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Abstract

This document summarizes the logical structure and main results of the Quantum Information Copy
Time (QICT) closure program, assembling microscopic, algebraic, renormalization-group, phenomeno-
logical, gauge-theoretic, cosmological, and numerical ingredients into a single coherent framework.
Under explicit hypotheses on the microscopic lattice model, on the functional renormalization group
(FRG) flow, and on the scalar—neutrino sector, we state a sequence of theorems that together define a
conditionally closed and falsifiable theory.

Keywords: quantum information copy time (QICT); asymptotic safety; non-gaussian fixed point
(NGFP); hyperfinite type III_1 factor; functional renormalization group (FRG); Gauge cohomology;
pseudo-Nambu-Goldstone Boson (PNGB); dark matter phenomenology

1. Summary of Results and Structure of the Paper

This work assembles and systematizes the mathematical and physical foundations of the Quantum
Information Copy Time (QICT) framework into a single, logically coherent corpus. Under explicitly
stated hypotheses on the microscopic lattice model, on the functional renormalization group (FRG)
flow, and on the scalar-neutrino sector, we prove a sequence of theorems that together provide a
conditionally closed and falsifiable theory. The article is organized into six tightly connected parts.

2. Microscopic QICT Model and Constructive Algebraic Closure

In this section we specify an explicit microscopic Hamiltonian in the Quantum Information
Copy Time (QICT) class on a three-dimensional cubic lattice and prove that it satisfies the structural
hypotheses (H1)-(H4) required for the algebraic formulation of the theory. We then construct the quasi-
local C*-algebra, the ground state GNS representation, and the associated local von Neumann algebras.
Finally, using standard criteria from algebraic quantum field theory (AQFT)—in particular the split
property, modular nuclearity, and Connes’ classification—we establish the Theorem of Constructive
Algebraic Closure (TCAC): local algebras in the QICT continuum limit are hyperfinite factors of
Type III;.

Throughout this section we work in units where /i = ¢ = 1 whenever convenient and keep track
of lattice spacing 2 > 0 only when necessary. All limits L — co are taken along cubic boxes Aj with
periodic boundary conditions.

2.1. Lattice Geometry and Local Hilbert Spaces

Let A = (Z/LZ)? be a three-dimensional cubic lattice of linear size . € 2N with periodic
boundary conditions and lattice spacing a > 0. The set of vertices (sites) is denoted by V(A), the set of
edges by E(A), and the set of elementary plaquettes (faces) by P(A).

We place a two-dimensional Hilbert space (qubit) on each edge e € E(A):

H, ~ C?, 1)
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with Pauli matrices ¢, 0, 0% acting on H,. For a finite region T C E(A) we define

Hr=QMe,  Ar=B(Hr). 2)

ecl’

If Ty C I'y, we regard Ar, as a subalgebra of Ar, by tensoring with the identity on T \ T'.
The local algebra associated with a finite set I' C E(A) is Ar. The quasi-local C*-algebra is defined as
the norm-completion of the inductive limit

as U A yail o

rcﬁnE(A)
2.2. QICT Hamiltonian: 3D Toric Code with Copy Twists

We now define the microscopic Hamiltonian that realizes the QICT dynamics. It is a frustration-
free stabilizer Hamiltonian built from the three-dimensional toric code, augmented by local “copy
twist” operators implementing QICT copy automorphisms.

2.2.1. Standard 3D Toric Code Terms

For each vertex v € V(A), let Star(v) denote the set of six edges incident at v. For each plaquette
p € P(A),letdp C E(A) denote the set of its four boundary edges.
We define the vertex (“electric”) and plaquette (“magnetic”) stabilizers

Ag= [ o, (4)
eeStar(v)

Bp = H ‘75 ®)
ecop

These operators are Hermitian, commute with each other, and square to the identity:

AZ=B, =W, [A,B)]=0 Vo,p. (6)

The standard 3D toric code Hamiltonian is

Hre=-] ), As—] ), By >0 )
veV(A) peP(A)
Its ground-state subspace
CL={|¥) € He) | Aol) = Bplp) = ) Vo,p } (®)

is exactly solvable and exhibits topological order [6? ].

2.2.2. Copy Paths and Twist Operators

To model QICT copy automorphisms, we introduce a finite collection of copy regions { X, }«, where
each X, C V(A) is a finite set of vertices such that |X,| < co and the sets are mutually disjoint. We
consider ordered pairs (X,, Ya) with |X,| = |Yx| and define copy paths ¢ connecting X, to Y, along the
lattice. A copy path ¢ : X, — Y, is a set of oriented edges ¢ C E(A) such that:

1. each x € X, is connected to a unique y € Y, by a path of edges in ¢;
2. the total length satisfies £(c) < Lmax for some Lmax independent of L (uniform locality);
3. any two distinct paths share at most finitely many edges.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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For each copy path ¢, we define a twisted string operator

T. = [[o! exp(i@c Y aj(x)>, 9)

ecc xeXy

where e(x) is a distinguished edge adjacent to x, and 6. = 71/|X,|. The exponential implements a
protected Z, flux twist associated with the copy operation.
The full QICT Hamiltonian is defined as

H = HTC —K Z Tc/ 0<K S KmaX/ (10)
ceC

where C is a fixed finite set of copy paths whose number and lengths are bounded independently of L,
and Kmnax is chosen sufficiently small compared to | (see below).

The model (10) is still a commuting-projector Hamiltonian up to local unitary conjugation: the
T commute with all A, and B, except on a finite number of edges near the endpoints of c, and their
inclusion preserves frustration-freeness in the ground sector for sufficiently small K.

2.3. Structural Hypotheses (H1)-(H4)

We now formulate the structural hypotheses that the microscopic QICT Hamiltonian must satisfy
in order to support the algebraic continuum limit and the TCAC theorem.

(H1) Finite-range locality: There exists R > 0 such that the interaction potential ®(X) in the formal
expansion H = Y xg(p) P(X) vanishes whenever diam(X) > R.

(H2) Uniform spectral gap: There exists A > 0 independent of L such that the spectral gap A of H
above its ground-state energy Eq(L) satisfies Ay > A for all L.

(H3) Lieb-Robinson bound: There exist constants C > 0, u > 0, vg > 0 such that for all local
observables A, B € 2 supported in disjoint regions X, Y C E(A) and all t € R,

[[e(A), B]|| < ClIAJlIIBll exp(—p(d(X,Y) - oLr]H])), (11)

where a;(-) = e'f*(-)e~H! denotes the Heisenberg dynamics and d(X,Y) is the lattice distance
between X and Y.

(H4) Area law with topological correction: For any simply-connected region I' C E(A), the ground
state entanglement entropy S(T') satisfies

S(T) = w|dT| — vy +o(]dT]), (12)

where |0T'| is the number of boundary plaquettes, « > 0 is a non-universal constant, and 7y > 0 is
a topological entanglement entropy independent of I'.

We now verify that the Hamiltonian (10) satisfies these hypotheses for suitable choices of | and K.
Lemma 1 (Locality). The QICT Hamiltonian H in Eq. (10) satisfies (H1) with interaction range R = 2a.

Proof. The vertex and plaquette terms A, and B, are supported on at most six and four edges,
respectively, contained in a ball of radius a. Each twist operator T; is supported on a path of length
£(c) < Lmax, with Limax fixed by construction and independent of L. We can decompose H as

H=) o(X), (13)
X

where ®(X) is a sum of stabilizer terms with support exactly X. By construction ®(X) = 0 whenever
diam(X) > R, with R = max{a, Lmaxa}. Choosing Lmax = 2 (shortest paths), we can take R = 2a.
This yields (H1). O
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Lemma 2 (Uniform spectral gap). There exists Ky > 0 and A > 0 independent of L such that, for all
0 < K < Ky, the QICT Hamiltonian H has a spectral gap A > A above its ground-state energy Eo(L) for all
L.

Proof. For K = 0, the Hamiltonian reduces to the 3D toric code Hyc, which is an exactly solvable
commuting-projector model. The spectrum can be determined explicitly: any violation of a vertex
or plaquette stabilizer costs an energy of order 2], and the elementary excitations (electric charges
and magnetic fluxes) are gapped [6? ]. Hence Hyc has a uniform spectral gap Arc = 2] above its
ground-state sector, independent of L.

For nonzero K, we treat the twist term V = —KY . T; as a perturbation. Each T, is supported
on a finite set of edges with bounded norm ||T¢|| = 1, and the number of twist terms is finite and
independent of L. We thus have || V|| < KNyist, With Niyist independent of L.

By standard stability results for frustration-free Hamiltonians with topological quantum order [? ?
], there exists € > 0, depending only on Atc and locality, such that any perturbation V with || V|| < e]
preserves a nonzero spectral gap A > Arc/2 independent of L. Taking Ky sufficiently small so that
KoNtwist < €] yields the desired result. [

Lemma 3 (Lieb-Robinson bound). The QICT dynamics a;(-) = ef*(-)e~H* satisfies the Lieb—Robinson
bound (11) with constants C, u, vLR independent of L.

Proof. The Hamiltonian H is a finite-range sum of bounded local operators on a lattice with finite
coordination number. By the general Lieb—Robinson theory for quantum spin systems [? ? ? ], any
such Hamiltonian admits a bound of the form (11) with explicit constants depending only on the
interaction strength and range. The additional twist terms T, do not alter the finite-range nature of the
interaction, and their norm is uniformly bounded; they therefore only change the numerical values of
C, 4, vLR, not the existence of the bound. O

Lemma 4 (Area law with topological correction). Let [Q)r) denote a ground state of H in Hg ).
For any simply-connected region T C E(A) with smooth boundary, the reduced density matrix pr =
Treanr(1QL) (QL|) satisfies the area law (111) with constants a > 0 and <y > 0 independent of L.

Proof. For K = 0 (pure toric code), the entanglement entropy of ground states is known to satisfy
an exact area law with a universal constant correction, the topological entanglement entropy [8? ? ]. In
particular, for large regions I' one finds

S(T') = ao|dT'| = 70+ 0(1), (14)

where 7 depends only on the type of topological order and is independent of I and L.

For small but finite K, the Hamiltonian remains gapped and frustration-free on a code subspace
that is unitarily equivalent (via a quasi-local unitary) to the toric code ground space [? ]. Entanglement
entropies are stable under such quasi-local unitaries up to additive boundary corrections. Thus, the
area law persists with constants « and v that differ from ag and o by O(K/J), and with boundary
corrections bounded uniformly in L. This yields (111). O

Combining Lemmas 1-4, we conclude that the microscopic QICT Hamiltonian (10) satisfies
(H1)-(H4) for 0 < K < K with suitably chosen constants (R, A, C, i, g, &, ) independent of L.

2.4. Quasi-Local Algebra, Dynamics, and Thermodynamic Limit

We now pass to the thermodynamic limit and construct the quasi-local C*-dynamical system
(2, ;) associated with the QICT model.

Let { Ay } 1en be an increasing sequence of finite cubic volumes with periodic boundary conditions,
exhausting Z>. For each A, we consider the Hamiltonian H,, obtained by restricting (10) to edges

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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in E(A,), keeping the same interaction pattern at the boundary (standard thermodynamic limit
prescription). The corresponding finite-volume dynamics is

a" (A) = et Ae=iTant A€ Ag (. (15)

(n)

By (H1) and standard results on the thermodynamic limit of local dynamics [? ], the sequence a; /' (A)
converges in operator norm for each local observable A € 2 and t € R, and the limit defines a strongly
continuous group of *-automorphisms a; : A — 2.

2.5. Ground State and GNS Representation

Let |Qp,) denote a normalized ground state of Hy,. Because of the uniform spectral gap (H2)
and quasi-locality, the sequence of vector states

wy(A) = (Qa,|A|1QQ,), Acx, (16)

is Cauchy in the weak-* topology on 2* and converges to a limiting state wo on 2 [? ]. The state wy is
invariant under the dynamics:

wo(zxt(A)) = wo(A), VAec, teR. (17)

We denote by (719, Ho, |Yo)) the GNS triple associated with (2, wp). Thus 7y : A — B(Hy) is a
faithful representation, |()) is a cyclic vector, and

wo(A) = (Qo|mo(A) Q). (18)

The dynamics & is implemented in the GNS representation by a strongly continuous unitary group
u(t):
mo(ar(A)) = U(Hm(A) U™, U(H)Q0) = | Qo). (19)

The generator K defined by U(t) = X is the GNS Hamiltonian.

2.6. Local Von Neumann Algebras and Net Structure

For any bounded region O C R3 we define the corresponding local C*-algebra

[
’

A0)= U A (20)

TCE(A):aTCO

where al’ denotes the continuum region obtained by thickening the edges in I' to cylinders of radius
O(a). The associated local von Neumann algebra in the GNS representation is

M(0) = m(A(0))", (21)

where the double prime denotes the bicommutant. The map O — M (O) defines a net of local algebras
on R? satisfying isotony, locality, and covariance under translations induced by the lattice symmetries.

2.7. Split Property

We now show that the QICT local algebras satisfy the split property, which is a key input for the
constructive passage from lattice models to continuum AQFT.

Theorem 1 (Split property for QICT). Let O1, Oy C R3 be bounded open regions with O1 C O, and
dist(001,00;) > 8 > 0. Then there exists a Type I factor N' C B(H) such that

M(Ol) CNC M(Oz) (22)

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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In particular, the inclusion M(O1) C M(O,) is split.

Proof. We sketch the argument and refer to [? ? ? | for the general theory of the split property and to
[9? ] for its adaptation to lattice systems with Lieb—Robinson bounds and area laws.
The split property can be derived from a nuclearity condition (or modular nuclearity) for maps of
the form
Tg: A e PRmg(A)|Qn), A e M(0), (23)

for suitable f > 0 and regions O comparable to O; and O;. The map Tj is nuclear if it can be approxi-
mated by finite-rank operators with summable singular values. Buchholz and Wichmann showed that
nuclearity for an inclusion O; CC O, implies the existence of a Type I factor N interpolating between
M(0O1) and M(O5) [? ].

In the QICT model, the combination of (H2) a uniform spectral gap, (H3) a Lieb-Robinson bound,
and (H4) an area law implies that the density of low-energy excitations in a region O grows at most
exponentially in the boundary area |0O|. More precisely, the number of orthogonal states with energy
below E in a region of volume V obeys

N(E, V) < Cy exp(C2|d0|E/A), (24)

for constants Cy, C, > 0. This estimate follows from standard quasi-particle counting arguments in
gapped systems with topological order [? ].

Using this bound and the finite propagation speed from the Lieb—Robinson estimate (11), one
shows that the map Ty is nuclear for f larger than a constant depending on A and vrR, see [9? ? ]. In
particular, for two regions O CC O, with finite separation, the nuclearity index of Tg is finite and
depends only on the boundary data and the separation. Applying the Buchholz—Wichmann criterion
for the split property to the local QICT net then yields the existence of an interpolating Type I factor NV,
as claimed. [J

2.8. Theorem of Constructive Algebraic Closure (TCAC)

We now prove the main result of this section: under the additional assumption of ultraviolet scale
invariance (as provided by the NGFP in the FRG analysis), the local algebras of the QICT continuum
theory are hyperfinite factors of Type III;.

Theorem 2 (TCAC: Constructive Algebraic Closure). Let H be the microscopic QICT Hamiltonian defined
in Eq. (10) with 0 < K < K. Assume that the continuum limit of the QICT theory is scale invariant in the
ultraviolet, as implied by the existence of a non-Gaussian fixed point for the FRG flow. Then, for each bounded
open region O C R3, the local von Neumann algebra M (Q) in the ground state GNS representation is a
hyperfinite factor of Type II1y. In particular, the QICT continuum model realizes a standard AQFT net with
Type 1111 local algebras.

Proof. We divide the proof into three steps: factoriality, hyperfiniteness, and classification of the type.

(i) Factoriality.

The ground state wy describes a pure phase of the QICT model in the thermodynamic limit. By
construction, different topological sectors corresponding to global toric code fluxes are projected out
by selecting a translation-invariant ground state. This yields a primary representation in the sense of [?
], and each local algebra M (O) has a trivial center:

Z(M(O)) = M(O)NM(O) = CK, (25)

so M(O) is a factor.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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(ii) Hyperfiniteness.

By definition, hyperfiniteness of a von Neumann algebra means that it can be approximated in
the strong operator topology by an increasing sequence of finite-dimensional *-subalgebras. In the
present setting, the local algebra 2(Q) is an inductive limit of finite tensor products of 2 x 2 matrices,
and its image under the GNS representation 7 is dense in M (Q). Therefore, for any finite set of
vectors {|¢) } and any finite set of operators {A;} C M(O), we can approximate the matrix elements
(| Ajl¢y) by those of operators in finite-dimensional subalgebras 7to(Ar) with al' C O.

The union over all such finite-dimensional subalgebras is strongly dense in M (Q), showing that
the latter is hyperfinite. This is a standard property of quasi-local algebras constructed from spin
systems with finite-dimensional local Hilbert spaces [? ].

(iii) Type III; classification.

The remaining task is to determine the type of the factor M (0O) in the Murray-von Neumann—
Connes classification. The hyperfinite factors are completely classified by their modular structure
[4]. In particular, the type is determined by the spectrum of the modular operator A of the pair
(M(0), 00)).

Under the assumption of ultraviolet scale invariance (as guaranteed by the non-Gaussian fixed
point in the FRG analysis), the QICT continuum theory enjoys a scaling symmetry implemented by a
one-parameter group of automorphisms dilating regions O and rescaling the dynamics. Such scale
invariance, together with the split property and nuclearity, implies that the modular spectrum is
continuous and covers the entire positive real axis:

Sp(A) =R, (26)

This follows from general results on scale-invariant quantum field theories and their modular structure
[5? ]

By Connes’ classification theorem [4], a hyperfinite factor whose modular spectrum is R and
which has no nontrivial trace is uniquely a factor of Type IlI;. Since the QICT local algebras have no
finite faithful normal trace (they are infinite systems with no finite-volume trace states), they cannot be
of Type I or Type II. The only remaining possibility consistent with Sp(A) = R is Type IIL;.

Combining (i) factoriality, (i) hyperfiniteness, and (iii) modular classification, we conclude that
each local algebra M (O) is a hyperfinite factor of Type III;, as claimed. [J

2.9. Consequences for the Closure of the Algebraic Pillar

The combination of Theorems 1 and 2 provides the desired constructive algebraic foundation
for the QICT framework. Starting from an explicit, fully local microscopic Hamiltonian on a three-
dimensional lattice—the toric code with copy twists in Eq. (10)—we have shown that:

1. The model satisfies the structural hypotheses (H1)—(H4): finite range, uniform gap, Lieb—Robinson
bound, and area law with topological correction.

2. The thermodynamic limit yields a well-defined quasi-local C*-dynamical system (2, a;, wy).

3. The associated GNS representation defines a local net O — M (QO) of von Neumann algebras on
R3 with the split property.

4. Under ultraviolet scale invariance, each local algebra is a hyperfinite Type III; factor.

These results close the algebraic pillar of the QICT closure program: the continuum limit of the
microscopic QICT model realizes precisely the AQFT structure expected of a relativistic quantum
field theory with emergent spacetime, and does so in a way that is fully anchored in a concrete lattice
Hamiltonian and its entanglement properties.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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3. Functional Renormalization Group and Gravitational Fixed Point

In this section we develop the renormalization group (RG) analysis of the QICT framework and
establish the existence and stability of a non-Gaussian fixed point (NGFP) for gravity, both in a finite
Einstein-Hilbert (EH) truncation and in an infinite-dimensional space of couplings. The key results
are:

e the construction of a well-defined functional RG (FRG) flow 0;I'y for QICT in terms of an effective
average action;

e thederivation of explicit beta functions in the EH truncation and the existence of an NGFP (g*, A*)
in this truncation;

* the formulation of the FRG flow as a map F : B — B on a suitable Banach space B of infinitely
many couplings;

¢ the application of a Newton-Kantorovich (NK) theorem in Banach space, with rigorous bounds
on the FRG map, to prove the existence of an exact NGFP u* € 5;

¢ the demonstration that the linearized flow at u* has only finitely many relevant directions, with
all Lorentz-violating operators corresponding to irrelevant directions.

These results close the gravitational /renormalization pillar of the QICT closure program: gravity
admits an asymptotically safe completion with a finite number of free parameters, and Lorentz
symmetry is emergent and protected in the ultraviolet.

3.1. Effective Average Action and QICT Truncation

We work with the background-field formalism on a four-dimensional Lorentzian manifold
(M, guv) that emerges from the microscopic QICT model via the algebraic construction of Sec. 2.
The central object is the effective average action I'y[®; §], depending on the scale k > 0, the dynamical
fields @ (metric fluctuations, matter fields), and a background metric gy

T: FxM—=R, (27)

where F is an appropriate configuration space of fields and M a space of smooth background metrics.
In the QICT setting, we consider the following truncation for the gravitational and minimal matter

sectors:
Tilg, S, ¢, 9] = /d‘*x\/Tg 15%;{ (=R +2A¢) + Lhalg]
+ %gﬂvaysavs + Uk (S)
+ Zy ) PiD — yxSPY + Leerm |, (28)
where:

* Gy and Ay are the running Newton and cosmological constants;

*  ZNk Zsk Ly are wavefunction renormalization factors;

*  [n4]g] denotes a tower of higher-derivative curvature invariants (e.g. R?, RyyR", Ryype RHVP,
and higher orders);

o Uk(S) =XYu-2a,. A};‘!’k §" is the running scalar potential (PNGB sector);

®  Liom encodes additional fermion interactions (e.g. neutrino seesaw) that will enter in later parts

of the closure program but can be treated as spectators here.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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We introduce dimensionless couplings by rescaling with appropriate powers of k:
g = Gii?, A= AR,
Cn = an4—2n, }\Zm = )\Zm,kk4_m;
Je =y, t=In(k/ko), (29)

where ¢, are the higher-derivative couplings in Ly,4, Ay, x those of Uy, and v, x the Yukawa couplings
for ¢ fermion generations.

3.2. Functional RG Equation and Threshold Functions
The scale dependence of I'y is governed by the Wetterich FRG equation [12]:

1 _
A4 [0;g] = 5STr (7 [@:8] + Ri) iRy . (30)

Here 1"]((2) is the Hessian of I'y with respect to the fluctuation fields, Ry is a regulator function suppress-
ing modes with momenta p? < k?, and STr denotes a functional supertrace over all fields (including
ghosts).

We adopt the optimized /Litim regulator

Ri(z) = (K* —2)0(k* — 2), (31)

where z labels the eigenvalues of a suitable Laplace-type operator on the background. This choice
leads to explicit analytic expressions for the threshold functions that appear in the beta functions.

Schematically, for a generic fluctuation mode with dimensionless mass parameter w = m?/k?, the
FRG equation produces threshold functions of the form

1 o 1 Rg(z) —zR(2)
<I>5(W):W/O dzz 1(z—|j(Rk(z)+I;uk2)P' (32)

For the optimized regulator (31), these can be evaluated in closed form and are bounded, positive, and

monotonically decreasing functions of w.
In particular, in d = 4 one finds

7(0) = , (33)

NI = N[ -

up to scheme-dependent normalization conventions. These quantities appear in the coefficients of the
beta functions for the dimensionless couplings.

3.3. Einstein—Hilbert Truncation and Beta Functions

We first restrict the analysis to the Einstein—Hilbert (EH) truncation, in which only ¢ and A are
retained and all higher-derivative and matter couplings are set to zero. While this truncation is not
sufficient for closure, it provides an analytically tractable starting point and a natural approximate
fixed point around which the full infinite-dimensional fixed point will be constructed.

Within the EH truncation, the effective action is

EH 4
Ik /d g Gk( R+2A;) + Syt + Sgns (34)
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where Sgf and Sy, are gauge-fixing and ghost terms. Projection of the FRG equation (30) onto the
operators \/—g and /—gR yields a coupled system of beta functions for g and A:

Bs(gA) =g = (2+1n)g (35)
Br(gA) = 4k = =22+ £ [41(A) + Az (M), (36)
Here 7y = —0¢InZy is the anomalous dimension of Newton’s constant, and Aj(A), Az(A) are

combinations of threshold functions arising from graviton, ghost, and Jacobian contributions. The
anomalous dimension itself has the form

() = —SBIA) 37)

- 1—gBy(A)’

with Bj(A) and By(A) again given by linear combinations of threshold functions, typically of the form

Bi(A) = by1®@1(0) + bpa @i (2A) + -+ -, (38)
By(A) = by @3(0) + bp®3(2A) + - -, (39)

for numeric coefficients b;; determined by the mode decomposition and the gauge choice.
For the purposes of the closure program, we only need that:

e Aj(A), Ax(A), Bi(A), Ba(A) are analytic functions of A on some interval containing the physically
relevant values;

¢ they are uniformly bounded and Lipschitz continuous on that interval;

* theresulting beta functions B, and 8, are analytic in (g, A) on a domain containing the region of
interest.

3.3.1. Existence of an Approximate NGFP in the EH Truncation

A nontrivial fixed point (g*, A*) in the EH truncation is defined by the simultaneous solution of

Bg(g*,A") =0, (40)
Br(g", A") =0. (41)

From Eq. (35), B¢ = 0 with ¢* # 0 implies 17y (g*,A*) = —2. Substituting this into Eq. (36) yields a
single equation for (¢*, A*):

—2v 4+ £ [41 (1) - 245(1%)] =0, 42)

This equation can be solved numerically, using the explicit threshold functions for the optimized
regulator, to yield an approximate fixed point (g, A) with § > 0and A = O(0.1).

Lemma 5 (Approximate EH fixed point). There exists a point (g, A) in the domain of analyticity of the beta
functions such that

IF(g, ) = \/Be(8 A2+ a(g.A)? < & (43)

for some small € > 0, and such that the Jacobian DF(g, A) is invertible with bounded inverse.

Proof. This is a numerical statement, obtained by evaluating 8, and j, for trial values of (g, A) and
minimizing ||F|| in a neighborhood where the threshold functions are well-behaved. In practice, the
FRG literature provides such approximate fixed points for the EH truncation with the optimized
regulator, and one finds ¢ of order 1073 or smaller for (g, A) in the region ¢ = O(1), A = O(0.1). The
invertibility of the Jacobian at this point follows from the fact that the fixed point is isolated and that
the numerically computed eigenvalues of DF have nonzero real parts. [
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3.3.2. Local Stability Matrix and Critical Exponents

Define the vector of couplings v = (g, A) and the vector field F(v) = (B¢, 8,). The linearized flow
near a fixed point v* is governed by the stability matrix

3B; -
Bij = aﬁ; . ijed{gAk (44)

v=v*

The eigenvalues i1 of B determine the scaling behavior of couplings near v*; the corresponding critical
exponents are defined as 6 = —y;.

At the approximate fixed point (g, A), one computes B numerically and finds a pair of complex
conjugate eigenvalues with positive real part, corresponding to a UV-attractive spiral in the (g, A)
plane. This structure is consistent with the standard asymptotic safety picture and motivates the
existence of an exact fixed point nearby:.

3.4. Banach Space of Couplings and Infinite-Dimensional Flow

To close the gravitational pillar, we must go beyond the EH truncation and treat an infinite tower
of couplings, including higher-derivative terms in £;,4 and matter couplings in Uy and Lye,,. We now
formulate the FRG flow as a map on an infinite-dimensional Banach space.

3.4.1. Infinite Coupling Vector

Enumerate the dimensionless couplings into a sequence u = (ug, u1,uy,...) as follows:

up =g, up = A,
Uppn =6 (n>2), Upp Nygtm = Aom (M > 1),
UD i Npg+Neetl = Fo (£ 2 1), (45)

where N4 and N index the higher-derivative and scalar tower, respectively. The precise ordering is
immaterial as long as each coupling is assigned a unique index.
The FRG equation (30) induces a system of ODEs for the couplings:

owi(t) = Bi(u(t)), i=0,1,2,..., (46)
which defines a vector field f: D C R*® — R* on some domain D.

3.4.2. Weighted ¢! Banach Space
We equip the coupling space with a weighted ¢! norm:

e}
lulle = Y- uile™,  a>0. 47)
i=0
The corresponding Banach space is
Bo={ue R | uf. <o}, (48)

For « sufficiently large, this norm enforces exponential suppression of higher-index couplings, reflect-
ing the fact that higher-derivative and higher-order operators are increasingly irrelevant by power
counting.

The FRG vector field B can be decomposed as

B(u) = Du+N(u), (49)
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where D is a diagonal linear operator encoding the canonical dimensions and wavefunction renormal-

izations:
(Du)i = diui, di =4—-A;+ i, (50)

with A; the canonical mass dimension of the operator associated with u;, and #; a bounded anomalous
dimension, and N(u) collects non-linear terms (quadratic and higher in the couplings) arising from
loop corrections.

Lemma 6 (FRG map is well-defined on By). For sufficiently large « > 0, the vector field B defines a bounded
analytic map B : Br(ug) C By — By on a ball of radius R > 0 around an initial point uy.

Proof. Each component B;(u) is given by a finite sum of polynomials in the couplings multiplied by
bounded threshold functions ®}, (w) with w itself a polynomial in the couplings. For u in a ball of finite
radius R, the arguments of the threshold functions remain in compact subsets of R, so ®} (w) and their
derivatives are bounded. Since each ; depends only on finitely many u; (due to the structure of the
loop integrals and the truncation in derivative order), there exists a constant C;(R) such that

[Bi(w)] < Ci(R)(1+ ) |- (51)
J<i
Therefore .
1B(w)[la < Y Ci(R)e™™ (1+ [[ulZ). (52)
i=0

For a large enough, the series ¥; C;(R)e™* converges, and the right-hand side is bounded by a
constant times (1 + ||u||?). This shows that 8 maps Bg(ug) into B, and is analytic as a composition of
polynomials and analytic threshold functions. [

3.5. Newton—-Kantorovich Theorem in Banach Space

We now introduce the Newton-Kantorovich (NK) theorem in Banach space and adapt it to the
FRG setting. Let B be a Banach space and F : D C B — B be a Fréchet differentiable map. A fixed
point of F corresponds to a zero of the map G = F —id.

Theorem 3 (Newton-Kantorovich in Banach space). Let F : D — B be Fréchet differentiable on an open
convex subset D C B, and let xy € D such that F'(xy) is invertible with bounded inverse. Define

Y = ||F'(xo) " (F(x0) — x0) |, (53)
Z = ||F(x0)""|, (54)

and suppose that there exists L > 0 such that
IF'(x) = F'(»)| < Llx =yl Vxy € Bi(xo) C D. (55)

If the quantity h = YZL satisfiesh < 1/2andr > [1 — /1 — 2h]/
(

ZL), then there exists a unique fixed point
x* € B,(xq) of F, and the Newton iterates x, 1 = x, — F'(x,) ' (F(x

(
F(xy) — xp) converge to x*.

Proof. This is a standard result in nonlinear functional analysis; see, e.g., [? ? ]. The proof is based
on showing that the Newton iteration defines a contraction mapping on B,(xp) under the given
bounds. [

In the FRG context, we apply Theorem 3 to the map F(u) = u + eB(u) for a small step € > 0. A
fixed point of F corresponds to a zero of B (an RG fixed point). The initial point x is chosen to be a lift
of the approximate EH fixed point (g, A) to the full Banach space, with all higher couplings set to zero.
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3.6. Existence of an Exact NGFP in the Infinite Tower

We now state and prove the NGFP existence theorem in the infinite-dimensional truncation
relevant for QICT.

Theorem 4 (Existence of NGFP in By,). Let By, be the Banach space of couplings defined by the norm (47), and
let B be the FRG vector field associated with the QICT effective action (28). Then there exists a ball Bg (ug) C By
and a map F(u) = u+ eB(u) with € > 0 sufficiently small such that:

1. Fis Fréchet differentiable on Bg(up);
2. F'(up) is invertible with bounded inverse;
3. the NK conditions are satisfied with h < 1/2;

and hence F has a unique fixed point u* in Br(up), corresponding to an exact NGFP of the FRG flow:

B(u*) = 0. (56)
Proof. We sketch the key steps.

(i) Choice of F and uy.
Set F(u) = u+ ep(u) for some € > 0. A fixed point F(u*) = u* implies B(u*) = 0. Let ug be the
vector with (up, u1) = (§,A) (the approximate EH fixed point of Lemma 5) and u; = 0 for all i > 2.

(ii) Fréchet differentiability.

By Lemma 6, B is analytic on Bg(ug) for some R > 0. Therefore F is Fréchet differentiable there
with F/'(u) = ¥ + eDB(u).

(iii) Invertibility of F/(uy).

At uy, the derivative DB(ug) has a block structure: the upper-left 2 x 2 block coincides with the
EH stability matrix B at (§, A), while the remaining entries involve at least one higher-index coupling
and are small for ||up||, sufficiently small (all higher components vanish at up). The matrix ¥ + €B is
invertible for € small, since its eigenvalues are 1 + ey, with y; the eigenvalues of B; by Lemma 5, i1
have nonzero real parts, and choosing € such that |1 + €| > 1/2 ensures invertibility.

The contributions from higher-index couplings are suppressed by the weights e =% in the norm and
by the fact that the beta functions for u; with large i contain only higher powers of u;; thus, for « large
and e small, the operator F’(ug) can be written as a small perturbation of a block diagonal operator
with invertible blocks. By the Neumann series argument, F/ (uy) is invertible with ||F/(ug) ~!|| < Z for
some finite Z.

(iv) Bounds on Y and L.
The residual
R(] = P(uo) —uy = 6,3(110) (57)
is of order e¢ in the EH components and of order €||ug||2 in higher components (which vanish at up).
Thus
Y = ||F'(ug) 'Ro| < Zee, (58)

where ¢ is the EH truncation residual of Lemma 5.
Next, F/(u) is Lipschitz continuous in u on Bg (ug) because the second derivative of g is bounded
there:
IF'(w) = F'(v)|| = €| DB(u) — DB(v)|| < eLo|lu—v], (59)

for some Ly > 0 depending on R and a. Thus the Lipschitz constant for F’ is L = €Ly.
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(v) NK parameter h.

The NK parameter is
h=YZL < Z%€*Loe. (60)

Choosing € > 0 small enough so that Z2%e2Loe < 1/2 ensures h < 1/2. For this € we can choose a
radius r > 0 such that B,(ug) C Br(ug) and r > [1 —+/1 —2h]/(ZL).

(vi) Application of NK theorem.

All hypotheses of Theorem 3 are satisfied on B, (ug) for the chosen € and r. Therefore, there exists
a unique fixed point u* € B,(up) such that F(u*) = u*, i.e. B(u*) = 0. This concludes the proof. O

3.7. Finite Number of Relevant Directions and Lorentz Protection

The final step in closing the gravitational pillar is to show that the NGFP u* found in Theorem 4
has only finitely many relevant directions, and that all Lorentz-violating operators are irrelevant.

Theorem 5 (Finite number of relevant directions). Let u* be the NGFP obtained in Theorem 4, and let
] = DB(u*) be the Fréchet derivative of B at u*. Then:

1. ] isa compact perturbation of a diagonal operator D with d; — —oo as i — oo;

2. ] has at most finitely many eigenvalues with positive real part;

3. the corresponding relevant directions can be identified with a finite subset of the lowest-index couplings
(typically g, A, and one additional matter coupling).

Proof. (i) Structure of |.

The operator | decomposes as
J]=D+K, (61)

where D is the diagonal operator with entries d; = 4 — A; + 7, and K is the Fréchet derivative of
the nonlinear part N evaluated at u*. By construction of the truncation, the canonical dimensions
A; increase with i, so d; — —oco as i — co. The matrix elements of K decay rapidly with the indices
because each df;/du; involves at least one power of u; and the latter are suppressed by the Banach
weights e~. Thus, K is a compact operator on B,.

(ii) Spectral properties.
By Weyl's theorem for compact perturbations, the essential spectrum of | coincides with that of D:

Oess(]) = {di i€ NO}- (62)

Since d; — —oo, the essential spectrum is contained entirely in the left half-plane, and any eigenvalues
with positive real part must be isolated eigenvalues of finite multiplicity. There can only be finitely
many such eigenvalues because the compact perturbation cannot accumulate spectrum in the right
half-plane.

(iii) Identification of relevant directions.

For the lowest-index couplings (e.g. uy = g, u; = A, and possibly one scalar or Yukawa
coupling), the diagonal entries d; are close to zero or moderately negative (reflecting marginal or weakly
relevant/irrelevant operators), and the nonlinear mixing via K can shift corresponding eigenvalues into
the right half-plane. For higher-index couplings with large A;, d; is strongly negative (large negative
real part), and the compact perturbation K cannot move their eigenvalues across the imaginary axis.
Therefore, only a finite set of low-index couplings gives rise to relevant directions. [
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Theorem 6 (Irrelevance of Lorentz-violating operators). Let {u;}cz,, denote the subset of couplings
associated with operators that violate local Lorentz invariance (e.g. higher time-derivative terms with anisotropic
coefficients, preferred-frame interactions). Then, at the NGFP u*, the corresponding eigenvalues 8; of —] satisfy

Ref; <0, Vi € I1y. (63)

In particular, Lorentz-violating operators are RG-irrelevant and decouple in the ultraviolet, so emergent Lorentz
invariance is protected at high energies.

Proof. The Lorentz-violating operators have canonical dimensions A; > 4 (they involve additional
derivatives or explicit breaking structures), so their diagonal entries d; = 4 — A; + 7" satisfy d; < 0,
with only small anomalous-dimension corrections. The mixing terms in K connecting Lorentz-violating
operators to Lorentz-invariant ones are suppressed by the structure of the FRG equation: they arise
from insertions of Lorentz-breaking vertices in loops, which carry additional powers of irrelevant
couplings u; with j € Zpy. Therefore, the matrix elements K;; with i € 71y are hierarchically smaller
than |d;|.

Using Gershgorin’s circle theorem, the eigenvalues A; of | associated with the Lorentz-violating
sector lie in discs centered at d; with radius r; = Yt |Kij|. For i € Z1y, we have |d;| > r;, so the discs
lie entirely in the left half-plane. Thus Re A; < 0, and the corresponding critical exponents 6; = —A;
satisfy Re0; < 0. O

3.8. Consequences for the Closure of the Gravitational Pillar

The combination of Theorems 4, 5, and 6 provides the renormalization group backbone of the
QICT closure program:

1. There exists an exact non-Gaussian fixed point u* € By for the full QICT FRG flow, not just in a
finite truncation.

2. The NGFP has only finitely many relevant directions, typically associated with the lowest-index
couplings such as g, A, and a small number of matter couplings. This guarantees predictive power
in the UV: only finitely many parameters must be fixed by experiment.

3. All Lorentz-violating operators are irrelevant at the NGFP. Consequently, Lorentz symmetry is
emergent and stable as an ultraviolet property of the theory, rather than an ad hoc assumption.

Together with the algebraic TCAC result of Sec. 2, these RG results close the gravitational pillar of
the QICT framework and provide the foundation for the scalar, gauge, and cosmological constructions
developed in the subsequent sections.

4. Scalar-Neutrino Sector, Golden Ratio x, and Dark Scalar Mass

In this section we close the scalar/fermion phenomenological pillar of the QICT framework. We

(i) specify the effective action for the Higgs—PNGB-neutrino sector coupled to gravity, (ii) derive the

functional renormalization group (FRG) beta functions for the scalar quartic coupling of the pseudo-

Nambu-Goldstone boson (PNGB) S, the portal, and the neutrino Yukawa interaction, (iii) prove that

the fixed-point condition in the presence of the gravitational non-Gaussian fixed point (NGFP) forces a

K = ;3 = ? + O(Jscheme)- (64)

and (iv) show that the renormalization group (RG) flow from the Planck scale down to the electroweak

(EW) scale, with this UV boundary condition and standard-model (SM) inputs, yields a sharply
predicted value for the PNGB mass

universal ratio

ms = 58.1+ Ay, + Aops GeV, (65)
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with a controlled error budget. Together with the gravitational results of Sec. 3, this provides a
phenomenologically testable closure of the dark scalar sector.

4.1. Effective Action and Scalar—Neutrino Truncation

We work on the emergent Lorentzian background (M, ;) constructed from the microscopic
QICT model and consider the following truncation of the effective average action I';:

Z
Tx[g, H,S,vr, NRr| = /d4x\/ -8 {162]&(—R+2Ak)

1
+ Zp k| DuH* + Zs E(aMS)(aVS)

+ Zv,k il + Zg}( NridNg

- Uk(H/S) - Ev,int}- (66)

The scalar potential truncation is

AH K 2 Ask AHs k
uﬁaazgzwmvfﬁ)+4 ¢+—77m%2
2
m
4—47%552—F~-', (67)

where vy, is the running Higgs vacuum expectation value (vev), m% « the scalar mass parameter, and
ellipses denote higher operators that will be shown to be irrelevant at the NGFP.
The neutrino interaction Lagrangian takes the form

. 1 _ .
Lv,int = Yuk v HNR + EMN’k NIC{NR s/ f +h.c., (68)

where H = iop H* is the charge-conjugate Higgs doublet, My  is the (generally matrix-valued) right-
handed Majorana mass, and f is the PNGB decay constant (typically of order the electroweak scale).
The exponential ¢/5/f encodes the PNGB nature of S as the phase of a spontaneously broken U(1)
symmetry.

We introduce dimensionless couplings:

g = Gik?, A=Ay /K?,
A = A As = A,
Abs = Ans g = mg /K2,
v =Yk My = Myx/k, (69)
and denote by 17p = —9; In Zg  the anomalous dimensions with ¢ = In(k/kg).

4.2. FRG Equations and Scalar Beta Functions
The Wetterich equation
1
mnzan?+mr%m} (70)

combined with the truncation (66), (67), (68) yields coupled beta functions for the dimensionless
couplings As, Am, Ags, v, and rh%
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We adopt the optimized regulator R (z) = (k* — z)0(k?* — z) and project the FRG equation onto
monomials in S and H at vanishing background fields. For the PNGB quartic coupling A one finds a
beta function of the generic form

Bis == 0tAs = (2175)As + As A% + Bs §°As
+Csg* + Ds it + Es A2+ -+, (71)

where:

e Ag > 0is the coefficient of the scalar bubble diagram, determined by the combinatorics of the $*
vertex and scalar threshold functions;

e Bg < 0is the gravitational contribution linear in Ag;

e (g isapure gravitational contribution from graviton loops;

*  Dg > 0 comes from neutrino loops in the Coleman-Weinberg potential;

e  Es > 0 originates from the Higgs—scalar portal.

The ellipses denote higher-order terms in the couplings (e.g. As72, AsAps) which will be shown to be
subleading in the fixed-point analysis.

Lemma 7 (Structure of the PNGB beta function). Under the truncation (66) and for the optimized regulator,
the PNGB quartic beta function admits the explicit form

_ 3 s 2 s Xs 4 4 =2
Brs = g2 A8~ g8 s+ 1 3 Uy T 08" Ays, ), (72)
for some coefficient ag = O(1) depending on the neutrino multiplicity and flavour structure, and with

subleading O(g*, A%, . ..) suppressed by additional powers of small couplings. In particular, As = 3/ (167%)
and Bg = —2/(9m).

Proof. The scalar self-interaction term arises from the one-loop four-point function with two S-
propagators; combinatorially one finds the standard factor 3 (from Wick contractions) multiplied
by the scalar threshold function /3(0) for the optimized regulator, which evaluates to 1/ (167t%) up to
scheme conventions. This yields the first term in (72).

The gravitational contribution proportional to g2As comes from the mixed graviton-scalar dia-
grams. Their evaluation in the FRG with the optimized regulator produces a negative contribution
with coefficient 2/ (97) (this is consistent with the asymptotic safety literature; the sign reflects the
tendency of gravity to render matter self-interactions asymptotically free). The purely gravitational
term Csg* is numerically suppressed relative to the g?As term once As is nonzero and will be subsumed
in the error budget.

The neutrino loop contribution arises from the Yukawa interaction y,SVvg; its quadratically
divergent part is absorbed in m%/k, while the logarithmic part yields the 7} term with a scheme-
dependent coefficient ag of order unity. Portal contributions « A2, ¢ are similarly suppressed for small
portal couplings.

Collecting these contributions and neglecting higher-order terms we obtain Eq. (72). O

For the purposes of the golden ratio result, it is sufficient to retain the leading three terms in (72).
The neutrino and portal contributions will be absorbed into a controlled correction.

4.3. Golden Ratio x at the Fixed Point

We now analyze the fixed-point condition for the scalar sector in the presence of the gravitational
NGEFP. Let (¢*, A*) be the NGFP of the gravitational flow as constructed in Sec. 3, and consider the
scalar beta function (72) evaluated at g = g*.
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4.3.1. Fixed-point Equations

At a full NGFP of the gravitational plus scalar sector we require

Bas (8% A5, 70, Alys,--.) =0, (73)

simultaneously with the gravitational fixed-point equations B¢(g*,A*) = 0, B(g*,A*) = 0. Using
Eq. (72), this condition becomes

3 3y 2 *2 3 % as ~% x4 5 *
To2 (A8)* - 978 A5 + o2 (7)* 4+ 0(g™, Ajfs) = 0. (74)
Define the dimensionless ratio .
— 'S
K= —2. (75)
g
Assuming g* > 0, we can write A} = xg*, and Eq. (74) becomes
3 2.2 2 i3 XS (ox\4 w4 32
- = AR =0. 7
Dividing by ¢*? and rearranging gives
3 o, 2 .. as (7) 2 342 w2
_ = =0. 77
2" 9.8 T ig2 72 +0(8", Als/8) =0 (77)

4.3.2. Seesaw Suppression and Leading-Order Equation
We now use two physical ingredients:

®  The seesaw mechanism implies that the dimensionless neutrino Yukawa couplings 7, at the
Planck scale are parametrically small compared to g*; more precisely, the light neutrino masses
my ~ y2v2,y /My and My > vgw entail y, < 1, hence (77})*/¢*? < 1 for g¢* = O(1). We denote
this suppression by an O(e, ) with e, < 1.

*  Portal couplings A}, are constrained by phenomenology (Higgs signal strengths, invisible decays)
to be small; their contributions to (77) can be grouped into an O(eys) term with eggs < 1.

Collecting these corrections into dmatter = O(€y + €y5), we can write (77) as

3

2 * *,
51 = —Kg" + Olématir) + 0(g"2) = 0, 79)

where the O(¢*?) terms arise from the neglected ¢** contribution and higher-order gravitational
corrections. Since g* is O(1) but numerically small (cf. Sec. 3), the O(g*?) term can also be grouped
into an effective dgray-
To leading order in the small corrections, we drop the O(d) terms and obtain the quadratic
equation
16%1(2 — %Kg* =0. (79)

One solution is the Gaussian branch x = 0 (trivial scalar self-interaction); the nontrivial branch is

1672

2
58 _ 2 , lem* 32w (80)

This does not yet exhibit universality, as it depends explicitly on ¢g* and the numerical prefactors
inherited from the simplified EH truncation.

However, once the full tower of gravitational couplings is taken into account (Sec. 3), the EH
coefficients are modified by higher-derivative operators in a way that can be encoded in effective
coefficients Ag and Bg in (71), without changing the quadratic structure in As.
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Explicit evaluation of the threshold functions for the full QICT truncation yields'
" 9 - 2V2
Ag = — Bs = ——— 1
S 1672 S 37’ (8 )

so that the leading-order fixed-point condition reads

9 5, 2vV2
62" —WK—O. (82)

The nontrivial solution is now

Ko = % _ 2\6 . 167 _ 32\/571' rescale Q, (83)
1697 3 9 27 3

where the last step amounts to absorbing the factor 3271/9 into a redefinition of the dimensionless g
consistent with the chosen gravitational normalization. In the fully normalized system, the dimen-
sionless Newton coupling appearing in (72) is exactly the one for which xy becomes rational and
independent of g*.

Theorem 7 (Golden ratio x in QICT). Assume the FRG setup and truncation of Sec. 3—4.2, with a QICT
microscopic model satisfying the hypotheses of Sec. 2. Let (g*, A*) be the gravitational NGFP. Then there exists
a fixed point for the scalar sector with

_ V2

- 3 + O(éscheme + ‘5matter)/ (84)

2
Il
]
*‘m*

oqQ

where dgcheme parametrizes the dependence on the choice of FRG regulator and truncation, and dmatter €ncodes
subleading Yukawa and portal effects. In particular, to leading order in these small corrections, the ratio x is
universal and does not depend on the precise numerical value of g*.

Proof. The beta function (71) evaluated at ¢ = ¢g* has the structure of a quadratic polynomial in Ag
with coefficients that are analytic functions of ¢* and of the threshold functions. The gravitational
NGEFP fixes g* in terms of the microscopic QICT parameters. The higher-derivative gravitational
operators modify the effective coefficients Ag and Bg but do not alter the polynomial degree.

By explicit evaluation of the threshold integrals for the QICT truncation, one obtains rational
combinations of 7t and v/2 for these coefficients, which can be absorbed into a canonical choice of
dimensionless g such that the quadratic equation for « is exactly

2v2
Kz - TK =0+ O(éscheme + 5matter)- (85)

Neglecting the O(J) terms, the nontrivial solution is ¥y = 1/2/3. Continuity of the roots of a polynomial
in its coefficients implies that, for sufficiently small ds.peme and dmatter, the exact fixed point « satisfies

K =Ko+ O(éscheme + 5matter)' (86)
This establishes the stated result. O

4.4. RG Flow and Prediction of the PNGB Mass

Having fixed the UV ratio x = A%/¢*, we now construct the RG trajectory from the Planck scale
down to the electroweak scale and extract the physical mass of the PNGB scalar S.

1 The explicit computation is documented in the numerical audit and supplemental material. Here we only quote the resulting

rational factors.
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4.4.1. Flow of the Scalar Mass Parameter

The scalar mass parameter m% . is encoded in the curvature of the effective potential Uy (S) at its
minimum. It is convenient to work with the dimensionless mass parameter rh% = mé o k2. The FRG
projection of (70) onto S? yields

= (
+O(m3As, mggZ), (87)

where Fj arises from loop diagrams with two external S legs: scalar tadpoles, Higgs tadpoles (portal),
neutrino loops, and gravitational corrections.

For k above the electroweak scale, vy = 0, and the flow is governed by (72) and (87). Below the
electroweak scale, one must match to the broken phase, but the physical mass can be read off at a scale
k where the curvature of Uy is dominated by the renormalized mass term.

Lemma 8 (Well-posedness of the scalar RG flow). For any initial condition (As(kuy), M3 (kyy)) at a UV
scale kyy (e.g. kuy = Mpy) with |As|, |ﬁ1§| sufficiently small, the coupled system (72), (87) admits a unique
solution on a finite interval [tiR, tuy] in RG time, and the solution depends continuously on the initial data.

Proof. The right-hand sides of the beta functions are analytic functions of the couplings on any
bounded domain where the threshold functions remain finite. By Lemma 6, the vector field is locally
Lipschitz in the couplings. The standard Picard-Lindel6f theorem then guarantees local existence
and uniqueness of solutions for the ODE system. Boundedness of the couplings on the finite RG
interval ensures global existence on that interval. Continuous dependence on initial data is another
consequence of the same theorem. [

4.4.2. UV Boundary Condition and IR Mass Definition

We now impose the UV boundary condition at kyy = Mpy:
As(Mpy) = kg", w3 (Mpy) = i3, (88)

with x fixed by Theorem 7 and mg,o tuned along the relevant direction such that the IR boundary
condition reproduces the observed electroweak scale and dark scalar phenomenology. This is the
standard shooting procedure along the finite number of relevant directions.

The physical PNGB mass mg is defined as the pole mass (or, equivalently, the curvature of the
effective potential at its minimum) at a scale k where loop corrections are small. In practice, an RG
improved definition is

2 _ U

ms = W , kphys ~ Mg, (89)
S=Smin- k:kphys

with Spin the location of the minimum of the effective potential at scale kphys.
In the parameter regime of interest (light PNGB, small portal), the Coleman—Weinberg (CW)

approximation is adequate:

A i(5)?
U (S) ~ S'Eff St Z (=1)Fim;(S)* |In @ —ql, (90)
64 U
where the sum runs over fields i with field-dependent masses m;(S), F; is the fermion number, and c;

are scheme-dependent constants. The dominant CW contribution to the curvature of U at the origin
comes from the neutrino sector and the portal loop.
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After RG improvement, one finds an effective relation of the form
2 2 Jep 1y 2

mg >~ égrav Kg Urw + chW + O(AHS), (91)

where:

e upw = 246 GeV is the Higgs vev;

*  Jcpis aJarlskog-type invariant in the neutrino sector;

*  (Cgrav, Gcw are dimensionless coefficients of order 10~1-10? determined by the RG trajectory and
threshold integrals.

Theorem 8 (Prediction of the PNGB mass). Let the QICT FRG flow satisfy the hypotheses of Sec. 3,
and impose the UV boundary condition (88) with x fixed by Theorem 7 and SM parameters chosen in their
experimentally allowed ranges. Then there exists a unique RG trajectory compatible with electroweak symmetry
breaking, and the corresponding PNGB mass mg defined by (89) satisfies

Mg = 58.1 % Ay, & Agps GeV, (92)

with theoretical uncertainty Ay, dominated by scheme and truncation dependence, and observational uncertainty
Aops dominated by SM parameter errors (top Yukawa, Higgs mass, neutrino parameters).

Proof (sketch). Existence and uniqueness of the trajectory. By Lemma 8, the RG flow for the coupled
system of couplings admits a unique solution for any initial condition near the NGFP. The gravitational
analysis in Sec. 3 shows that only a finite number of directions are relevant; the remaining couplings
are attracted to their fixed point values. Tuning the relevant scalar mass parameter i3 (Mp) selects
a unique trajectory such that at k ~ vgy the Higgs potential develops the correct vev and the scalar
potential satisfies positivity and stability constraints. This is a standard application of the shooting
method in finite dimensions.

Evaluation of ms. Along this trajectory, we integrate the RG flow down to a scale kppys where
the running couplings are in the perturbative regime and the effective potential can be reliably
approximated by (90). The CW calculation with inputs vgw, my, m;, my, Jcp and the RG-improved
quartic Ag eff(Kphys) determined by xg* yields a numerical value for mg of approximately 58 GeV. The
precise value depends weakly on kppys as long as kpnys € [m5/2,2ms].

Error budget. The theoretical uncertainty Ay, is estimated by varying the FRG regulator (e.g.
optimized vs. exponential cutoff), truncation order (inclusion of ¢°® terms), and matching scale Kohys,
and by comparing different numerical integration schemes; these variations induce a spread of a few
GeV around the central value. The observational uncertainty A5 comes from SM input uncertainties
and propagates linearly (to leading order) into mg via (91). Combining these in quadrature leads to the
quoted errors.

Details of the numerical integration, threshold integral evaluation, and error propagation are
provided in the numerical audit and supplemental material. The key point here is that mg is not a
free parameter but is fixed once x and the relevant scalar mass direction are tuned to reproduce the
observed low-energy data. [

4.5. Error Decomposition and Phenomenological Closure

For later use in the falsifiability analysis, it is convenient to make the error budget explicit. We
write

ms = 58.1 GeV + Agcheme T Atrunc T Asm, (93)
with:

®  Agheme: Variation under changes of the FRG regulator and renormalization scheme (typically
~ 1-2 GeV);
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®  Atunc: variation under extension of the truncation (higher-derivative and higher-order scalar
operators; typically ~ 1 GeV);

*  Agy: propagation of SM parameter uncertainties (Higgs mass, top Yukawa, neutrino masses and
mixing; typically ~ 1 GeV or below).

Combining these yields a total theoretical-plus-observational uncertainty of order a few GeV, small

compared to the absolute scale set by vpyy.

From the point of view of the closure program, the key statement is that once the gravitational NGFP
and the golden ratio « are fixed, the PNGB mass mg is determined up to well-quantified small uncertainties. In
particular, the dark scalar sector does not contain any adjustable mass parameter beyond those already
present in the SM and the gravitational fixed point.

This completes the closure of the scalar—neutrino pillar of the QICT framework. In Sec. 5 we will
see how the same framework selects the Standard Model gauge group and charge assignments, and in
Sec. 6 how it constrains cosmological observables.

5. Topological Selection of the Standard Model Gauge Group

In this section we close the gauge/topological pillar of the QICT framework. Starting from the
microscopic stabilizer code constructions of Sec. 2, we show how gauge data are encoded cohomolog-
ically in twist operators, formulate a quantitative complexity (or cost) functional C(G, k) for gauge
groups G realized on the QICT lattice at UV scale k, and prove that, within a natural class of compact
Lie groups with anomaly-free chiral spectra, the Standard Model gauge group

Gom = SU(3)C X SU(Z)L X U(l)y (94)

is uniquely selected as the minimizer of C. We furthermore indicate how hypercharges and the number
of generations are encoded in cohomological data and anomaly cancellation.

Throughout this section, all statements are conditional on the microscopic QICT hypotheses
(H1)-(H3) of Sec. 2 and the algebraic closure (TCAC) established there.

5.1. Gauge Data from Twists on QICT Codes

We briefly recall the relevant features of the QICT stabilizer construction. Let A be the three-
dimensional cubic lattice with periodic boundary conditions and Hilbert space H as in Sec. 2. The
microscopic Hamiltonian Hqct is a gapped, frustration-free stabilizer Hamiltonian whose ground
space C; C Hp, (for a finite box A1) encodes topological degrees of freedom.

Gauge data are implemented via twist operators supported on non-contractible cycles or higher-
dimensional defects in the lattice. We denote by {T },cr a set of unitaries associated with a finite set T
of nontrivial cycles (e.g. one for each nontrivial element of 711 (A1 ) and its higher-form generalizations).
These twists generate a projective representation of a gauge group G on the code subspace:

U@g): €L —Cr, Ulg)U(g2) = w(gr, g2) U(g182), (95)
where g € G, U(g) is built from products of T,,, and w: G x G — U(1) is a 2-cocycle.

Definition 1 (QICT-admissible gauge data). A pair (G,w) with G a compact Lie group and w €

Z%(G,U(1)) is QICT-admissible if:

1. There exists a family of twist operators { T} on the QICT lattice such that the induced maps U(g) form a
projective representation with multiplier w on the code subspace Cy, for all sufficiently large L.

2. The action of G on Cp, extends to the quasi-local algebra Ucont of Sec. ?? by automorphisms, and is
compatible with the copy automorphism structure (TCAC).

Two QICT-admissible pairs (G, w) and (G, w') are equivalent if the corresponding cocycles differ
by a coboundary, i.e. w’ = wda, with a: G — U(1). Equivalence classes are elements of the second
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cohomology group H?(G,U(1)) and classify projective unitary representations of G up to equivalence
[20].

Lemma 9 (Cohomological classification of QICT twists). Let (G, w) be QICT-admissible. The projective
representation U: G — U(Cr) induced by QICT twists is classified (up to unitary equivalence and coboundary
redefinitions of the twists) by the cohomology class [w] € H?(G,U(1)). Conversely, for any [w] € H?>(G,U(1))
satisfying mild reqularity/locality constraints, there exists a family of QICT stabilizer codes and twist operators
realizing (G, w).

Proof (sketch). The first statement is the standard classification of projective representations by
H?(G,U(1)) (see e.g. [20]), applied to the representation on the ground space C;. The constraints
(H1)-(H3) and the TCAC property ensure that the representation extends to the inductive limit algebra.

Conversely, given [w], one can construct a stabilizer code with twists implementing w by decorat-
ing the underlying 3D toric code with fluxes corresponding to irreducible projective representations
of G, as in higher gauge theories on lattices. Locality and gappedness can be ensured by choosing
twists supported on finite-width defects. Details follow the standard construction of twisted quantum
double models, suitably generalized to 3D and to the QICT setting. [J

5.2. Anomaly-free Chiral Spectra on QICT Codes

Matter fields in QICT arise as topologically protected excitations and boundary degrees of freedom
of the stabilizer code. Once a gauge group G has been selected via (G, w), the low-energy matter
transform in some (possibly reducible) representation R = @; R; of G, with left- and right-handed
chiralities potentially transforming in different ways.

Definition 2 (Chiral and anomaly-free representations). Let G be a compact Lie group and R = R ® Rr
a finite-dimensional representation on Weyl fermions. We say that (G, R) is:

1.  Chiral if Ry and Rg are not equivalent as G representations (i.e. there is no unitary V with
VRL(Z)V ! = Rr(g) forall ).

2. Anomaly-free if all gauge and mixed gauge—gravitational anomalies vanish. In four spacetime dimensions,
this is equivalent to the vanishing of all cubic indices and mixed traces:

Yoow(THTY, T - Y (TP, T} =0, (96)

YLERL YRERR

for all generators T* of G and similar conditions involving U (1) factors.

In the QICT setting, chirality arises from the interplay between the copy automorphisms and
the twist-induced gauge action; anomaly cancellation is required for the consistency of the emergent
continuum theory (TCAC) and can be viewed as a global integrability condition on the twist data.

Lemma 10 (QICT anomaly consistency condition). Let (G, w) be QICT-admissible and R a chiral matter
representation realized in the low-energy theory emerging from the QICT lattice with TCAC. Then (G, R) must
be anomaly-free in the sense of Definition 2.

Proof (sketch). Anomalies in the emergent continuum theory would manifest as inconsistencies in
the implementation of gauge transformations on nontrivial spacetime topologies or as obstructions to
defining the path integral measure. In the QICT setting, gauge transformations are implemented by
finite-depth unitary circuits built from twists and copy operations acting on the code; any anomaly
would obstruct the existence of a globally consistent action of G on the continuum algebra cont
consistent with TCAC.

More concretely, one can consider adiabatic evolutions corresponding to large gauge transforma-
tions and compute the Berry phase in the ground space. An anomaly would yield a non-trivial phase
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depending on the gauge transformation, contradicting the assumption that the twist-induced G-action
lifts to a genuine automorphism of the algebra. Therefore the matter content must satisfy the usual
anomaly cancellation conditions. O

In particular, any candidate gauge group G realized in QICT must admit at least one anomaly-free
chiral representation compatible with the low-energy phenomenology.

5.3. Complexity Cost Functional C(G, k)

We now formalize the notion of microscopic complexity of a gauge group G realized on a QICT
lattice with spacing a ~ 1/k. This complexity captures the resource overhead (local Hilbert space
dimension, number of stabilizers per site), cohomological data necessary for chirality, and anomaly
constraints.

Definition 3 (Cost functional C(G, k)). Let G be a compact Lie group and k a UV momentum scale (the
inverse lattice spacing in the QICT model). The cost functional C(G, k) is defined as

C(G' k) = Cloc(G/ k) + Ccoh(G) + Can0m<G' R) + Ccode(G/w>/ (97)
where:
®  Cioc(G, k) is the local Hilbert-space cost:

. 1
Cloc(G, k) = ajoc dim G logW, (98)

with ayo. > 0 a scheme-dependent constant and kg a reference scale (e.g. the Planck scale). This term
reflects the fact that realizing G typically requires local Hilbert spaces of dimension at least proportional to
dim G.

*  Ceon(G) is the cohomology cost:

Ccoh(G) = &coh dimHZ(G,U(l)), (99)

with aeon > 0. Non-trivial H? increases the complexity of the twist sector.
*  Canom(G, R) is the anomaly cost:

Canom(G/ R) = Xanom Z |Aa(G/ R) |/ (100)
a

where A, are the anomaly coefficients for generators T® in the representation R, and dtanom >> 1 is a large
penalty factor. For anomaly-free representations this term vanishes.
*  Ceode(G,w) is the code-complexity term:

Ccode(G/ w) = Qcode K(G, a)), (101)

where K(G, w) is the minimal number of independent stabilizer generators and twist operators per site
required to realize (G, w) on the QICT lattice, and &.oqe > 0.

The constants ajoc, Xcohs Xanom, and &e,qe encode the relative weights of different contributions.
For the selection problem, only their relative hierarchy matters; we assume the natural hierarchy

Xanom > Xloc ~ Xeode > Xcoh > 0, (102)

so that anomalies are heavily penalized, while moderate increases in local dimension and code
complexity are allowed but disfavoured.
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Lemma 11 (Basic properties of C(G, k)). The cost functional C(G, k) satisfies:
1. Positivity: C(G, k) > 0 forall G, k.
2. Additivity for direct products:
C(G1 X Gz,k) ~ C(G1,k) + C(Gz,k), (103)

up to small cross-coupling corrections.

3. Monotonicity in dim G: for fixed k and anomaly-free R, if dim Gy < dim G, and K(Gy,wq) <
K(Gy, wy), then C(Gy,k) < C(Gy, k) whenever H?(G1,U(1)) and H?(G,,U(1)) have comparable
dimension.

Proof. Positivity is obvious from the definition. Additivity follows from the approximate linear
scaling of dim G and K(G, w) under direct products, and from H?(G; x Gy, U(1)) = H?(G1,U(1)) @
H2(G,,U(1)).

Monotonicity in dim G is immediate from Cjo. o dim G and the assumption that K(G, w) grows
at least linearly with dim G for fixed code architecture. The cohomology term can be bounded if we
restrict attention to groups with similar cohomological structure.

5.4. Survey of Candidate Gauge Groups

We now evaluate (or bound) C(G, k) for various classes of groups relevant to particle physics and
compatible with the QICT construction.

5.4.1. Abelian Groups U(1)N
Let G = U(1)". Then:

e dimG=n.

e H2(G,U(1)) = A*Z" has dimension (}).

e  Chiral matter is possible but strongly constrained; anomaly cancellation typically forces vector-like
combinations or additional sterile fermions.

Lemma 12 (Cost for Abelian groups). For G = U(1)" with a chiral matter content R realizing SM-like
phenomenology, one has

1
C(UM)", k) > ajpenlog ko + &coh (Z) , (104)

with additional anomaly penalties unless exotics are introduced.

Proof. The expression for Cj,. and Cp, follows from the definitions. For anomaly freedom with chiral
spectra and no nonabelian factors, one typically needs n > 3 and special charge assignments; these
either fail to reproduce SM phenomenology or require extra fields. Any anomaly present would induce

a large Canom, hence we restrict to anomaly-free configurations, for which the lower bound above
holds. [

In particular, a purely abelian gauge group cannot accommodate the observed strong and weak
interactions, so such groups are excluded by phenomenology before complexity considerations.

5.4.2. Simple Nonabelian Groups SU(N)
Consider G =SU(N), N > 2:
e dimG=N?-1.
e H?(SU(N),U(1)) = 0 for N > 2 (simple, simply connected).
*  The smallest nontrivial chiral representations are obtained by combining fundamental and anti-

fundamental representations, typically leading to vector-like spectra unless further structure is
added.
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Lemma 13 (Cost for simple SU(N)). For G = SU(N), N > 2, with a non-vector-like matter representation
‘R one has

C(SU(N), k) = ajoc(N* — 1) + eode K(SU(N)), (105)

lo 1

& k/ko
with K(SU(N)) 2 N? for standard QICT code architectures. In addition, anomaly cancellation enforces strong
constraints on R, which cannot reproduce the full SM spectrum with a single simple factor.

Proof. The lower bound on Cj, follows from dim G = N? — 1. The absence of nontrivial H? implies
Ceon = 0. Implementing SU(N) gauge symmetry on the code requires at least one independent local
stabilizer per generator, hence K(SU(N)) > N? and thus a contribution of order a.,4.N?. Anomaly
cancellation for simple SU(N) groups with realistic SM-like matter content typically requires embed-
ding into larger groups or additional U(1) factors, pushing one beyond a simple SU(N). Hence no
simple SU(N) alone reproduces the SM gauge structure and chiralities. [

5.4.3. Semi-simple and GUT Groups
GUT candidates such as SU(5), SO(10), or Eg4 are also relevant:
e dimSU(5) = 24, dim SO(10) = 45, dim E = 78.
e H?is trivial for these simply connected simple groups, so Cp = 0.

e Chiral representations exist and can accommodate SM fermions in unified multiplets (e.g. 5 & 10
for SU(5)).

Lemma 14 (Cost for simple GUT groups). Let Ggyr = SU(5), SO(10), or E¢, with a matter representation
reproducing SM fermions (plus possible exotics). Then

. 1
C(Ggut, k) > w15 dim Ggyr log Kk + #codeK(Ggur), (106)

with dim Ggur > 24 and K(Ggyr) growing at least linearly with dim Ggyr. Consequently, C(Ggur, k) >
C(Gswm, k) for any fixed k and reasonable choice of weights.

Proof. The local cost scales with dim Ggyr, which is significantly larger than dim Ggyy =8 +3 +1 =
12. In addition, unifying the SM gauge factors into a simple group generally requires increasing the local
Hilbert space dimension per site and the stabilizer count. Hence K(Ggyt) > K(Ggpm) for comparable
code architectures. Given the hierarchy of coefficients, this implies C(Ggyr, k) > C(Ggm, k). O

5.4.4. The Standard Model Gauge Group
For the SM gauge group Ggy = SU(3) x SU(2)r x U(1)y:
¢ dimGgy =8+3+1=12.
e H2?(Gsy,U(1)) = Z, generated by the abelian factor.
e  The observed SM matter content with three generations is chiral and anomaly-free.

Lemma 15 (Cost for Ggyy). For Gey with the observed chiral matter content Ray and a QICT-admissible
cocycle wew realizing hypercharge twists, the cost satisfies

1
C(GSMr k) = QJoc 12 log % + Xeoh - 1+ lxcodeK(GSMr Cl)SM)/ (107)

with K(Gspm, wsm ) of order O(10) for explicit QICT realizations. The anomaly cost vanishes: Canom (Gsm, Rem) =
0.

Proof. The dimension and cohomology facts are standard results in the theory of compact Lie groups
and their classifying spaces. The SM matter content is famously anomaly-free for Ggyy; in particular,
[SU(3)]%, [SU(2)]3, [U(1)y]?, mixed gauge and mixed gauge-gravitational anomalies cancel exactly.
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Explicit QICT constructions using a 3D toric code with nonabelian twists show that one can realize
the three gauge factors with a finite set of stabilizers and twists per site: roughly three for the color
sector, three for the weak sector, and one for hypercharge, plus a small finite overhead for consistency
constraints. This yields K(Gsp, wem) ~ 7-10. O

5.5. Uniqueness Theorem for Gy

We now formalize and prove the main result of this section: among a broad class of compact Lie
groups with QICT-admissible gauge data and anomaly-free chiral matter content compatible with SM
phenomenology, the SM gauge group uniquely minimizes the cost functional C(G, k).

Definition 4 (Admissible gauge groups for QICT phenomenology). Let G be the class of compact Lie
groups G such that:

1. G admits a QICT-admissible cocycle w in the sense of Definition 1.
2. Thereexists a chiral, anomaly-free representation R of G whose low-energy content reproduces the observed
SM fermion spectrum and interactions, possibly up to spectator exotics that decouple in the IR.

Theorem 9 (Uniqueness of Ggn). Let k be a fixed UV scale (e.g. k ~ Mpy) and G the class of admissible gauge
groups for QICT phenomenology. Then, for any choice of positive weights a1oe, Xcoh, Xcode 414 a large anomaly
penalty xanom, the cost functional C(G, k) defined in (97) has a unique minimizer in G, which is the Standard
Model gauge group Ggp = SU(3)c x SU(2) x U(1)y with the usual anomaly-free chiral matter content.

Proof (structured). Step 1: Anomaly constraint. By Lemma 10, any G € G must admit an anomaly-free
chiral representation R reproducing SM phenomenology. The anomaly cost Canom is zero for such
(G, R) and extremely large otherwise (wanom > all other scales). Hence the minimization of C can be
restricted to anomaly-free (G, R).

Step 2: Exclusion of purely abelian and simple groups. Purely abelian groups U(1)" cannot reproduce
the nonabelian structure of strong and weak interactions and are thus excluded by the phenomenologi-
cal requirement in Definition 4. Simple groups SU(N) cannot accommodate the SM gauge structure
without additional factors or breaking patterns that reintroduce product structures at low energies.
Therefore, any G € G must be at least semi-simple with at least two nonabelian factors and one abelian
factor, matching the SM pattern.

Step 3: Bounding the dimension and cohomology. Let G € G be semi-simple with some abelian
factors. By phenomenology, it must contain at least color and weak factors of type SU(3) and SU(2)
(or embeddings thereof), and at least one U(1) for hypercharge. This implies

dimG >8+3+1=12, (108)

with equality only if G is isomorphic to Ggy (up to discrete quotients that do not change dim G). Any
larger group (e.g. GUTs) has strictly larger dimension and thus larger Cjq for fixed k.

For the cohomology term, H?(G,U(1)) is at least one dimensional due to the abelian factor.
Additional nonabelian factors do not decrease its dimension. Thus, Ccop, (G) is minimized by groups
with a single abelian factor, as in Ggy;.

Step 4: Code complexity comparison. Implementing a larger group G’ with dim G’ > dim Ggy; on
the same QICT lattice inevitably requires at least as many local degrees of freedom and stabilizers per
site, i.e. K(G',w") > K(Ggp, wsm) for comparable architectures. In many cases (e.g. GUTs) K(G/, ') is
significantly larger due to the need to support larger irreps. Hence Ceoqe(G', ') > Ceode(Gom, wsnm)-

Step 5: Minimality of Ggp. Combining Lemmas 12, 13, 14, and 15, we see that for any G € §
distinct from Ggy one has either:

1. dim G > 12, hence Cioo(G, k) > Cioc(Gom, k);

2. oralarger cohomology cost C.on(G);
3. orlarger code complexity Ceoge(G, w);
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4.  or some combination of these.

Since all contributions are nonnegative and at least one is strictly larger for G # Ggy, we obtain
C(G,k) > C(Gsm, k) for all G € G distinct from Gsyy. Therefore Ggyy is a strict minimizer.

Step 6: Uniqueness. Suppose there exists another group G’ € G with C(G’, k) = C(Ggpy, k). By the
above inequalities, this would require simultaneous equality in all contributions: dim G’ = dim Ggy,
same cohomology dimension, same code complexity, etc. The condition dim G’ = dim Ggyy = 12
combined with the requirement of having two nonabelian factors and one abelian factor forces G’ to
be isomorphic (up to discrete identification) to Ggy;. Moreover, matching anomaly-free chiral spectra
for SM phenomenology implies that R’ is equivalent to Rgy as a Gy representation. Thus G’ is
physically indistinguishable from Ggys in the present framework. This establishes uniqueness up to
isomorphism. O

5.6. Hypercharge and Number of Generations from Cohomology

For completeness, we briefly outline how hypercharge assignments and the number of generations
arise from cohomological data in QICT. A detailed treatment is given in the supplemental material;
here we summarize the key ideas.

5.6.1. Hypercharge from H? and H*

The abelian hypercharge U(1)y factor of Ggy is encoded in the QICT twists via a nontrivial
cocycle [wy] € H2(U(1)y, U(1)) = Z, and higher cohomology classes in H*(BGgyy, Z ).

Lemma 16 (Hypercharge quantization). Let (Ggp, wen) be the QICT-admissible pair realizing the SM
gauge group. The allowed hypercharges Y of matter fields are quantized in units determined by the generator
of H2(U(1)y,U(1)) and by the lifting condition to a trivial element in H*(BGsy, Z) enforcing anomaly
cancellation. In particular, the usual SM hypercharge assignments appear as minimal solutions of these
cohomological constraints.

Proof (idea). Projective representations of U(1)y are classified by H?(U(1)y, U(1)) = Z, with integer
labels corresponding to charge quantization. Coupling to the nonabelian factors and requiring trivi-
alization of the total anomaly class in H*(BGgy, Z) restricts the integer labels to those realizing SM
hypercharges. This is analogous to the standard quantization of U(1) charges in GUT embeddings,
but here it emerges from cohomological consistency of QICT twists. O

5.6.2. Number of Generations from Discrete Topological Data

The fact that the SM contains exactly three generations of fermions can be interpreted in QICT as
a degeneracy of certain topological sectors or as the rank of a discrete cohomology group associated
with flavour twists.

Lemma 17 (Topological origin of Ngen = 3). In a class of QICT models with TCAC and Ggyy gauge group,
the number of fermion generations Ngen is equal to the order of a finite abelian group H of discrete twist
charges, which in turn is given by the torsion part of a cohomology group H*(BGsy, Z)tors or a related lattice
cohomology. For appropriate microscopic choices, one finds H = Z3 and hence Ngen = 3.

Proof (idea). The TCAC construction allows for discrete twist sectors that act as flavour symmetries
on the low-energy fermions. The classification of such discrete symmetries is controlled by torsion
components of cohomology groups associated with the classifying space of Ggys and the lattice topology.
Counting distinct, physically inequivalent flavour sectors that satisfy anomaly constraints yields a
finite group H. For a certain class of QICT codes, explicit computation yields H = Z3. Interpreting
each element as labeling a generation gives Ngen = 3. [

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.0127.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 December 2025 d0i:10.20944/preprints202512.0127.v1

29 of 48

While Lemma 17 is more speculative than the uniqueness theorem for Ggy, it illustrates how
the QICT cohomological framework naturally accommodates the observed generation number in a
topological way.

5.7. Status of the Gauge/Iopological Pillar
The results of this section can be summarized as follows:

*  Gauge symmetries in QICT arise from twist operators on the microscopic stabilizer code and are
classified cohomologically by pairs (G, w).

*  Anomaly cancellation conditions and the TCAC property restrict the admissible gauge groups to
a class G of phenomenologically viable candidates.

e The cost functional C(G, k) quantifies the microscopic complexity of realizing (G, w) on the QICT
lattice.

e Within G, the Standard Model gauge group Ggyy with its usual chiral matter content uniquely
minimizes C(G, k), and is thus singled out by the QICT closure program.

Therefore, the gauge/topological structure of the emergent QICT continuum theory is not an
external input but an output of the microscopic and cohomological constraints, in line with the overall
goal of turning QICT into a conditionally closed and falsifiable framework.

6. Cosmology: Entropic Derivation and Inflationary Observables

In this section we close the cosmological pillar of the QICT framework. Starting from the micro-
scopic QICT Hamiltonian and the TCAC algebraic closure, we construct the emergent macroscopic
geometry, derive the Einstein equations from entropic considerations, reduce to Friedmann dynamics
for homogeneous and isotropic states, and relate the non-Gaussian fixed point (NGFP) critical ex-
ponents to inflationary observables. The derivations are self-contained and conditional only on the
hypotheses already stated in Secs. 2 and 3.

6.1. Macroscopic Geometry from QICT Code States

We recall the microscopic setting. Let Hgjct be a QICT Hamiltonian on a cubic lattice A C 73
satisfying (H1)-(H3) and the area-law hypothesis of Sec. 2. The continuum quasi-local C*-algebra
cont and its GNS representation (77.,,, Hw,, Qo) relative to the ground state wy provide the algebraic
framework of the emergent quantum field theory.

Definition 5 (Macroscopic QICT states). A macroscopic QICT state is a normal state w on Acont with the
following properties:

1. (Quasi-homogeneity) For any two bounded regions O1, O whose diameters are small compared to a fixed
macroscopic scale Lmac,

diam(Oy) —l—diam((')z))'

mac

|w Tor0y) —@ o, I = O( (109)

2. (Local equilibrium) There exists a family of local modular Hamiltonians K¢ such that, restricted to 2(O),

_K .
w(A) = TrT(fe_if) n o<d‘i::f))>, VA € %(0). (110)

By the TCAC theorem, for each open region O the local von Neumann algebra M(O) is a
hyperfinite Type III; factor, so modular theory applies in full generality.

The macroscopic spacetime metric g, emerges as the effective geometry entering the Tomita—
Takesaki modular flow of local regions, in analogy with the Bisognano-Wichmann property in
Minkowski space. We do not attempt to reconstruct Suv from first principles here; instead, we assume:
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Hypothesis 1 (Emergent Lorentzian structure). There exists a smooth four-dimensional manifold M and a
Lorentzian metric gy, on M such that:

1. Local algebras M(Q) can be identified with those of an AQFT on (M, g) satisfying the Haag—Kastler
axioms.

2. The modular flows for wedge regions coincide with boost isometries of (M, g), and the spectrum condition
is satisfied.

Under Hypothesis 1 the TCAC implies that we are in the standard setting of algebraic QFT on a
curved spacetime.

6.2. Entanglement, Local Horizons and Clausius Relation

The key input from the microscopic QICT structure is the entanglement entropy area law of the
ground state and its deformations.

Let T C R3 be a bounded region, and let Or denote the corresponding spacetime domain of
dependence in (M, g). Given a macroscopic state w and the restriction wr to M (Or), the von Neumann
entropy S(T') is defined by S(I') = —Tr(pr log pr) with pr the density matrix of wr-.

Hypothesis 2 (QICT area law for entanglement). For macroscopic QICT states close to the ground state, the
entropy S(T') satisfies, for regions T with smooth boundary oI and characteristic size £ satisfying a < ¢ < Lmac,

s(r) =5 20—y xgar) + o), ()

where A(0T) is the area of the boundary, x its Euler characteristic, v > 0 the topological entanglement entropy
coefficient of the underlying QICT code, and 17 > 0 a constant related to the microscopic lattice spacing a. The
O(a/?) term is uniform in w within a neighbourhood of wy.

For the 3D toric-code-like models underlying QICT one has ;7 o 1/¢2 with ¢p an emergent Planck
length, and y determined by the topological order of the code. The exact proportionality is not needed
for the following derivation.

We now introduce local Rindler horizons. Let p € M be a point, and let . be a spacelike two-
surface through p. Consider the future light sheet H generated by null geodesics orthogonal to X with
tangent k* starting at p, for affine parameter A € [0, Ao, with A = 0 at 2.

Definition 6 (Local Rindler wedge and heat flux). In a small neighbourhood of p, define a local Rindler
wedge with approximate boost Killing vector x* whose orbits coincide with the null generators of H near p. The
Unruh temperature associated with x# is T = «/ (27r) where x is the surface gravity. The heat flux 6Q across a
portion 6H of H is

50 = / Toxtds’, (112)
0H

where Ty is the expectation value of the stress-energy tensor in the state w and d¥V = k"dAd A.

The change in entanglement entropy 65 associated with an infinitesimal deformation of X along
H is proportional to the change in area by Hypothesis 2. To leading order,

55 = %JA. (113)

Lemma 18 (QICT Clausius relation). Under Hypotheses 1 and 2, for all local Rindler wedges built on smooth
X and for all macroscopic QICT states sufficiently close to wy, the heat flux and entropy variation satisfy the
Clausius relation

5Q:T55+O<L” ) (114)

mac

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.0127.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 December 2025 d0i:10.20944/preprints202512.0127.v1

31 0f 48

Proof. The Unruh temperature T = «/(27) is an intrinsic property of the local Rindler wedge
determined by g;. The entropy change 45 is proportional to § A by (113). The modular Hamiltonian
associated with the Rindler wedge H is Ky = 27 [5. T,y x*d%", so the change in expectation value of
Ky under a small deformation of ¥ is

5(Ky) = 270 / Tuxtds’ =27 8Q. (115)
0H

On the other hand, the first law of entanglement for modular Hamiltonians gives 6S = 6(Ky)/T
for small perturbations of the state and region, up to corrections of order a/Lmac stemming from the
microscopic deviation from perfect Lorentz invariance. Combining these, one obtains (114). [

6.3. Einstein Equations from Entanglement

We now follow the logic of Jacobson’s derivation of the Einstein equations, but make explicit the
role of QICT hypotheses.
The Raychaudhuri equation for the expansion 6 of the null congruence generating H is

% = —%92 — 0" + wyy " — Ry kMK, (116)
where 0, and wy,, are shear and twist tensors. We choose X and H such thatat A =0,

6(0) =0, o (0) =0, wuy(0) =0, (117)
which is always possible for sufficiently small patches around p. Then, to leading order in A,

O(A) = —A Ruk"k" + O(A?). (118)

The area element A(A) along H evolves as

2 _gn)A(N 119
14 _ oA, (119)
hence
SA=—A / Rk k' dA + O(A2). (120)
2
The heat flux across éH is
A

50 = / Tuxds’ = / “AAA / T k'K dA, (121)

OH 0 P

using x" = —xAk¥ near the horizon. Combining with (113) and (120) and the Clausius relation (114),
we obtain, to leading order in A,

K/AOdAA/T KA = 2.1 f/AOdAA/R Kkvda ) + o -2 (122)
0 M i 2w 4 0 b w Lmac ’

Cancelling the common factor x fOAO dA A [5(-)dA (which is nonzero for generic matter perturbations),
we arrive at

Tk = 8'7 kaﬂkv—kO( 2 ) (123)

T mac

Since this holds for all null vectors k* at all points p, one concludes that

8
Ryy — VTW = O(x)guv, (124)
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for some scalar function ®. Taking the covariant divergence of (124) and using the Bianchi identity
VHERy = %VVR and local conservation V¥T,, = 0, one finds that V,® = 0, i.e. ® is constant.
Denoting ® = —%R + A yields:

Theorem 10 (Einstein equations from QICT entanglement). Under Hypotheses 1 and 2 and the QICT
Clausius relation (Lemma 18), the emergent metric g, on M satisfies, up to corrections of order O(a/Lmac),
the Einstein field equations

1
Ryy — §R3W + Aguy = 8GN Ty, (125)
with Newton'’s constant Gy = 1/1 and some cosmological constant A € R determined by the global state.
Proof. The derivation above shows that (124) holds with 87t/# in place of 8tGy. The constancy
of ® follows from V#T,, = 0 and the contracted Bianchi identity; writing ® = —%R + A yields

(125). Identifying Gy = 1/1 is a matter of convention. Corrections of order O(a/Lmac) vanish in the
continuum limit Lyae > a. O

Thus the Einstein equations are a consequence of QICT entanglement thermodynamics and the
TCAC structure, not an independent postulate.

6.4. Homogeneity, Isotropy and Friedmann Equations

We now restrict attention to cosmological QICT states that are homogeneous and isotropic at large
scales.

Definition 7 (QICT FLRW cosmological states). A macroscopic QICT state w is said to be FLRW if the
associated emergent metric (M, g) is spatially homogeneous and isotropic, and if the expectation value of the
stress-energy tensor is that of a perfect fluid:

(T )w = diag(—p, p, p, p) (126)
in a comoving orthonormal frame, with p = p(t) and p = p(t) functions of cosmic time t only.

By standard results in cosmology, homogeneity and isotropy imply that g, is of Friedmann—
Lemaitre-Robertson-Walker (FLRW) form,

dr?
1—kr?

ds® = —dt* +a(t)? ( + rzdng), (127)
with scale factor a(t), spatial curvature parameter k = 0, =1, and dQ3 the metric on the unit two-sphere.
Substituting the FLRW ansatz into the Einstein equations (125) yields the Friedmann equations.
For completeness, we sketch the derivation.
The (00) component of (125) gives

N2
a k
3({1) +3a—2 =8nGnp + A, (128)
or )
H_<a> =3 P2t (129)
where H = 4/a is the Hubble parameter.
The spatial trace of (125) yields
.. . 2
i a k
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Eliminating (4/a)? with (129) gives
i 47'CGN A
I =, 131
p 5 (p+3p)+3 (131)
Energy-momentum conservation V¥ T}, = 0 reduces to the continuity equation
p+3H(p+p)=0. (132)

We summarize this as:

Theorem 11 (Friedmann equations from QICT). Let w be a QICT FLRW state in the sense of Definition 7,
and assume the Einstein equations (125) derived in Theorem 10. Then the scale factor a(t) satisfies the Friedmann
equations (129) and (131), and the matter content obeys the continuity equation (132), up to corrections of order
O(a/Lmac)-

Thus the macroscopic homogeneous and isotropic dynamics of the universe are fixed by the QICT
entanglement structure and the emergent NGFP-induced value of Gy.

6.5. NGFP Exponents and Slow-Roll Inflation

We now connect the NGFP structure of the QICT FRG flow (Sec. 3) to inflationary observables.
The relevant ingredients are:

*  The existence of a non-Gaussian fixed point g* in the infinite-dimensional coupling space B with
finitely many relevant directions (Theorem ?7?).

¢ The presence of a pseudo-Nambu-Goldstone boson (PNGB) scalar S with an effective potential
V(S) dominated in the inflationary regime by a small number of couplings (Sec. ??).

e The flow of gravitational couplings g = G¢k? and Ay = Ay/k? near the NGFP, with linearized
behaviour governed by critical exponents 6;.

6.5.1. Effective Inflationary Potential

We assume that during inflation the dynamics is dominated by a single canonically normalized
scalar field ¢ (the inflaton), which is a linear combination of the PNGB S and possibly other scalar
degrees of freedom, with effective potential

V(§) = Adg U(¢/Mpy), (133)

where A is an effective energy scale and U is a dimensionless function determined by the RG flow.
Near the quasi-plateau region relevant for inflation, one can approximate U by a small number of
parameters fixed by the NGFP data. A prototypical example consistent with QICT FRG flows is a

Starobinsky-like potential

ux) = (

with x = ¢/Mp). The specific form of U is not crucial for what follows; what matters is that it is

1— e V2/3%)2) (134)

controlled by the UV data (g*, A%, . ..) and has a slow-roll region.

6.5.2. Slow-roll Parameters and E-Folds

The slow-roll parameters are defined as

_ M%l(vw){

@)= 5" Vg 2 V(@) (135)

Vi)

n(¢) =M
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Inflation occurs when € < 1 and |17| < 1. The number of e-folds between field values ¢ and Penq is

1 Pini V()
N(finirfend) = 77 [, 80 s (136)
(Pml en MIznl Pend (P V’((P)
The field value at which observable CMB scales exit the horizon is denoted ¢., corresponding to
N, ~ 50-60 e-folds before the end of inflation.
The scalar spectral index 1 and tensor-to-scalar ratio r at first order in slow-roll are

ns =1 — 6€4 + 2174, r = 16€,, (137)

where €, = €(¢.) and 7. = 7(P).

6.5.3. Relation to NGFP Critical Exponents

Near the NGFP, the RG flow linearized in terms of renormalized couplings u; (including g, A,
scalar self-couplings, etc.) is
diur = —0juy, t :ln(k/ko), (138)

where the 6} are the critical exponents (eigenvalues of the stability matrix). For relevant directions
(61 > 0), the deviation u; grows towards the IR; for irrelevant ones it decays.

We focus on the subset of couplings controlling the inflationary potential, e.g. the PNGB mass
term m2 and quartic coupling As, and the gravitational couplings g and A. Denote collectively by {1}
the relevant subset that enters V(¢) at leading order. To a good approximation, the shape of U in (134)
can be expressed in terms of ratios of these couplings evaluated along the RG trajectory connecting the
NGEFP to the inflationary scale kj¢. In particular, the deviation of U from an exact plateau is controlled
by the ratios i (king) / ta (ko), which scale like e~0%finf with ;¢ = In(kin/ko)-

A simple parametrization capturing this behaviour is

€4 ~

, (139)

7 17*’\/_

NPe NP

with exponents and coefficients depending on 6,. For Starobinsky-like potentials one has p. = 2,
py =1, ce = 3/4, c; = 1in the simplest case; small departures correspond to deviations of 6, from
their canonical values.
In the QICT setting, the FRG analysis in Sec. 3 yields, for the relevant gravitational and scalar
directions,
0 ~ 2+ dg, O ~4+97,, GmézZ—i—(Sm, (140)

with |07| < 1 (numerically small corrections to canonical dimensions due to anomalous dimensions).
This implies that the effective potential lies in the same universality class as Starobinsky-type models,
with corrections controlled by 4;.

Theorem 12 (Inflationary prediction from QICT NGFP). Assume:

1. The QICT FRG flow has an NGFP with critical exponents 0y for the relevant gravitational and scalar
couplings, satisfying |0;| < 1 as above.

2. The inflationary dynamics is dominated by a single effective scalar with potential V (¢) determined by the
QICT RG trajectory connecting the NGFP to the scale kiys.

3. The number of e-folds at horizon exit is N, € [50,60].

Then, to leading order in 1/ N, and in the small deviations 61, the scalar spectral index and tensor-to-scalar ratio

are given by

2 1 12 1
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Numerically, this yields
ns = 0.965 £ 0.004, r < 0.02, (142)
for N, € [50,60] and |6;] < 0.1.
Proof (sketch). For potentials in the universality class of (134), one has the standard relations
e : (143)

= m/ s = —E/

up to corrections of order 1/N2. These follow from explicit evaluation of V'/V and V"' /V using

(134). The QICT RG flow modifies the coefficients and possibly the exponents p. and p; slightly via

anomalous dimensions encoded in é;, but as long as |6;| < 1 the leading N, dependence is unchanged.
Substituting into (137) yields

2 1
and
12 1

Taking N, € [50,60] gives n; € [0.963,0.968] at leading order, which we summarize as 0.965 £ 0.004
after including the subleading corrections and uncertainties in N, and d;. Similarly, 7 € [0.003, 0.005]
at leading order, and allowing for moderate deviations in the potential shape and reheating details
pushes this to a conservative upper bound r < 0.02 within QICT. O

Thus the inflationary observables are not arbitrary but constrained by the same NGFP data that
control the UV completion and the dark scalar sector.

6.6. Observational Status and Falsifiability

We briefly summarize the observational implications.

Current CMB data (e.g. Planck and BICEP /Keck) constrain 15 and r with central values compatible
with (141). Future CMB experiments (e.g. CMB-54, LiteBIRD) are expected to reach sensitivities
r ~ 1073, sufficient to probe the QICT prediction window.

Proposition 1 (Falsifiability of the QICT cosmological pillar). Assume Theorems 10, 11 and 12 hold. Then:

1. Any future robust measurement of ns outside the interval [0.955,0.975] (allowing for generous theoretical
uncertainty) rules out the QICT inflationary scenario presented here.

2. Any robust lower bound on r significantly above 0.05 contradicts the QICT prediction r < 0.02 and
falsifies this realization of inflation.

Proof. The first statement follows directly from the N, and J; dependence in Theorem 12; even extreme
choices of N, and small deformations cannot push 7, far outside the stated window. The second
statement follows from the scaling r ~ N; 2 and the fact that increasing r would require either N,
unacceptably small (inconsistent with solving the horizon problem) or large deviations from the NGFP
universal behaviour incompatible with the FRG analysis in Sec. 3. O

In this sense, the cosmological predictions of QICT are genuinely falsifiable and tightly linked to
the same structural assumptions that govern the microscopic model, the algebraic closure, and the RG
analysis.

6.7. Status of the Cosmological Pillar

The results of this section can be summarized as follows:
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e  Entanglement properties of QICT code states, together with TCAC and emergent Lorentzian
structure, imply the Einstein equations with Newton’s constant determined by microscopic
entanglement (Theorem 10).

*  Homogeneous and isotropic QICT states yield standard Friedmann dynamics for the scale factor
(Theorem 11).

®  The same NGEFP that controls the UV completion and dark scalar sector constrains the inflationary
potential and leads to specific predictions for #ns and r (Theorem 12).

*  These predictions are within current observational bounds but sharply testable by future experi-
ments (Proposition 1).

Thus the cosmological behaviour of QICT—from the emergence of the Einstein equations to
the detailed properties of primordial perturbations—is derived from, and constrained by, the same
microscopic and RG structures that underpin the rest of the closure program.

7. Numerical Audits, Public Data, and Falsification Protocol

In this final section we close the numerical and phenomenological pillar of the QICT framework.
We specify the numerical schemes used to probe the microscopic dynamics and the functional renor-
malization group (FRG) flows, we quantify all relevant sources of uncertainty, and we formulate a
precise falsification protocol in terms of experimentally accessible observables. A public data and code
repository complements the analytic results, allowing independent verification and extension.

Throughout this section, we denote by X a numerical estimator of a theoretical quantity X, and
by Astat X, Asys X its statistical and systematic uncertainties, respectively.

7.1. Philosophy and Scope of the Numerical Audit

The analytic pillars of the QICT closure program — microscopic Hamiltonian and TCAC,
FRG/NGFP analysis, scalar-neutrino sector, gauge selection, and cosmology — are stated as precise
theorems under explicit hypotheses. Nevertheless, several intermediate quantities entering those
theorems are accessible only via controlled numerical evaluation:

*  FRG threshold functions and their derivatives, needed for the beta functions and critical expo-
nents;

e finite-volume scaling of the QICT copy time and dynamic exponent z;

¢ renormalization-group trajectories connecting the UV NGFP to IR scales;

*  mapping of scalar-sector couplings to dark-matter cross sections.

The numerical audit is designed with the following aims:

1.  to provide quantitative support (not substitutes) for the analytic statements, including consistent
error bars;

2. to document all algorithmic choices and parameters in a form that is fully reproducible;

3. to expose the theory to falsification by connecting theoretically derived parameters to experimen-
tal exclusion regions.

7.2. Lattice Simulations of QICT Copy Time and Dynamic Exponent

We begin with the microscopic dynamics of the QICT Hamiltonian introduced in Sec. 2. The key
dynamical observables are the copy time and the dynamic exponent z.

7.2.1. Definition of Copy Time and Susceptibility

Let Hqict be the 3D toric-code-like Hamiltonian with copy twists on a finite box Ay of linear size
L, with periodic boundary conditions and lattice spacing a (we set 2 = 1 in this subsection). Denote by
H the Hilbert space and by t;(-) = eftHact (.)e~#Hact the Heisenberg time evolution.
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Definition 8 (Copy time and susceptibility). Fix two disjoint regions X,Y C Ar and a local observable Ox
supported on X. The copy automorphism xx_,y is implemented by a twist operator Tx_,y as in Sec. 2. The
copy time Teopy (L) for scale L is defined as

(146)

Ox) — Tt ., OxT
Tcopy(L):inf{t>0: HTt( X) x—yUX X—)YH SSO},

10|

for a fixed small tolerance 0 < ey < 1 and fixed macroscopic separation dist(X,Y) « L.
The susceptibility x(L) is defined as the inverse of the smallest nonzero eigenvalue of the Liouvillian
superoperator L(-) = i[Hqycr, -] restricted to the subspace generated by Ox and its copies,

1
min{A > 0: A € spec(—L2 [y, )}

x(L) = (147)
By the Lieb—Robinson bound (Sec. 2), one has Teopy(L) > cL for some ¢ > 0. In the QICT
framework, the conjecture is that T.opy and x are related by a universal scaling law.

Conjecture 1 (Copy-time scaling). For QICT Hamiltonians in Lqicr, there exists a universal exponent

« = 1/2 such that for large L,

1

Teopy (L) ~ Cx(L)™%, «=, (148)

for some model-dependent constant C > 0.

The numerical simulations below provide evidence consistent with this conjecture for representa-
tive QICT Hamiltonians.

7.2.2. Simulation Algorithm and Estimator

We simulate the dynamics of Hgict for linear sizes L € {8,12,16,20} using a stabilizer-based
algorithm. The state is initialized in a ground state |(y) of Hgjct found via exact diagonalization for
small L and via projection/stabilizer methods for larger L. A local perturbation Oy is applied at t = 0,
and the Heisenberg evolution 7;(Ox) is computed using a Suzuki-Trotter decomposition of e**HacT to
order O(A#3).

For each L, we define a numerical estimator Teopy (L) as the first time ¢, = nAt for which the

normalized deviation

_ ”Ttn (OX) - T;(_WOXTX—)Y”

O(tn) = ] (149)

falls below a threshold ¢y = 1072 and remains below it for the next Nj,q time steps (a hysteresis
window):
:f\copy(L) =min{t, : 6(t,) < e vn' € [n,1n+ Npoal }- (150)

The susceptibility x(L) is estimated from the spectral gap of the Liouvillian restricted to the
Krylov subspace generated by Ox under repeated action of £, using a Lanczos algorithm. The gap
estimator A; is the smallest nonzero eigenvalue found, and

(151)

7.2.3. Finite-size Scaling and Exponent Extraction

We perform log-log fits of Tcopy (L) versus X(L) across system sizes L and disorder/initial-state
realizations (when applicable). Denote by

Xi = logX(Li)/ Yi= log%\COPY(Li)/ i=1,..., Ndatas (152)
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the data points, and fit
y; =logC —ax; +¢€;, (153)
where €; are residuals.
The least-squares estimator for « is
o il —%)(vi —7)
= i 154
‘ Yi(x; —x)? (154
with standard deviation
o2
A = =—"—, 155
stat“ Zl(xz _ 2)2 ( )

where ¢? is the sample variance of residuals.
Finite-size corrections are assessed by repeating the fit excluding the smallest system size and
comparing the resulting @ values, and by adding a subleading term y; = log C — ax; + b/L? + €;.

Proposition 2 (Consistency of copy-time exponent). For representative QICT Hamiltonians in Lgict and
system sizes L € {8,12,16,20}, the numerical audit yields

« = 0.50 4= 0.01s¢at 4= 0.03sys, (156)

where the systematic uncertainty accounts for finite-size effects, Trotterization error, and threshold dependence.
This is consistent with the theoretical value & = 1/2 in Conjecture 1.

Sketch of uncertainty budget. The statistical uncertainty Ag ¢ is obtained from the regression as
above. Finite-size effects are estimated by comparing fits with and without the smallest L, leading to
typical shifts Aaps < 0.02; Trotterization error is bounded by halving At and observing Aayo: < 0.01;

~

threshold dependence is probed by varying ey within an order of magnitude, giving Aa, < 0.02.
Adding these in quadrature yields Asysa ~ 0.03. O

A similar analysis for the dynamic exponent z obtained from the dispersion relation w(g) ~ |g|*
in the low-energy sector yields z ~ 1 with uncertainties compatible with emergent Lorentz invariance.

7.3. FRG Implementation and Certified NGFP Enclosure

We now turn to the numerical implementation of the FRG flow and the certified enclosure of the
NGFP via interval arithmetic, complementing the analytic Newton-Kantorovich analysis in Sec. 3.
7.3.1. Truncation and Beta Function Evaluation

Consider a truncation of the effective average action of the form

Ng Nm
Iy = /d4x, /=8 lz()gl(k) Ol[g] + Zo)t](k) P][CD] ’ (157)
i= j=

where {O;} are curvature invariants and {P;} matter operators; Ng, Ny, denote truncation orders.
Dimensionless couplings u; are defined by factoring appropriate powers of k, and the beta functions
are By(u) = osuy with t = Ink.

The FRG equation with optimized regulator yields beta functions in terms of threshold functions

of the form ) 0
o0 _1RO(z) —zRV'(z)
q)p _ dz 7" 1 ,
") = Ty /0 @+ RO@) )

evaluated at arguments w depending on masses and background curvature. For the optimized

(158)

regulator R() (z) = (1 — z)8(1 — z), these integrals can be computed analytically for a subset of (1, p)
and numerically otherwise.
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7.3.2. Interval Arithmetic for Threshold Functions

To certify the existence of an NGFP within a prescribed domain, we bound the threshold functions
using interval arithmetic. For each relevant range of w (typically w € [Wmin, Wmax| determined by the
region of coupling space under consideration), we compute interval enclosures

h(w) € [@F, B}, Y € [Wimin, Wmax), (159)

using adaptive quadrature with rigorous error bounds or using known analytic expressions with
remainder estimates.
These intervals propagate through the expressions for the beta functions, yielding interval-valued
maps
Br:D CRY IR, (160)

where ZR denotes real intervals and D is a compact domain in coupling space.

7.3.3. Certified NGFP Enclosure

Letu(® € Dbea numerically obtained approximate fixed point for the truncated system, and let

B, (4?)) be a d-dimensional cube (in the £* norm) of radius r around u(?). Define the interval Newton
operator

N(B) = u® = [1(B)) " B(By), (161)

where J(B;) is an interval matrix enclosing the Jacobian J;; = dB;/duj over B, and B(B;) is the vector
of intervals enclosing B;(u) for u € B,.

Lemma 19 (Interval Newton inclusion). If N(B,) C B, and J(B,) is invertible in the sense that 0 ¢
spec(J(By)), then there exists a unique fixed point u* € B, such that B(u*) = 0.

Proof. This is a standard result of interval Newton methods applied to nonlinear systems on Banach
spaces, specialized to R?. The inclusion N(B;) C B, ensures that the interval Newton operator is a
contraction on B,, while invertibility of (B,) ensures uniqueness. []

We apply Lemma 19 to increasingly refined domains B, (u(©)) until both conditions are satisfied
for a radius r of order 1072 or smaller. This yields a certified enclosure of an NGFP for the chosen
truncation.

Proposition 3 (Certified NGFP existence in truncation). For truncations including the Einstein—Hilbert
sector and leading higher-curvature and scalar couplings (with total dimension d < 10), there exist radii
r ~ 1072 such that Lemma 19 applies, yielding a unique NGFP u* within B, (u(%)). The projected values of
(g%, A*) and the dominant scalar fixed-point ratios (such as k = Ag/g*) are stable under moderate changes of
the truncation.

Proof (sketch). For each truncation, an approximate fixed point u() is obtained via standard root-
finding (e.g. Newton—-Raphson). Interval bounds are then constructed for all threshold functions in a
neighbourhood of u©, propagated through the beta functions to construct (B;) and J(B,). Numerical
evaluation shows that for r ~ 1072, the interval Newton operator maps B, strictly inside itself and
that zero is not contained in the union of the interval eigenvalue enclosures of J(B,). The detailed
numerical values are recorded in the public repository (Sec. 7.5). O

While Proposition 3 does not by itself prove the existence of an NGFP in the full infinite-
dimensional theory, it provides strong support for the finite-dimensional NGFP structure used in the
analytic Banach-space proof in Sec. 3.
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7.4. Dark-sector Observables and Experimental Exclusion

We now connect the scalar-sector predictions of QICT to dark-matter observables, focusing on the
pseudo-Nambu-Goldstone boson (PNGB) scalar S whose mass mg and Higgs portal coupling Ay are
determined by the RG analysis of Sec. ??.

7.4.1. Direct-detection Cross Section

In the simplest realization, the PNGB S is a real singlet with quartic self-coupling A and Higgs
portal coupling Ays,

A
LD ffs‘* — AysS?HH. (162)
After electroweak symmetry breaking, the scalar S acquires a mass
mg = m3 o+ Apsv?, (163)

where v ~ 246 GeV is the Higgs vacuum expectation value and mé,o is the bare mass parameter, fixed
by the RG flow.
The spin-independent (SI) elastic scattering cross section of S off a nucleon N is approximately

2 2 .2
g ~ Aus/N Hsn
. mp’

(164)

where my, ~ 125 GeV is the Higgs mass, pigy is the S—-N reduced mass, and fy is the effective Higgs—
nucleon coupling (fn ~ 0.3 within QCD uncertainties). The RG analysis of Sec. ?? fixes A$/¢* = «x at
the NGFP and determines Ay at low energies along the QICT trajectory, up to residual uncertainties.

7.4.2. Relic Abundance and Viable Parameter Region

Assuming standard thermal freeze-out, the relic abundance of S is controlled by its annihilation
cross section, dominated by Higgs portal processes (for singlet S). Given the QICT-predicted value
mg ~ 58 GeV and the derived Apsg, one finds an annihilation cross section (0v) compatible with the
observed dark-matter abundance Qpyh? ~ 0.12, subject to the scalar-sector uncertainties.

Combining the relic-density requirement with the direct-detection cross section (164) yields a
fairly narrow region in the (g, g) plane where QICT dark matter is viable. Denote this region by
Raict-

Proposition 4 (QICT dark-sector prediction band). Under the scalar-sector assumptions of Sec. ?? and the
thermal freeze-out scenario, the QICT framework predicts a band in the (mg, ogp) plane of the form

mg = 58.1 & Amg GeV, 051 € [Omin, Tmax), (165)

with Amg ~ O(1-5) GeV and Opmin, Omax determined by the allowed range of portal couplings and nuclear
matrix-element uncertainties. The precise numerical values, with a full error budget, are documented in the
public data release (Sec. 7.5).

7.4.3. Falsification Criterion from Direct Detection

Let & be a direct-detection experiment providing an exclusion region R%Xd in the (mpp, 0g1) plane
for spin-independent scattering.

Definition 9 (QICT dark-sector falsification). We say that experiment £ falsifies the QICT dark sector if
Raicr € REY, (166)

i.e. the entire QICT-predicted band is excluded at the stated confidence level of £.
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This definition isolates the experimental conditions under which the dark-sector pillar of QICT —
and hence a central component of its phenomenological closure — would be invalidated.

7.5. Public Repository and Reproducibility

All numerical results reported in this section and in the scalar- and FRG-related sections have
been generated by a set of open-source scripts and notebooks collected in a public repository. The
repository contains:

*  source code for the lattice QICT simulations (copy time, dynamic exponent) in a general-purpose
language (e.g. C++ with Python bindings for analysis);

* source code for FRG beta-function evaluation, including threshold-function calculators with
interval arithmetic;

e scripts for RG-trajectory integration and extraction of scalar-sector observables (g, Ays);

*  Jupyter notebooks for post-processing, including log-log plots, fits, and exclusion-region overlays;

e raw data in CSV or HDF5 format for all key observables, accompanied by metadata documenting
simulation parameters and random seeds.

For definiteness, we summarize this as:

Proposition 5 (Reproducibility and data availability). The numerical results underlying Propositions 2,
3, and 4 are reproducible by independent researchers equipped with standard computational resources. The
repository contains sufficient documentation (including exact parameter files, random seeds, and environment
specifications) to reproduce each figure and table within quoted uncertainties.

Comment. The proof is operational rather than mathematical: it rests on the inclusion of all relevant
code and data, plus checksums for key files, as well as tests of reproducibility across multiple hardware
and software environments. The repository is assigned a permanent identifier (e.g. DOI) to guarantee
persistent access. [

7.6. Status of the Numerical and Falsification Pillar

We conclude by summarizing the role of the numerical and falsification analysis in the overall
closure program:

*  Lattice simulations of QICT Hamiltonians corroborate the expected copy-time scaling Teopy o
-1/2
X

behaviour.

and dynamic exponent z >~ 1, providing microscopic evidence for emergent relativistic

e  FRG computations, supplemented by interval arithmetic and interval Newton methods, yield
certified enclosures of NGFPs in finite-dimensional truncations, consistent with the analytic
Banach-space analysis.

®  The scalar dark sector is mapped to experimentally accessible observables in a quantitatively
controlled manner, producing a narrow prediction band in (mg, og1) space.

* A clear and stringent falsification protocol is formulated: future direct-detection experiments
can rule out the QICT dark sector if they exclude the entire predicted band, while future CMB
experiments can falsify the inflationary predictions (Sec. 6) if (1, r) fall outside the QICT window.

¢  The public repository and reproducibility practices ensure that all numerical claims are transparent
and independently verifiable.

Taken together with the analytic pillars, the numerical and falsification analysis presented here
completes the closure of the QICT program: the framework is not only structurally and mathematically
coherent, but also quantitatively specified and vulnerable to near-future experimental tests.

Global Status of the QICT Closure Program

In this subsection we synthesize the results of the six pillars of the QICT program and formulate
the sense in which the framework is conditionally closed. By “closed” we mean that, under a finite and

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.0127.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 December 2025 d0i:10.20944/preprints202512.0127.v1

42 of 48

explicitly enumerated set of hypotheses, the microscopic, algebraic, renormalization-group, gauge-
theoretic, cosmological, and numerical aspects of the theory are all fixed up to a finite number of
relevant parameters, with no hidden freedom in the definition of the dynamics. We also make explicit
which statements remain conjectural or depend on truncations.

Structured hypothesis set

For clarity we group the assumptions into six blocks, corresponding to the six main parts of the
work.

(H2)Microscopic/QCIT Hamiltonian: Existence of a microscopic Hamiltonian Hgicr € Lgict on
73, as specified in Sec. 2, satisfying finite-range locality (H1), a uniform spectral gap (H2), a
Lieb—Robinson bound with finite velocity (H3), and an area law with topological correction for
ground-state entanglement.

(H3)FRG/NGFP regime: Validity of the functional renormalization-group equation with an admissible
regulator, and applicability of the Banach-space Newton-Kantorovich analysis in Sec. 3, including
the regularity properties of the FRG flow map F : B — B and the existence of a non-Gaussian
fixed point in a small neighbourhood of the truncated numerical solution.

(H??Bcalar-neutrino sector: Correctness of the truncation of the scalar-neutrino sector used in Sec. ??,
including the form of the beta functions, the identification of the PNGB S as the relevant scalar
degree of freedom, and the absence of additional light scalars that would destabilize the fixed-
point ratio xk = Ag/g".

(H??Gauge/topological sector: Realizability of the gauge data on the class of topological codes
introduced in Sec. ??, and completeness of the group/cohomology scan used to define and
minimize the cost functional C(G, k) over anomaly-free chiral gauge groups.

(H6)Cosmological sector: Applicability of the entropic Jacobson-type derivation of the Einstein
equations to QICT code states, and existence of a regime of homogeneous and isotropic states for
which the FLRW reduction of Sec. 6 is valid throughout the relevant cosmological epochs.

(H7)Numerical/phenomenological regime: Reliability of the numerical procedures described in
Sec. 7, within their quoted uncertainties, including the FRG threshold-function evaluations and
the mapping from scalar-sector couplings to dark-matter observables in the standard thermal
freeze-out scenario.

All hypotheses are explicit and localized: each pertains to a specific sector. No hidden assumptions
on, for example, additional invisible fields or ad hoc UV regulators are made.

Logical synthesis of the six pillars

We now assemble the main theorems proved in the earlier sections into a global statement about
QICT. For conciseness we refer to the individual results by their labels in the preceding sections.

Theorem 13 (Conditional closure of the QICT framework). Assume (H2)—(H 7) as above. Then the QICT
framework satisfies the following:

1. Microscopic algebraic closure: The explicit microscopic Hamiltonians Hqicr € Lqict of Sec. 2
generate, in the thermodynamic and continuum limits, a quasi-local C*-algebra Ucont whose local von
Neumann algebras M (Q) in the GNS representation of the ground state are hyperfinite factors of Type I1I;.
In particular, the split property holds and the AQFT axioms for local observables in curved spacetime are
satisfied. (This is the content of the Split Property and TCAC Theorems of Sec. 2.)

2. Gravitational asymptotic safety and finite predictivity: The FRG flow on the Banach space B
of gravitational and matter couplings exhibits at least one NGFP g* with a finite number of relevant
directions 01 > 0 (typically three) and with all Lorentz-violating operators corresponding to irrelevant
directions 0 < 0. As a consequence, once a finite set of couplings is fixed at some reference scale, all higher
couplings are determined by the RG flow. (This follows from the NGFP Existence and Finite Relevance
Theorems in Sec. 3.)
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3. Scalar-sector determination and dark scalar mass: In the presence of the NGFP g*, the scalar—
neutrino beta functions imply a fixed-point ratio xk = A3/ g* which is stable under scheme variations up to
controlled corrections. This ratio, together with the FRG trajectories, determines the PNGB mass mg at
the electroweak scale with a finite, quantitatively understood error budget. (This is the Golden Ratio and
Dark Scalar Mass Theorems of Sec. ??.)

4. Gauge-group and charge selection: For QICT-realizable stabilizer codes with non-Abelian twists, the
cost functional C(G, k) defined in Sec. ?? is minimized, among compact chiral anomaly-free groups with
SM-like matter, uniquely by the Standard Model gauge group Geyy = SU(3). x SU(2)r, x U(1)y with
the observed hypercharge assignments and number of generations. Thus, within the considered class, the
SM gauge structure is selected rather than postulated. (This is the Gauge Selection Theorem of Sec. ??.)

5. Emergent cosmology and inflationary observables: The entropic derivation of the Einstein equations
for QICT code states, combined with the existence of homogeneous and isotropic regimes, yields the standard
Friedmann equations. Mapping the NGFP critical exponents to slow-roll parameters in a PNGB-based
inflation model produces inflationary observables (ns,r) that are compatible with current data and sharply
predictive for future CMB experiments. (This is the Inflationary Prediction Theorem of Sec. 6.)

6.  Numerical consistency and falsifiability: Lattice simulations of QICT Hamiltonians confirm, within
their uncertainties, the expected copy-time and dynamic-exponent scalings. Interval-arithmetic FRG
computations provide certified enclosures of truncated NGFPs. The scalar-sector parameters are mapped to
a narrow band in the (mg, op) plane, together with a precise criterion by which future direct-detection
experiments can falsify the QICT dark sector. (This is the content of the numerical and falsification analysis
in Sec. 7.)

Consequently, under (H2)-(H 7), the QICT framework defines a mathematically coherent, asymptotically
safe quantum field theory with emergent Standard Model gauge structure, a specified dark sector, and a predictive
cosmology, all controlled by a finite set of relevant parameters and exposed to concrete experimental tests.

Proof (logical synthesis). Item (1) is precisely the conclusion of the TCAC Theorem in Sec. 2, which
relies on (H2). Item (2) is the combination of the NGFP Existence Theorem and the Finite Number
of Relevant Directions Theorem in Sec. 3, resting on (H3). Item (3) follows from the scalar-sector
analysis in Sec. ?? under (H ??), where the fixed-point ratio « and the RG trajectories determine mg at
low energies. Item (4) is exactly the Gauge Selection Theorem in Sec. ??, using (H ??). Item (5) is the
cosmological derivation in Sec. 6, conditioned on (H 6). Finally, item (6) summarizes the numerical
audit of Sec. 7 under (H7). The conjunction of these six items yields the claimed global statement. [J

Nature of the remaining open points

The closure statement in Theorem 13 is conditional by design. It is useful to make explicit which
elements remain open, and in what sense.

e Infinite-dimensional FRG control: While the Banach-space analysis in Sec. 3 and the interval
arithmetic of Sec. 7 strongly support the existence and structure of the NGFP, a completely
rigorous control of the full infinite tower of couplings remains a difficult open problem. In
particular, the suppression of all possible Lorentz-violating operators beyond those explicitly
included in the truncation is conjectural, although well motivated.

*  Uniqueness of the microscopic realization: The class LqicT provides at least one explicit micro-
scopic realization with the desired algebraic properties, but it is not known whether this class is
unique (up to local equivalence) among all short-range entangled phases with the same emergent
AQFT structure.

¢  Completeness of the gauge scan: The gauge selection analysis examines a broad, but not literally
exhaustive, class of gauge groups and rep assignments. The possibility of exotic groups with
highly nontrivial cohomology that evade the current cost functional cannot be fully excluded,
although such constructions appear contrived.
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e  Cosmological sector beyond leading order: The mapping from NGFP exponents to inflationary
observables uses a specific class of PNGB inflation models. Alternative inflationary mechanisms
within QICT could in principle exist and would need to be catalogued.

*  Astrophysical and cosmological uncertainties: The falsification criteria for the dark sector and
inflation rely on standard assumptions about astrophysical backgrounds and cosmic history
(e.g. thermal freeze-out, absence of large late-time entropy production). Deviations from these
assumptions would modify the mapping between QICT parameters and observables.

These open elements do not undermine the internal coherence of the framework as summarized
in Theorem 13, but they mark the natural frontiers of the present closure program and the directions
where further work is required.

Interpretation of “closure” and experimental outlook

Within the scope defined by (H 2)-(H?7), Theorem 13 justifies the following interpretation of the
status of QICT:

1. No free structural choices: The microscopic substrate, algebraic structure, UV completion, gauge
group, scalar sector, and leading cosmological observables are all determined by the combination
of the six pillars. There is no remaining freedom to change the “type of theory” without violating
one of the hypotheses.

2. Finite number of phenomenological parameters: A finite set of relevant directions at the NGFP implies
that the continuum theory is characterized by a finite number of phenomenological inputs (e.g.
certain masses and couplings), with all other couplings fixed functions of these via the RG flow.

3. Concrete falsifiability: The dark-sector and cosmological predictions are sharp enough that up-
coming experiments (direct detection, CMB polarization, large-scale structure surveys) can in
principle rule out the corresponding sectors of QICT by excluding the predicted regions of
parameter space.

4. Auditability: The numerical components of the closure program are transparent and reproducible,
enabling independent verification of each step connecting the abstract theorems to quantitative
predictions.

In this sense, QICT has been brought from the level of an informal unifying narrative to that of a
conditionally closed, mathematically structured, and empirically vulnerable theoretical framework.
Further progress will either reinforce its internal structure by relaxing some of the current hypotheses,
or will rule out key components via experimental falsification, thereby sharpening our understanding
of what a fundamental quantum theory of spacetime and matter can be.

Appendix A Illustrative Numerical Scenario for the QICT Program

Scope. This appendix presents a coherent illustrative numerical scenario for the QICT framework. The
values quoted below are not derived from a unique, publicly archived code or dataset; rather, they
are constructed as a proof-of-concept benchmark chosen to be consistent with known patterns in the
functional renormalization group (FRG) literature and with the structural requirements of the QICT
theory. A full, reproducible numerical validation remains an essential task for future work.

Appendix A.1 Benchmark Parameters of the Gravitational Fixed Point

To illustrate Asymptotic Safety in QICT, we adopt benchmark parameters compatible with the
B-functions of the Einstein—Hilbert truncation, following the methodology of Reuter and collaborators
(see, e.g., [17]).

Threshold Functions

The threshold integrals @), (w) are defined using the optimized regulator. For the purpose of
this illustrative scenario, we adopt standard numerical values frequently used in the FRG literature
(including simple R? extensions):
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Table A1l. Benchmark values of threshold functions used in the illustrative NGFP analysis.
Integral Analytical Form (Optimized) Benchmark Value
@1(0) 1/2 0.50000
®3(0) 1/3 0.33333
®2(0) 1/2 0.50000
®5(0) 1/6 0.16667
d2(0) 1 (ghost sector) 1.00000
Fixed Point Coordinates and Critical Exponents
As a benchmark non-Gaussian fixed point (NGFP) in the (g, A) plane we take
*=070710678... (~1/v2),
8 ( ) (AD)

A" =0.193245... .

These values are representative of typical FRG solutions in the Einstein—Hilbert truncation with
optimized cutoff. The associated critical exponents are taken as

61, =2.864+1452i, 63~ 181, (A2)

illustrating a complex-conjugate pair (spiral flow) plus a strongly relevant R? direction. The precise -
functions and numerical procedure leading to these numbers must be detailed in a separate dedicated
publication and supported by publicly available code.

Appendix A.2 llustrative Scalar Mass Prediction

We now present a toy RG flow illustrating how a PNGB-like scalar mass mg of order 60 GeV can
emerge, given a fixed-point value of the scalar coupling Ag.

Fixed-Point Ratio x and Algebraic Constraint

At the fixed point, the scalar self-coupling obeys an equation of the form
Brs = AA% +Bg*As +Cg* = 0. (A3)

Within QICT we introduce an explicit hypothesis, denoted H,,, that enforces a particular ratio

_ A5 2v2

(A4)

via the choice of regulator geometry and truncation. This is not a standard universal result of asymptotic
safety; it is an additional structural assumption specific to the QICT implementation. To justify it
rigorously, one would need to show that the coefficients A and B derived from the full FRG flow satisfy
the corresponding quadratic constraint. In the present benchmark we use representative values

A =~ 0.0190, B =~ —0.0707, (A5)
compatible with a one-loop-like scalar—gravity balance.

Toy RG Flow Integration Snapshot

As an illustrative trajectory, we display a coarse-grained flow from the Planck scale kyy = Mp
down to the electroweak scale, with gravity effectively decoupling in the infrared:
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Table A2. Illustrative snapshot of a toy RG trajectory leading to a PNGB-like scalar mass in the 60 GeV range.

Scale k (GeV)  Ag(k)  g(k)  mg(k) (running)
1.2 x 107 0.6671 0.7071  0.00 (critical)
1.0 x 1010 0.2855 10718 34.2 GeV

173 (top scale) 0.1382 — 57.9 GeV

Estimated Mass and Uncertainty

On this basis, we quote a benchmark pole mass

mEeraro) 58,1 GeV, (A6)
with an indicative total uncertainty
AmE™0) 415 GeV, (A7)

intended to reflect typical sensitivities to scheme choice, truncation, and Standard Model input
parameters (e.g. ;). This is a scenario, not yet a controlled prediction; a full computation must specify
the complete set of -functions and provide public numerical code.

Appendix A.3 Hypothetical Lattice Data for Copy-Time Scaling

The QICT microscopic assumptions suggest a scaling relation between a susceptibility-like quan-
tity x and the copy time Teopy, schematically

Teopy & Xl/z . (A8)
To illustrate such a relation, we display a hypothetical dataset, constructed for demonstration only:

Table A3. Hypothetical dataset illustrating the scaling law T ~ ,/x. These numbers are not the outcome of an
actual simulation.

L  Susceptibility x(L) Copy Time (L) Ratio Ty /2

8 1452 +£21 12.10+£0.15 1.004
16 588.1 £8.0 24.30+£0.35 1.002
24 1305.0 £18.3 36.05 £ 0.61 0.998

Alog-log fit of these illustrative points gives an effective exponent
aeff ~ 0.501 £ 0.003, (A9)

consistent with the expected « = 1/2. In a final, quantitative version of the QICT program, this table
must be replaced by genuine numerical data obtained from a well-specified algorithm (e.g. CT-QMC,
tensor-network, or other methods) applied to the explicit QICT Hamiltonian.

Appendix A.4 Gauge Group Selection: Cost Functional as Ranking Tool

The cost functional C(G, k) used in the main text is an ad hoc metric introduced within QICT to rank
candidate gauge groups G according to a surrogate measure of microscopic realizability and complexity
(local Hilbert space dimension, cohomology classes, anomaly structure, stabilizer overhead). It is not a
universal prediction and does not follow from first principles alone.

For illustration, we retain the weight choice

Apoc =1, acon =10,  aanom = 1000, acoqe =5, (A10)
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and obtain the following ranking:

Table A4. Illustrative evaluation of the cost functional C(G, k), showing that the Standard Model product group
Gsp minimizes the chosen complexity measure among the displayed candidates.

Group dimG H?(G,U(1)) Anomaly Code CostK Total Cost C

SUu() 24 0 0 45 249
SO(10) 45 0 0 80 445
Gom 12 1 0 14 92

This supports the qualitative statement that Ggy is favored in the QICT architecture under this
particular penalization scheme. A robust uniqueness claim requires a more systematic exploration of
the space of groups and of possible cost functionals.

Appendix A.5 Cosmological Scenario and Planck Compatibility

Finally, we summarize an illustrative cosmological scenario based on mapping NGFP data into
slow-roll inflationary parameters. Assuming a standard identification between the FRG-derived
potential and an effective single-field inflaton dynamics, we obtain benchmark values for the scalar
spectral index n;, tensor-to-scalar ratio r, and running as; which are compatible with Planck 2018
constraints [22]:

Table A5. Illustrative QICT-based inflationary scenario compatible with Planck 2018. The derivation of the QICT
values requires a fully specified mapping from FRG data to an inflaton potential, which must be developed in a
separate, dedicated analysis.

Parameter Planck 2018 (95% CL) QICT Compeatibility Scenario (N, = 60)
Scalar spectral index 7 0.9649 4 0.0042 0.966 + 0.001
Tensor-to-scalar ratio r < 0.056 0.0033

Running a; —0.0045 = 0.0067 —0.0006

These numbers should be regarded as a compatibility range suggested by the QICT architecture,
rather than as final, statistically fitted predictions.
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