterized by two conjugate non-trivial modular conjugation operators (Ji,J2). This
synthesis provides a potential non-perturbative description of the Zg theory, directly linking
fundamental physical observables to structures in analytic number theory and geometric
representation theory.
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1 The Foundational Principle: Arithmetic Lattices and Conju-
gate Twists

The framework presented herein is constructed upon a generalization of the modular algebraic
structure inherent in quantum theory, rooted in the arithmetic properties of number fields.
This connection is mediated by the Bost-Connes (BC) system [BC95] and its generalizations to
arbitrary number fields K, as developed in [CMO8].

1.1 The Generalized Bost-Connes System

The original BC system provides a quantum statistical mechanical interpretation of the arith-
metic of Q. It is constructed on the noncommutative space of commensurability classes of
1-dimensional Q-lattices.

Definition 1.1 (1D Q-Lattice, [CMO08], Def. 3.1). A 1-dimensional Q-lattice is a pair (A, ¢),
where A C R is a lattice (a discrete subgroup of rank 1) and ¢ : Q/Z — QA/A is a group
homomorphism (labeling the torsion points).

The BC system is a C*-dynamical system (Ag,o¢), where Ag is the C*-algebra of the
groupoid of the commensurability relation, and o; is the time evolution given by the ratio of
norms (covolumes) of the lattices. The partition function is the Riemann zeta function (g(s).
The system exhibits a phase transition related to the spontaneous symmetry breaking of the
action of the idele class group Cg = A@ /Q*, which by Class Field Theory is isomorphic (via
the Artin map) to the Galois group Gal(Q/Q).

This construction generalizes to an arbitrary number field K. The generalized BC system
for K is constructed on the space of commensurability classes of K-lattices.

Definition 1.2 (K-Lattice, [CMO08], Sec. 3.5). Let K be a number field with ring of integers
Ok. A K-lattice of rank n is a pair (A, ¢), where A is a finitely generated Ox-module such
that A ®p,, K = K", and ¢ is an isomorphism ¢ : K"/O} — A ®o, (K/Ok).

For rank 1 K-lattices, the resulting dynamical system (Ag, o) has the Dedekind zeta func-
tion (x(s) as its partition function. The symmetry group acting on the system is related to the
idele class group Cx = A /K>, connected to Gal(K%/K).

We posit a central principle connecting the center symmetry of a gauge theory to this
arithmetic structure, interpreting the generalized BC system as the foundational "arithmetic
lattice" of the theory.

Axiom 1.3 (Principle of Conjugate Twists). A quantum field theory whose gauge structure is
governed by a Z, center symmetry is arithmetically realized by the generalized Bost-Connes
system associated with a cyclic extension K /Q of degree n. The decomposition of this system
under the action of the Galois group Gal(K /Q) = Z,, reveals n—1 distinct, non-trivial, conjugate
"twists", corresponding precisely to the n — 1 non-trivial irreducible characters of Z,. These
twists organize the topological superselection sectors of the physical theory.

1.2 Arithmetic Realization: Cyclic Fields and L-functions

This principle is realized by the factorization of the Dedekind zeta function of a cyclic extension

Let K be a cyclic Galois extension of Q with G = Gal(K/Q) = Z,,.

Theorem 1.4 (Factorization of the Dedekind Zeta Function [Neu99], Ch. VII, Cor. 10.4;
[Lan94]). Let K/Q be an abelian Galois extension with Galois group G. The Dedekind zeta
function (x(s) factorizes as:

Gels) = T Lisv). (L1)

xe@
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Proof. The proof relies on comparing the Euler factors of both sides, utilizing the properties of
the Frobenius automorphism and the structure of the regular representation of G.

Let p be a rational prime. We analyze the local Euler factor at p. In K, the ideal pOg
factorizes as pOg = (p1...pg)¢. Let f be the inertia degree. We have [K : Q] =n =efg. The
norm is N(p;) = p/.

The contribution of p to (x(s) is:

Crp(s) = (1—p )79 (1.2)

We consider the product of Dirichlet L-functions. We focus on the unramified case (e = 1),
where fg = n. The Frobenius element Frob, € G is well-defined (as G is abelian) and has
order f. By the Artin map (which relies on the Kronecker-Weber theorem stating that every
abelian extension of Q is contained in a cyclotomic field), the character value x(p) corresponds
to x(Frob,).

We utilize the identity derived from the decomposition of the regular representation V;ee of
G. Vieg = @X & V. The characteristic polynomial of Frob, acting on Vg is:

det(1 — T - Froby|Vieg) = [ [ (1 = x(Frob,)T). (1.3)
x€G

Let H = (Frob,) be the decomposition group at p, which is cyclic of order f. The restriction
of Vieg from G to H can be viewed as the induced representation Ind%(C[H]) = C[G]. This
decomposes into g = [G : H] copies of the regular representation of H.

The eigenvalues of Frob, (the generator) acting on the regular representation of H are the
f-th roots of unity, {& };:& , where & = >™/f. Therefore, the characteristic polynomial on Vieg

1S: = | g
[[a-¢1)| =@-17)9. (1.4)

Jj=0

Setting T' = p~*®, we equate the Euler factors:

I Zotsx)™ = JT 0= x(p)p™*) = (1 —p7%)7 = Cieppls) " (1.5)

Xeé xeé

This establishes the equality for unramified primes. For ramified primes, the analysis must
include the inertia subgroup I,. The factorization holds when using the definition of L(s, x)
where the Euler factors at ramified primes p are modified appropriately (specifically, they are
omitted if the character y is ramified at p, meaning x(I,) # 1). O

1.2.1 The Z3 Case (Cyclic Cubic Fields)

We focus on n = 3. Let K be a cyclic cubic extension of Q. G = Zs. Let w = ¢*™/3. The
characters are {xo, X, x>}. The non-trivial characters form a conjugate pair (x, ¥ = x?).
The factorization is:

Ck(s) = Cals) L(s, x) L(s, X)- (1.6)

Proposition 1.5 (Analytic Properties of Cubic L-functions). The functions L(s,x) associated
with the non-trivial cubic characters are entire and satisfy a specific functional equation.

Proof. Since x is non-trivial, L(s,x) has an analytic continuation to the entire complex plane
(it lacks the pole at s = 1 that {g(s) possesses). The functional equation relates L(s,x) to
L(1 —s,x). Let f be the conductor of the character y (which is also the conductor of the field
K). A cubic field K can be either totally real (3 real embeddings, 1 = 3,73 = 0) or complex
(1 real, 2 complex embeddings, 1 = 1,72 = 1).



We define the completed L-function A(s,x). The Gamma factors depend on the signature.

Case 1: K is totally real. The Archimedean factor is I'x(s) = (7=%/?T'(s/2))3. Case 2: K is
complex. The Archimedean factor is T'g(s) = (7~%/%T'(5/2))(2(27)*T(s)).

Let Ay be related to the conductor f and the discriminant Dg. The completed L-function
is A(s,x) = Af(/QFK(s)L(s, X). The functional equation is [[K04; Was97]:

The root number W(x) is a complex number of modulus 1, related to the Gauss sum 7(x) =

Za (mod f) X(a)€27ria/f. ]

This factorization (1.6) is the arithmetic blueprint mandated by Axiom 1.3, dictating one
untwisted sector and two conjugate twisted sectors.

2 The Geometric Realization: The Automorphic Category for
SU(3)

The geometric realization of the arithmetic blueprint is the automorphic category for G =
SL(3, C) (the complexification of SU(3)), as studied in the Geometric Langlands Program (GLP)
[Fre07; KWOT].

2.1 The Geometric Setting: The Moduli Stack Bung(X)

We fix a smooth, projective, geometrically connected algebraic curve X over C of genus g.
Definition 2.1. Bung(X) is the moduli stack of principal G-bundles on X.

For G = SL(3,C), Bungy,3)(X) is a smooth Artin stack. Its dimension is dim(Bung (X)) =
(9 — 1)dim(G) = 8(g — 1). The cotangent stack T*Bung(X) is the moduli space of Hitchin
pairs (Higgs bundles), which plays a crucial role in the GLP via the Hitchin integrable system
[BDO04].

2.2 Hecke Eigensheaves and the Geometric Langlands Correspondence

The automorphic category, Aut, is defined as the (derived) category of D-modules on Bung(X),
D(Bung(X)) [BD04].

2.2.1 Hecke Operators and Geometric Satake Equivalence

Hecke operators are geometric integral transforms arising from the Hecke correspondence stack
Heckeg (X)), which parameterizes modifications (Py, P, z, ) of bundles at = € X.

Heckeg(X)

S ™~ (2.1)

Bung(X) Bung(X)

The algebra of Hecke operators is controlled by the representation theory of the Langlands
dual group “G. For G = SL(3,C), the dual group is “G = PGL(3,C).

The connection is established via the Geometric Satake Equivalence at a point € X. Let
K, = C((t)) be the field of formal Laurent series and O, = C][¢]] the ring of formal power series
at x.



Definition 2.2. The affine Grassmannian Grg is the ind-scheme representing the quotient
G(K;)/G(O,). It parameterizes G-bundles on the formal disk around z together with a trivi-
alization on the punctured disk.

Theorem 2.3 (Geometric Satake Equivalence [MVO07]). There is an equivalence of tensor cate-
gories between Rep(*G) and the category of G(O,)-equivariant perverse sheaves on Grg, denoted

PerVG((’)z) (Gr(;) N
S : Rep(*@) = Pervg(o,)(Grg). (2.2)

For V € Rep(LG), let Sy = S(V) be the Satake sheaf. The Hecke operator Hy . acting on
F € Autg is the geometric convolution utilizing the structure of the Hecke stack localized at z:

HV,x(}—) = (hg)!(hf(f) & Sv). (2.3)

2.2.2 Hecke Eigensheaves

Definition 2.4. A sheaf F € Autq is a Hecke eigensheaf with eigenvalue o € LocSysc(X) (a
LG-local system on X), if for every x € X and V € Rep(”G), there is a canonical isomorphism:

Hyo(F) 2 F @ Vo, (2.4)
where V; ; is the stalk of the associated local system V, at x.

The Geometric Langlands Conjecture, recently addressed in [GR24], posits an equivalence of

derived categories L : Autg — D(LocSysrg (X)) (more precisely, the category of ind-coherent
sheaves IndCoh(LocSysc4(X))) intertwining the Hecke action with the tensor product action.

2.3 The Action of the Z3; Center

The geometric realization of the arithmetic decomposition (1.6) is provided by the action of the
center Z(G) = Zs.

2.3.1 Action on the Moduli Stack via Non-Abelian Cohomology

The action arises from the central extension:
1 — Zs — SL(3) - PGL(3) — 1. (2.5)

We analyze the corresponding long exact sequence in non-abelian (Cech) cohomology H' (X, -):
o HY(X,Z3) % HY(X,SL(3)) & HY(X,PGL(3)) > H2(X, Z3). (2.6)

Here, H'(X,G) represents the set of isomorphism classes of G-bundles. H'(X,Zj3) is the
group of Zs-torsors (principal Zs-bundles) on X.

The map ¢ defines an action of H'(X,Z3) on H*(X,SL(3)). Let T be a Zsz-torsor and P an
SL(3)-bundle. The action is given by the associated bundle construction (twisting):

T-P=(T xP)/Zs, (2.7)

where Zs3 acts diagonally: z - (¢,p) = (tz71, zp).

The map 7 sends an SL(3)-bundle to the associated PGL(3)-bundle. The fibers of 7 are the
orbits of the H'(X,Zs3) action.

The connecting homomorphism ¢ is the obstruction map. A PGL(3)-bundle & lifts to an
SL(3)-bundle if and only if its obstruction class §(€) € H?(X,Zs3) vanishes. When X is a
Riemann surface, H?(X,7Z3) = H*(X,Z) ® Z3 = Z3. This obstruction corresponds to the
generalized degree or Stiefel-Whitney class.

This defines the action of the center symmetry group on the configuration space Bungy,(3)(X).
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2.3.2 Decomposition of the Automorphic Category

The action on the stack induces an action on the category of sheaves. Let A = Autgy,3). Let
U be the autoequivalence corresponding to the action of the generator of Zs3 (e.g., twisting by
a specific non-trivial Zs-torsor).

Theorem 2.5. The automorphic category A decomposes canonically into a direct sum of or-
thogonal subcategories indexed by the characters of Zs:

A2 A0 g AN g A@) (2.8)

Proof. Let w = e*™/3_ The projection endofunctors P : A — A corresponding to the characters
Xk are defined using the Fourier transform on the group Zs:

2
1 —177 L —k —2k 72
- = iz
Pk—3§0Xk(j) U —3(IdA+w U+ w "U?). (2.9)
j:
We verify the properties of orthogonal projectors using the character orthogonality relations
5 R

D k=W ik = 30,0 (mod 3)-

1. Completeness:

2 2
1
Y p= 3 Y (1d+w U +w *U?) (2.10)
k=0 k=0
1 1
= 5(3-1d+UZw_k+U2Zw_2k) =3(B-1d+0+40) =Ida. (2.11)
k k

2 2
PP, — é 3OS ltgess (2.12)
a=0 b=0
1 2 2 ‘ ‘
=5 > Uy wlerema)  (setting b=c—a (mod 3)) (2.13)
c=0 a=0

2 )
Y wHUe (Z w—a(i—ﬁ) : (2.14)
c=0

a=0

The inner sum equals 39;;.

2
1 .
PZ‘P]‘ = g E wichC(SZ‘j = 51]Pz (2.15)
c=0

The subcategory A% is the essential image of P;. An object F € A®) satisfies U(F) =2 wkF
(it is equivariant with respect to the character xj). This yields the orthogonal decomposition
(2.8). O

This decomposition matches the arithmetic structure: A corresponds to Co(s) (automor-
phic forms that factor through PGL(3)), and the twisted sectors AWM A correspond to the
conjugate pair L(s, x), L(s, X).

3 The Operator Algebraic Formalism

We translate the categorical structure into the language of operator algebras, following the
framework of Algebraic Quantum Field Theory (AQFT) [HK64; BRI7].



3.1 The Algebra of Observables Mgy s)

Definition 3.1. Let H be a suitable Hilbert space realization of the automorphic category (e.g.,
the space of L2-automorphic forms, or the cohomology of Bung(X)). The algebra of observables
Mgy (3) is the von Neumann algebra generated by the action of the (bounded realization of the)
affine Hecke algebra Hgys) on H.

Remark 3.2 (Type Classification). In QFT, local algebras of observables in the vacuum rep-
resentation are typically hyperfinite Type III; factors [Tak03]. The Bost-Connes algebra Ag
at zero temperature (corresponding to the ground state) is also a Type III; factor [BC95].
Given this structural connection, it is expected that Mgy s, representing the full algebra of
observables of the gauge theory, is a Type III; von Neumann algebra.

Physically, this algebra is generated by the 't Hooft-Wilson loop operators.

3.1.1 The ’t Hooft-Wilson Algebra

The fundamental operators are Wilson loops Wg(C') (measuring electric flux) and 't Hooft loops
VL(C") (creating magnetic vortices).

Theorem 3.3 ('t Hooft Algebra Relations [t H78]). The Wilson and 't Hooft loop operators
satisfy the commutation relations:

WR(C)VL<C/) = VL<C/)WR(C) - exp <27Ti<w}§L>L7jnk(C, Cl)> . (3.1)

Here, wr is a weight characterizing the representation R, and L is a coweight characterizing
the magnetic charge of the vortex.

Proof. The relation arises from the non-abelian Aharonov-Bohm effect, reflecting the interplay
between the center Z(G) and the fundamental group of the adjoint group m1(G/Z(QG)).

A ’t Hooft loop VL(C') creates a magnetic vortex. The gauge configuration far from the
vortex is characterized by a singularity such that the holonomy around any loop linking C’ is
non-trivial and lies in the center Z(G). This corresponds to a topological charge classified by
m1(G/Z(G)). For a simply connected group G = SU(3), m1(SU(3)/Zs3) = Z3. Let z, € Z(G) be
the element corresponding to the magnetic charge L.

A Wilson loop Wx(C') measures the holonomy of the gauge connection in representation R.
When C links C’, the Wilson loop operator measures the action of the central element z7 on
the representation R.

In SU(3), the center elements are z = wk1, k = 0,1,2. The action of z; on an irreducible
representation R is determined solely by its N-ality m(R) € {0, 1, 2}.

pr(zk) = wk'm(R)lR. (3.2)

The pairing (wg, L) in the exponent is the precise mathematical formulation of this inter-
action between the electric N-ality m(R) (encoded in the highest weight wgr) and the magnetic
charge k (encoded in the coweight L). The resulting phase factor exp(2mikm(R)/3) is the com-
mutation factor when the loops have linking number 1. The factor Link(C, C") accounts for the
topology of the configuration. O

3.2 Decomposition by Central Projections and Superselection Sectors

The decomposition of the automorphic category corresponds to the decomposition of the phys-
ical theory into superselection sectors [HK64]. Let U be the unitary operator implement-
ing the global Z3 center symmetry action on H. The projections onto the eigenspaces are
Py =11+ w U +w?U?).



Proposition 3.4. The projections Py, lie in the center Z(Mgy(s)). The algebra decomposes into
a direct sum of factors:
DﬁSU(g) =My B My & Mo, (3.3)

where My, = PpMgy 3) L.-

Proof. The global center symmetry is a symmetry of the dynamics, hence it must commute with
all gauge-invariant observables. Thus, [U, A] =0 for all A € Msy(3)- Since Py are polynomials
in U, they belong to the center Z(Mgy(3)). The decomposition follows from the orthogonality
and completeness of the projections (verified algebraically in Theorem 2.5). O

The Hilbert space ‘H decomposes into superselection sectors (N-ality sectors):
H=HoDHi1DHe, Hi=PFPH. (3.4)

Operators in Mgyy(3) (which have trivial N-ality themselves, e.g., adjoint Wilson loops) preserve
these sectors. Operators that create N-ality (e.g., fundamental Wilson loops) act as intertwiners
between sectors, mapping Hr — Hi11 (mod 3)-

3.3 Conjugation Symmetry and Isomorphism of Twisted Sectors

The arithmetic conjugation symmetry implies a structural equivalence between 9; and 9,
implemented by charge conjugation.

Definition 3.5. The charge conjugation operator C is an anti-linear, anti-unitary involution
(C? =1,C* = C71) on H that implements the outer automorphism of SU(3) (complex con-
jugation of matrices), exchanging the fundamental representation 3 and the anti-fundamental
3.

The action of C' on the symmetry operator U realizes the inversion in the group Zs (conju-
gation of characters x + x): CUC™t =U"!1 = U2

Lemma 3.6. The charge conjugation operator C intertwines the projections Py and Ps.

Proof. We compute the action of C' on P;:
1
CP,C™! = 50(1 +w iU+ w2U?)C ! (3.5)
1
= g(010*1 + Cw)CcTt + c(wUt) e ). (3.6)

Since C is anti-linear, C(aA)C~! = aCAC™ .

CPC!= é(l +w-lcuCc™! +w2cU%cY) (3.7)
- %(1 LWl 4 W2 (U2)?) (3.8)

= %(1 +wlU? + w?U) = P,.  (since U* =) (3.9)

O

Theorem 3.7. The von Neumann algebras M1 and My are spatially anti-isomorphic.

Proof. We define the map ® : 9; — Mo by the adjoint action of C: ®(A4) = CAC~L. We
verify that this is a *-anti-isomorphism.



1. Target Space: Let A € M. We verify ®(A) € My.

P,®(A)P, = (CPCTY)(CcACTYH)(CPC™)  (using Lemma 3.8) (3.10)
= CP AP C™L. (3.11)

Since A € My, PLAP; = A. Thus, P,®(A)P, = CAC~! = ®(A).
2. Anti-homomorphism: Let A, B € ;.
®(AB) = CABC™. (3.12)
®(B)®(A) = (CBC Y (CcAC™') =CcBAC™. (3.13)
The map ® is an anti-homomorphism: ®(AB) = ®(B)®(A).

3. *-preserving: ®(A*) = CA*C~!. We analyze ®(A)* = (CAC~!)*. Since C is anti-
unitary, C* = C~!. Furthermore, (C~1)* = C.

D(A)* = (CTH*A*C* = cA*CT! = (4. (3.14)
4. Bijectivity: The inverse is = }(B) = C~'BC.

The map ® is a *-anti-isomorphism. It is spatial as it is implemented by the anti-unitary
operator C' mapping H; to Ho [KRS6]. dJ

4 Physical Interpretation: The Structure of Chromoelectric
Flux Tubes

We now map the framework to the physical concepts of non-perturbative SU(3) gauge theory
(QCD), specifically confinement and chromoelectric flux tubes (center vortices) [Grell].

4.1 The Dictionary: Mapping Geometry to Physics

The decomposition (3.4) corresponds to the partitioning into sectors of definite N-ality k.
e Ho (k=0): Vacuum sector (glueballs). Corresponds to A,
e M (k=1): Fundamental vortex sector (sources in 3). Corresponds to A1),

o Mo (k=2): Anti-vortex sector (sources in 3). Corresponds to A%,

A Hecke eigensheaf F*) corresponds to a stable eigenstate in sector k. The L-functions
L(s, x), L(s, x) are interpreted as the generating functionals for the expectation values of Wilson
loops in the respective sectors.

4.2 Derivation of Physical Properties
4.2.1 Flux Tube Substructure (Rank 2)

The internal structure is a consequence of rank(SU(3)) = 2.

Theorem 4.1 (Internal Quantum Numbers). A stable fundamental flux tube state |V) € Hy
1s characterized by exactly two independent, conserved internal quantum numbers, forming a
weight vector (q1,q2).
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Proof. The rank of SU(3) is the dimension of its Cartan subalgebra t, dim(t) = 2. Let {H1, Ha}
be an orthonormal basis for t (e.g., normalized generators corresponding to the standard As, Ag
matrices) [Hum72].

In the quantum theory, these correspond to conserved charge operators J;. In the temporal
gauge (Ag = 0), these operators generate time-independent gauge transformations within the

Cartan torus T = exp(it). They are defined by spatial integrals of the non-abelian electric field
E(z):

Qi = / d3z Tr(E(z)H;). (4.1)
By definition of the Cartan subalgebra, [Q1,Q2] = 0. Since these charges generate sym-

metries of the Hamiltonian (residual gauge invariance), [Q;, H] = 0. A stable state |¥) (an
eigenstate of H) must also be a simultaneous eigenstate of @1, Q2:

Qil¥) = ¢|¥), i=1,2. (4.2)

For a fundamental flux tube (created by a source in representation 3), the state transforms
under the action of the Cartan torus. The weight vector (g1, g2) must be one of the weights of
the fundamental representation [FH91]. In the standard basis:

wy = (1/2,1/(2v3)), ws = (=1/2,1/(2V3)), w3 = (0, —1/V/3). (4.3)

These two quantum numbers characterize the internal state (e.g., "color orientation" or internal
vibrational modes) of the flux tube. O

4.2.2 Vortex/Anti-Vortex Spectral Equivalence (CPT)

Spectral Equivalence via Charge Conjugation Symmetry

Theorem 4.2 (Spectral Equivalence and String Tension Equality). The spectrum of the Hamil-
tonian restricted to Hy is identical to the spectrum restricted to Ho. Consequently, their string
tensions are exactly equal: op—1 = Op—2.

Proof. The Hamiltonian H is self-adjoint. By physical symmetry requirements (CPT invari-
ance of the underlying QFT), H must be invariant under the anti-linear, anti-unitary charge
conjugation C. Therefore, [H,C] = 0.

Let |11) € H1 be an eigenvector of H with eigenvalue E. Define the conjugate state |¢2) =
Cly1). Since C maps H1 to Ha (Lemma 3.8), [1)2) € Ha.

We compute the action of H on [ig):

Hlypo) = H(Clihr)) = CH[yn)  (since [H, C] = 0) (4.4)
= C(E[¢1))- (4.5)

Since H is self-adjoint, F is real (E = E). Since C is anti-linear, C'(av) = aC(v):
C(Blr)) = E(Clyr)) = Els). (4.6)

This establishes a bijection between the eigenspaces of H in Hi and Ho with identical eigen-
values. Thus, Spec(H |y, ) = Spec(H |y, ). The equality of the ground state energies implies the
equality of the string tensions oy. O
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4.2.3 Flux Tube Fusion Rules and Dynamics

The interactions are dictated by the structure of the underlying braided tensor category Rep(SU(3)).
Theorem 4.3 (Fusion Rules). Fusion Rules for Fundamental Fluxr Tubes

Proof. The fusion process is governed by the tensor product decomposition of the fundamental
representation 3 [FHI1]:
3®3=(3A3)®Sym?(3). (4.7)

The exterior square 3A3 (anti-symmetric part) is isomorphic to the anti-fundamental representa-
tion 3. The symmetric square Sym?(3) (symmetric part) is the irreducible sextet representation
6.

33=3%6. (4.8)

We verify N-ality conservation (additive modulo 3). N(3) = 1. N(3) =2. N(6) = 2. The
fusion 1 4 1 = 2 is conserved.

In the operator formalism, this is realized by the Operator Product Expansion (OPE) of the
corresponding line operators (e.g., 't Hooft loops creating the flux tubes) ®3(C). The structure
of the OPE is dictated by the fusion rules of the tensor category [BKO1]:

C1—>CQ
—

03(Cy)23(Ch) > FEOR(Cy) + ... (4.9)

Re{3,6}

The coefficients F are related to the F-symbols (associators) of the category, ensuring the
consistency of the fusion process (pentagon identity, see Remark 6.4). O

Corollary 4.4 (Stability and Decay). The anti-vortex state (3) is the stable ground state of
the k = 2 sector. The sextet state (6) is unstable.

Proof. Stability is determined by the string tension o, which is monotonically related to the
quadratic Casimir invariant Cy(R) (assuming Casimir scaling holds approximately within a
sector). For SU(3) [FHI1]: C3(3) = C2(3) =4/3. C2(6) = 10/3. Since C2(3) < C3(6), the anti-
fundamental flux tube minimizes the energy in the N-ality 2 sector. The sextet configuration
must decay to the ground state while conserving N-ality, via emission of N-ality 0 particles
(glueballs): State(6) — State(3) + Glueballs. O

5 Arithmetic Origin and Spectral Interpretation

This section establishes the connection between the non-perturbative physics and the analytic
properties of the arithmetic L-functions, realized through the spectral interpretation of the zeros
on the adele class space [Con99].

5.1 The Spectral Interpretation of Zeros

In the NCG framework, the Hamiltonian spectrum of the generalized BC system corresponds
to the zeros of the Dedekind zeta function. The factorization (1.6) implies a decomposition of
this spectral system.

Proposition 5.1. Assuming the Generalized Riemann Hypothesis (GRH) for {g(s) and L(s, x),
the energy spectrum of the physical theory, Spec(H), is the disjoint union of the spectra corre-
sponding to the three N-ality sectors, given by the imaginary parts of the non-trivial zeros of the
component L-functions:

Spec(H) = Specy U Spec; U Spec,, (5.1)
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where (identifying the spectrum with the imaginary parts v of the zeros p =1/2 +iv):

Specy ={y € R | (o(1/2+iy) =0} (Glueball spectrum) (5.2)
Spec; ={y € R| L(1/2+iv,x) =0} (Vortex spectrum) (5.3)
Specy = {y € R| L(1/2+iv,Xx) =0} (Anti-vortex spectrum)

Proof. The identification follows from the spectral realization on the adele class space C'x =
A% /K*. The Hamiltonian generating the time evolution acts on L?(Ck). The factorization
of (k(s) corresponds to the decomposition of the regular representation of the Galois group G
acting on this space. The spectrum restricted to the eigenspace corresponding to character
is given by the zeros of L(s, x) [Con99]. O

Corollary 5.2. The spectral equivalence Spec; = Specy is an arithmetic consequence of the
properties of the conjugate L-functions.

Proof. We use the functional equation relating L(s,x) to L(1 — s,%), and the conjugation
property L(s,x) = L(8,x). If p is a zero of L(s, x), then p is a zero of L(s, x). Assuming GRH,
p=1/2+1ivy. Then p = 1/2 —i. The set of imaginary parts {7} for L(s, x) is identical to the
set for L(s, X) (as the sets of zeros are symmetric around the real axis, so if 7 is in the spectrum,
so is —). O

This provides an independent, arithmetic proof of Theorem 4.2.

5.2 The Weil Explicit Formula and Spectral Duality

The connection between the spectrum (zeros) and the dynamics (geometry/primes) is estab-
lished by the Weil Explicit Formula, which acts as a trace formula.

Theorem 5.3 (Weil Explicit Formula for L(s,x) [IK04], Ch. 5). Let F' be a suitable test
function, and f(s) be its Mellin transform f(s) = [ F(x)eC=1/2%dy. The formula states:

Z f(p) = Oy xo (Poles(f)) + Poo(F)

logp _

= s (X®™)F(mlogp) + xX(p™)F(~mlogp)). (5.5)
p7m p

Here, the sum is over the non-trivial zeros p. ®oo(F') is the Archimedean contribution, derived

from the Gamma factors in the functional equation.

In the spectral interpretation [Con99], the left side (Spectral Side) is Tr(h(Dy)), where
h(v) = f(1/2 + i) and Dy is the spectral operator (Dirac operator) for sector k. The right
side (Geometric Side) corresponds to the geometric/arithmetic expansion of the spectral action,
summed over "periodic orbits" (prime powers p™).

5.3 Derivation of Casimir Scaling and its Breaking

We derive the phenomenon of Casimir scaling (or ~ kC2(R)) and the dependence of x on the
N-ality sector k(R), from the analytic properties of the L-functions at the central point.

Conjecture 5.4 (Arithmetic Origin of Scaling Constants). The proportionality constant ky
for the N-ality sector k is determined by the leading analytic invariants of the corresponding
L-function Ly (s) at the central point s = 1/2.
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This is motivated by the Birch and Swinnerton-Dyer (BSD) conjecture and its general-
izations (e.g., Bloch-Kato conjecture), which relate the leading Taylor coefficient L} (1/2) at
the central point to fundamental arithmetic invariants (e.g., the regulator, the order of the
Tate-Shafarevich group).

Let r, = ordszl/ng(s) be the analytic rank.

Li(1/2) = lim )

s—1/2 (s — 1/2)7% (5:6)

We hypothesize a universal functional G, derived from the dynamics of the spectral action
(Section 7), such that:
ki = G(Lz(1/2); Conductor(Ly)). (5.7)

Theorem 5.5 (Derivation of Casimir Scaling Behavior). The framework implies k1 = ko, but
generally ko # K1.

Proof. We analyze the analytic invariants at s = 1/2.

1. Proof of k1 = ka: We use L(s,x) = L(5,x). At the real point s = 1/2, the values
L(1/2,x) and L(1/2, x) are complex conjugates. However, the leading coefficient L} (1/2)
in the context of the BSD conjecture is typically defined involving arithmetic invariants
(like the regulator) which are real and identical for conjugate characters. Thus, r1 = ry
and the relevant normalized leading coefficients are equal. Applying the functional G
yields k1 = Ka.

2. Inequality k¢ # k1: (g(s) (k = 0) and the cubic Dirichlet L-function L(s, x) (k = 1) are
distinct analytic objects. Their invariants at s = 1/2 are generally different. For instance,
Co(1/2) =~ —1.46035 # 0 [Tit86], while L(1/2, x) may vanish depending on the arithmetic
structure (e.g., if the associated motive has positive rank). Since L§(1/2) # L3(1/2) in
general, we must have kg # k1.

O]

This provides a derivation of the observed pattern of Casimir scaling breaking, linking the
ratio Gadjoint/COfundamental t0 the ratio of specific arithmetic invariants.

6 Construction of the Spectral Triple for the Z; Theory

We now construct the explicit spectral triple (A, #H, D) for the Zs theory, following the axioms
of Noncommutative Geometry [Con94].

6.1 Axioms of a Spectral Triple

Definition 6.1 ([Con94]). A spectral triple (A, #, D) consists of a *-algebra A represented on
a Hilbert space H, and a self-adjoint operator D (the Dirac operator) on H such that:

1. The resolvent (D —i)~! is a compact operator.

2. The commutator [D,a] is bounded for all a in a dense subalgebra of A.

14



6.2 The Algebra A and the Hilbert Space H

1. The Algebra A: We take the C*-algebra completion of the algebra generated by the 't
Hooft-Wilson loop operators. The associated von Neumann algebra is Mgy 3)-

2. The Hilbert Space H: The direct sum of the three N-ality sectors: H = Ho ® H1 D Ha.

Remark 6.2 (Braided Tensor Structure and Non-Associativity). The underlying structure gov-
erning the fusion and braiding of the operators in A is a braided tensor category C (specifically
related to the Drinfeld center of Rep(SU(3))). The fusion is associative only up to a natural
isomorphism (the associator or F-symbol) ap st : (R®S)®T — R® (S®T). This associator
satisfies the pentagon identity [BKO1]:

QRS TeU © Res,T.u = (Idr ® asrv) © arser,v o (ar,sT ® idy). (6.1)

This non-trivial associator reflects aspects of non-associative geometry realized within the (as-
sociative) operator algebraic framework.

6.3 The Dirac Operator D
Definition 6.3. The Dirac operator D is defined as a block-diagonal operator acting on H:

Dy 0 0
D=|0 D 0. (6.2)
0 0 D

The component operators Dy are defined axiomatically such that their spectra are given by
Proposition 5.1.

Lemma 6.4. The operator D satisfies the axioms of a spectral triple (assuming GRH).

Proof. GRH ensures Spec(Dy,) C R, so D is self-adjoint.

Compact Resolvent: The compactness of the resolvent requires that the eigenvalues grow
sufficiently fast such that the trace of |D|™* converges for large enough s (finite summability).
The density of zeros for these L-functions is governed by the Riemann-von Mangoldt type
formulas [IK04]. The number of zeros of height < T"is N(T') ~ % logT. This implies the n-th
eigenvalue grows asymptotically as v, ~ O(n/logn). This growth rate is sufficient to ensure
that the resolvent is compact, and the spectral triple is finitely summable for s > 1.

Bounded Commutators: The verification of this condition requires identifying the algebra
A with an algebra of functions on the noncommutative space (related to the adele class space)
and verifying the Lipschitz condition [D,a] € B(H). This follows from the construction of
the spectral geometry of the adele class space detailed in [Con99], where the Dirac operator is
essentially the scaling operator on the ideles. O

6.4 The Generalized Modular Structure: Two Conjugate Operators

The framework realizes a generalization of Tomita-Takesaki modular theory. We analyze the
modular theory for each component von Neumann algebra 9 acting on Hj, [Tak02].

Definition 6.5 (Sectorial Modular Data). For each sector k, assuming a cyclic and separating
vector |Wy) € Hy (the ground state), the Tomita-Takesaki theorem guarantees the existence
of a unique modular operator Ay (a positive, self-adjoint operator) and a unique modular
conjugation Jj (an anti-unitary involution) on Hj. These satisfy the fundamental relations:
TN J, = M), (the commutant) and A}fﬁ)ﬁkA,jt =M.
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The operators (Ji, A1) and (J2, Ag) are the two non-trivial modular structures corresponding
(k)

to the twisted sectors. The time evolution o,/ (A4) = A?AA,;” defines the modular automor-
phism group for sector k.

Theorem 6.6 (Intertwining of Modular Structures). The global charge conjugation operator C
intertwines the modular structures of the twisted sectors:

CAlC_l = AQ and Cch_l = JQ. (6.3)

Proof. We choose the reference states such that C|¥;) = |¥s) (possible due to Theorem 4.2).
The Tomita operator Sy is defined as the closure of the map A|Uy) — A*|Uy) for A € My,.
The modular data comes from the polar decomposition Sy = JkA,lC 2,
We first establish the relationship between S; and Ss. Let B € My. Let A =C~'BC € M,y
(by Theorem 3.7).

(CS,C~HB|W,) = CS1(CTEBC)C~Wy) (6.4)
= CSlA‘\Iﬁ) (since Cil‘\I/2> = ‘\I/1>) (65)
= C(A*|T1)). (6.6)

Since C' is anti-linear and anti-unitary, we use the property that (CAC~1)* = CA*C~! (as
verified in Theorem 3.7).

C(A*|¥,)) = CA*C~1C|by) (6.7)
= (CAC™)*|¥y)
= B*|¥3) = S2B|¥y). (6.9)

Thus, 0510_1 = Ss.
The modular operator is defined by A, = S}.Sy.

Ay = 858, = (CS10~H*(CSs,c7Y) (6.10)
= ((C™hH*sic*)(Cs,07h. (6.11)

Using C* = C~! (anti-unitary) and (C~1)* = C:

Ay = (CS;Cc™H(CS,c7h =Csis,c7t =cAacL (6.12)

Finally, J = SkAlzl/ 2, Using the functional calculus for the positive self-adjoint operator
Apg:

Jo = SA; Y2 = (€07 (CA C )2 (6.13)
= (s, chH(ca e (6.14)

= C(S,A7YH e = o0 (6.15)

0

This theorem proves that the two distinct modular structures are conjugate under the global
symmetry, realizing the generalized Tomita-Takesaki framework required by the arithmetic
structure of the two conjugate L-functions.

7 The Spectral Action and Physical Consequences

The full dynamics of the theory are encoded in the Spectral Action Principle [CC97] applied to
the constructed spectral triple (A, H, D).
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7.1 The Spectral Action Functional

Definition 7.1. The spectral action is defined as:
S[A,H, D] =Try (f(D/N)), (7.1)

where f is a suitable positive, even cutoff function (e.g., the characteristic function of [0, 1] or
a smooth approximation), and A is a mass scale.

Proposition 7.2 (Decomposition of the Action). The spectral action decomposes into a sum
over the three N-ality sectors:

S=8y+85+ 8= Z Try, (f(Dy/A)). (7.2)

This decomposition dynamically realizes the arithmetic factorization (1.6). Since Spec(D;) =
Spec(Ds), we have S1 = So.

7.2 Asymptotic Expansion and Effective Action

The physical content is extracted via the heat kernel asymptotic expansion for large A. This
expansion relates the spectral action to the classical action functional [Gil95; CC97].

S~ ci(f)ra;(D), (7.3)

7>0

where ¢;(f) are moments of the cutoff function, and a;(D) are the Seeley-DeWitt coefficients.
These coeflicients are local geometric invariants calculable as residues of the spectral zeta func-
tion (p(s) = Tr(|D|*).

o Yang-Mills Action (Untwisted Sector Sp): The leading terms of Sy are expected to
reproduce the classical SU(3) Yang-Mills action. Assuming the spectral dimension d = 4,
the expansion yields:

So ~ A4a0(D0) + Azag(Do) + a4(D0) + O(A_l). (7.4)

The coefficient a4(Dg) corresponds to the gauge action Sy = ﬁ [ Tx(FF m)d*z. This
establishes a fundamental relationship between the gauge coupling g and the spectral data
of Dy (the distribution of the zeros of (p(s)). The A* and A? terms correspond to the
cosmological constant and Einstein-Hilbert action if gravity is included in the geometry.

o Flux Tube Action (Twisted Sectors S; + S2): The expansion of S; + So predicts the
effective action describing the dynamics of the flux tubes. This corresponds to an effective
string theory action on the worldsheet X::

S142,eff ~ / (01V/~=h + a1 R® + ...)d%. (7.5)
>

The coefficients (string tension o1, rigidity a1, etc.) are determined by the Seeley-DeWitt
coefficients a;(D1). These depend entirely on the distribution of the zeros of the L-function

L(s, x)-

The functional G hypothesized in Conjecture 5.4, relating the scaling constants s (which
determine the tension o) to the special values Lj(1/2), arises from the interplay between
this asymptotic expansion and the Weil explicit formula (5.5). The explicit formula relates the
spectral trace (the action) to arithmetic invariants, providing the bridge between the coefficients
a;(Dy) and the special values L} (1/2).

17



7.3 The Yang-Mills Mass Gap

The framework provides a rigorous reformulation of the Yang-Mills mass gap problem. We
assume the standard relation between the Hamiltonian (mass operator) and the Dirac operator,
H ~ D2

Theorem 7.3 (Mass Gap and L-function Zeros). In the spectral triple formalism for the Zs
theory, the existence of a mass gap A > 0 is equivalent to the conjunction of the Generalized
Riemann Hypothesis (GRH) for (g(s) and L(s,x), and the assertion that the imaginary parts
of their non-trivial zeros are strictly bounded away from zero (the "essential gap" conjecture).

Proof. A mass gap A > 0 implies Spec(H) C {0} U[A2 00). This is equivalent to the spectrum
of the Dirac operator D being bounded away from zero:

A = inf|Spec(D) \ {0}| > 0. (7.6)

Since Spec(D) = |J,, Spec(Dy), the mass gap condition is:

A = min inf , inf . 7.7
<70€Sp60(Do) ol Y1€Spec(D1) hl|> (7.7)

By construction (Proposition 5.1), Spec(Dy) are the imaginary parts of the zeros of the L-
functions. GRH ensures these zeros lie on the critical line R(s) = 1/2, making the spectra
real and D self-adjoint. The condition A > 0 is the statement that these imaginary parts are
bounded away from the real axis (i.e., no zeros at s = 1/2).

This condition is known to hold for (g(s), where the first zero is at vy ~ 14.1347 [Tit86]. It
is conjectured to hold for all Dirichlet L-functions, although the height of the first zero depends
on the conductor. The existence of the mass gap in the physical theory is thus contingent upon
these conjectures in analytic number theory. O

8 Generalization to Zy and SU(N)

The framework admits a natural generalization to SU(N) gauge theory with Zx center symme-
try.
8.1 Arithmetic Structure

The underlying structure is a cyclic number field K of degree N over Q. G = Zy. The character
group G = {x’ };V: 61. The Dedekind zeta function factorization is:

N-1 ’
Cxe(s) = Gals) IT L(s.x?). (8.1)
j=1

This realizes N — 1 non-trivial twists, organized into conjugate pairs (7, x/ = xV 7).

8.2 Geometric Structure

The geometric object is Autgy(n). The center Z(SU(N)) = Zy acts on Bungy(y)(X). This
action decomposes the category into N orthogonal sectors:

N-1
ASU(N) = AR, (8.2)
k=0



8.3 Operator Algebra and Physical Consequences

The von Neumann algebra Mgy () decomposes via N central projections Fj.

« Rank N —1 Structure: SU(N) has rank N — 1. Stable flux tubes are characterized by
N — 1 independent internal quantum numbers, corresponding to the (N — 1)-dimensional
Cartan subalgebra.

e N-ality Sectors: The Hilbert space decomposes into N superselection sectors Hy, k =
0,...,N —1.

o Conjugation Symmetry: The charge conjugation operator C intertwines sectors k and
N — k. This implies spectral equivalence Spec(H |y, ) = Spec(H|y,_,) and equality of
scaling constants kKp = KN _k-

o Casimir Breaking Patterns: The constants kj generally differ for different & (up to
conjugation), reflecting the distinct analytic properties of the L-functions L(s,x*). The
pattern of breaking depends on the structure of the characters.

Example 8.1 (SU(4) Case). For N = 4, the gauge group is SU(4) and the center is Zj.
The characters are xo, X, X2, X>. We have the relations x> = y. The character y? is real
(it takes values £1) and is its own conjugate. We expect three distinct scaling constants:
Ko, k1 = kK3, and ko. This reflects the fact that L(s,x?) (associated with a quadratic
character) is analytically distinct from L(s, x) (associated with a quartic character).

8.4 The Spectral Triple for SU(V)

The spectral triple (ASU( Ny M, D) is constructed analogously.

+ Dirac Operator: D = diag(Dy, ..., Dy_1). Spec(Dy) is given by the zeros of L(s, x*).

e Generalized Modular Structure: There are N — 1 non-trivial modular structures
(Jg, Ag). The global conjugation C intertwines the modular data: C.J,C~! = Jy_p.

This construction provides a unified, rigorous framework for potentially understanding the
non-perturbative structure of SU(IV) gauge theories, derived from the realization of center
symmetry within the framework of generalized Bost-Connes systems, the Geometric Langlands
Program, and Noncommutative Geometry.
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