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Abstract

Entanglement is conventionally treated as an abstract property of tensor-product Hilbert spaces. We
show instead that it can be realized as a global compatibility constraint in the internal gauge bundle of
the vacuum, encoded by a locally pure-gauge field Z(x) acting only on internal degrees of freedom.
This vacuum internal gauge symmetry (VIGS) yields a concrete, symmetry-based mechanism for quantum
correlations that requires no nonlocal dynamics, introduces no new particles or forces, and leaves the
Standard Model Lagrangian unchanged. Our main result is the Vacuum Internal Gauge Theorem, which
demonstrates that: (i) all nontrivial global constraints induced by Z are confined to internal fibers; (ii)
only internal degrees of freedom can become entangled; (iii) no information can be transmitted via the
vacuum gauge structure; and (iv) gravitational degrees of freedom, having no internal fiber structure,
cannot be entangled. Thus VIGS explains the empirical restriction of entanglement to internal DOFs
and predicts the absence of gravitational entanglement, providing a gauge-theoretic foundation for
quantum correlations within a strictly local spacetime.

Keywords: vacuum gauge symmetry; entanglement; internal DOFs; gauge bundles; no-signaling;
gravitational entanglement

1. Introduction

Quantum entanglement is widely recognized as one of the most distinctive features of quantum
theory, yet a simple empirical pattern has received surprisingly little theoretical attention: all experimen-
tally verified entanglement involves internal degrees of freedom. Spin and polarization entanglement were
established decades ago in pioneering Bell tests [1,4], and modern loophole-free experiments continue
to confirm these correlations [13]. Internal atomic and ionic states also exhibit robust entanglement
in high-precision platforms [6,38], as do internal photonic mode indices such as orbital angular mo-
mentum (OAM) [22]. By contrast, no experiment has demonstrated sustained entanglement of external
classical observables such as mass, size, shape, gravitational curvature, or classical energy.

Even proposed “gravitationally mediated entanglement” experiments ultimately rely on internal
spin-path correlations in matter systems, rather than on entanglement of the gravitational field
itself [7,24]. Despite extensive theoretical and experimental efforts, there is still no evidence that
purely gravitational degrees of freedom can become entangled.

Standard quantum mechanics and quantum field theory treat internal and external degrees of
freedom on different mathematical footing, but they do not supply a physical principle explaining why
only internal DOFs participate in entanglement. In the Hilbert-space formalism any tensor-product
factor is, in principle, entangleable, yet nature exhibits a much sharper restriction than the theory
suggests [15].

In this work we show that a minimal, fully gauge-invariant extension of the Standard Model
supplies a natural explanation for this empirical dichotomy. By introducing a vacuum internal
gauge field that is locally pure gauge and therefore dynamically inert but capable of supporting global
compatibility constraints, we obtain a mechanism in which entanglement arises from the internal gauge
geometry of the vacuum. This Vacuum Internal Gauge Symmetry (VIGS) leaves all local quantum field
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dynamics unchanged, introduces no new particles or forces, and predicts the observed confinement of
entanglement to internal degrees of freedom. In the following sections we show that this mechanism is
mathematically natural, experimentally testable, and provides a gauge-theoretic account of quantum
correlations within the standard spacetime ontology.

2. Theoretical Context and Relation to Prior Work

The present proposal lies at the intersection of three well-developed research programs: (i) the
gauge-bundle formulation of the Standard Model, (ii) algebraic and decoherence-based accounts
of entanglement, and (iii) geometric and gauge-theoretic approaches to quantum correlations. We
summarize the relevant context and clarify the novelty of the Vacuum Internal Gauge Symmetry
(VIGS) mechanism.

Gauge-bundle formulations.

It is standard to regard internal degrees of freedom as fibers of associated bundles to a principal
SU(3) x SU(2) x U(1) bundle over spacetime, with gauge bosons interpreted as connections whose
curvature determines the local dynamics [3,26]. However, these formulations assign no independent
gauge structure to the vacuum itself: the internal bundle carries no additional geometric data beyond
the dynamical connection Aj,. In particular, no global compatibility structure is present that could
constrain internal frames in spatially separated regions.

Algebraic and decoherence-based views.

In algebraic quantum field theory (AQFT), entanglement is encoded in the structure of operator
algebras associated with spacelike-separated regions [12,33]. Decoherence theory explains its fragility
through environmental monitoring of local degrees of freedom [43]. These approaches successfully
characterize entanglement but do not supply a physical field or symmetry that implements the global
compatibility relations underlying nonlocal correlations. The structure remains kinematical, tied to the
tensor product of Hilbert spaces, rather than dynamical or geometric.

Geometric and gauge-based proposals.

Various works have explored geometric or gauge-theoretic analogies to entanglement—such
as wormhole-based “ER=EPR” ideas [23], entanglement-induced geometry in holography [34], or
topological-field-theory models of quantum correlations. These proposals either require new dynami-
cal fields, invoke quantum-gravitational assumptions, or do not reproduce ordinary entanglement
within flat spacetime and Standard Model physics.

Novelty of the VIGS mechanism.

The VIGS framework differs from all prior approaches in two respects. First, the vacuum field &
is a locally pure-gauge section of Aut(Fin) with vanishing curvature, introducing no new local dynamics
or propagating degrees of freedom. Second, entanglement arises as a global compatibility constraint
encoded by = rather than as an algebraic property of operator algebras or Hilbert-space tensor products.
This provides a natural, symmetry-preserving mechanism that explains why only internal degrees
of freedom entangle and yields concrete, testable predictions such as the absence of gravitational
entanglement.

Thus, VIGS may be viewed as an extension of the internal gauge redundancy to the vacuum
configuration itself, enlarging the symmetry of the vacuum sector without altering any dynamical
gauge fields; in this way it provides a minimal, symmetry-preserving extension of the Standard
Model that leaves all local physics unchanged while supplying the first gauge-theoretic account of
entanglement compatible with a fixed spacetime background.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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3. Internal Gauge Bundles in the Standard Model

In the geometric formulation of the Standard Model, matter fields are described as sections of
vector bundles associated to a principal internal gauge bundle over spacetime [3,11,26,37]. Let (M, guv)
denote the spacetime manifold equipped with a Lorentzian metric, and let

G = SU(3) x SU(2) x U(1)
be the internal gauge group of the Standard Model. A principal G-bundle
nm:P —- M

encodes the internal gauge structure, with typical fiber G and a connection one-form A on P represent-
ing the gauge potential in the sense of Yang and Mills [40].

Given a unitary representation p : G — U(Fint) on a finite-dimensional complex vector space Fint,
one obtains an associated vector bundle

Eint = PxpPint — M,

whose fiber Ej » = Fiy carries the internal degrees of freedom of a matter multiplet (e.g. color, isospin,
hypercharge, or spinor components). A matter field is then a smooth section

lIJ M — Eint/ X — l/)(x) S Eint,xr

and gauge transformations act fiberwise via p.

By contrast, external geometric quantities—spacetime position, proper time, curvature, and all
metric relations—reside in the base manifold (M, ;) and its tangent/cotangent bundles, rather than
in Eip¢. The Standard Model thus already embodies a sharp separation between internal DOFs (the
fibers of Ejnt) and external DOFs (the geometry of (M, g,v)).

The empirical restriction of quantum entanglement to internal degrees of freedom may therefore
reflect the fact that only the internal fibers carry a structure capable of supporting nontrivial global
constraints. In what follows, we introduce a minimal extension of this internal gauge bundle—at the
level of the vacuum rather than the dynamical connection— that realizes entanglement as a global
compatibility condition in the internal bundle, without modifying the local dynamics of the Standard
Model.

4. Vacuum Internal Gauge Symmetry (VIGS)

Before introducing the formal definition, it is useful to outline the physical intuition. In ordinary
gauge theory, the internal symmetries SU(3) x SU(2) x U(1) act on the internal orientation of matter
fields: each charged particle carries its own internal coordinate axes (color frame, weak—isospin frame,
phase reference), and a gauge transformation simply rotates these axes, as emphasized in standard
bundle treatments [26,37]. Crucially, in the Standard Model nothing assigns an internal orientation to
the vacuum; only matter fields carry such frames, while the vacuum is inert.

VIGS extends this picture in a minimal way: the vacuum is allowed to choose its own internal
coordinate axes. Mathematically, this corresponds to a smooth field

E(x) € Aut(Fint),

which at each point x specifies an automorphism of the internal fiber i.e., a linear change of basis acting

on the same internal degrees of freedom that matter fields inhabit. Physically, Z(x) is nothing more
exotic than a vacuum assignment of “which internal axes point where.”

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Because an automorphism is not a connection, & defines no parallel transport and carries no
curvature. Locally, it can always be gauged away. Thus VIGS introduces no new forces and no local
gauge-invariant observables.

The key point is that a flat internal-frame field can nevertheless possess nontrivial global structure—
much like the global phase information in the Aharonov-Bohm effect or the holonomy of a flat
bundle [39]. Even when curvature vanishes, the vacuum’s internal axes may still be consistently
aligned across distant regions in a way that cannot be removed globally.

It is precisely this global, curvature-free structure—"global holonomy without curvature”—that
carries physical content in VIGS. These global compatibility relations between the internal frames
of separated regions, rather than any local interaction, form the mechanism underlying quantum
entanglement in the VIGS framework.

We now introduce a minimal extension of the internal gauge structure of the Standard Model
by assigning an internal gauge configuration not only to matter fields but also to the vacuum. Let Fn¢
denote the typical fiber of the associated bundle Ejn — M in the usual geometric formulation of gauge
theory [3,11,26]. We introduce a smooth field

E: M — Aut(Fnt),

assigning to each point x € M an automorphism of the internal fiber. Unlike the dynamical gauge
connection, & encodes a choice of vacuum-frame alignment and does not represent a propagating local
field.

Gauge transformation law.

Under a local gauge transformation ¢ : M — G, matter fields transform as ¢(x) — g(x)9(x), and
we require the vacuum field Z(x) to transform covariantly:

E(x) = g(x)E(x) g™ (%). 1)

This places E in the adjoint representation of G, analogous to an adjoint-valued field on the associated
bundle Ad(P) in the sense of [19]. Because adjoint conjugation removes all gauge-invariant local
content, & introduces no new pointlike observables.

Local triviality.

To avoid introducing new interactions or excitations, we require E to be locally pure gauge. Let
D denote the covariant derivative acting on Aut(Fiyt)-valued fields, and define the analogue of a
curvature tensor [2]:
Fz := DE+EAE.

The vacuum internal gauge symmetry (VIGS) postulate is
Fz =0. )

Thus in any simply connected neighborhood U C M,

-1

Elu=hEyh forsomeh: U — G,

so & is locally gauge-equivalent to a constant element of Aut(Fiy). Such flat internal configurations
carry no stress—energy and generate no local forces, just as flat gauge fields in Yang-Mills theory are
locally unobservable [39].

Global structure.

Even when locally trivial, a field with Fz = 0 may possess nontrivial global structure encoded
in holonomies, boundary conditions, or topology of the underlying bundle [2,39]. The only gauge-
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invariant information in & is therefore its global compatibility data—for example, whether the internal
frames in distant regions can be consistently identified via the global configuration of Z. These global
compatibility conditions, rather than any local dynamics, constitute the physical content of VIGS and
will serve as the mechanism underlying quantum entanglement in later sections.

In summary, VIGS promotes internal gauge redundancy from a symmetry of matter fields to a
symmetry of the vacuum configuration itself. The vacuum field = is locally invisible, yet its global
structure can impose nontrivial constraints on multi-region quantum states without altering any local
dynamics of the Standard Model. See Figure 1 for an illustration.

global e, \/ global ¢

flat E: all alignable no curvature — no obstruction

Global ﬂat?rame(N

XA Xc XB

Flatness (Fz = 0) ensures a single consistent global frame,
while each point retains full local gauge-rotation freedom.
This global-but-not-local structure enables vacuum gauge bridges
and entanglement without local fields or curvature.

Figure 1. A 2D perspective illustration of VIGS. A globally defined flat internal frame exists in the vacuum, while
each spacetime point possesses full local gauge freedom (elliptic rotation loops). Because & is flat (Fg = 0), all
local internal frames can be aligned globally without contradiction. This global internal-frame structure—invisible
to local dynamics—provides the geometric origin of vacuum gauge bridges and entanglement in VIGS.

5. Vacuum Gauge Bridges

The vacuum internal gauge field = introduced above is locally pure gauge and therefore carries
no gauge-invariant local structure in the sense of flat gauge configurations [2,39]. Nevertheless, its
global configuration may encode nontrivial relations between internal degrees of freedom supported
on spatially separated regions, much as flat connections can implement nontrivial holonomy or global
frame identifications in gauge theory [11,19]. We refer to such global constraints as vacuum gauge
bridges.

Definition.

Let A, B C M be disjoint spacetime regions supporting matter degrees of freedom with internal
fibers Ejn¢ 4 and Ein . A vacuum gauge bridge between A and B is a gauge-invariant relation

Tap C Einta X Eint,p

such that there exists a global section & of Aut(Fjn) satisfying the flatness condition Fz = 0 and for
which
(lp A, l/JB) € Typ <= the internal frames at A and B are matched by =. 3)

Equivalently, I s consists of those internal states whose representatives remain compatible under the
global internal-frame identification encoded by a flat 5.

Physical interpretation.

In geometric terms, I' 45 selects joint internal states for which ¢4 and g differ only by the global
internal-frame alignment specified by E. Because E is flat, this compatibility does not arise from
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curvature or local propagation but from the global structure of a flat connection, mirroring how
nontrivial holonomy may persist even when a gauge field has vanishing curvature [39].

Example: spin singlet.

For two spin—% systems localized in regions A and B, the spin-singlet constraint
S4+Sg=0

corresponds to the statement that, when the internal SU(2) frames at A and B are identified by E,
the sum of the spin vectors vanishes. Here I' 4 is the one-dimensional antisymmetric subspace of
Eint, A® Eint , familiar from the standard theory of spin entanglement [31,37]. The global section E
supplies a vacuum-level identification of the two internal spin frames without introducing any local
coupling or exchange interaction.

Local triviality and absence of energy cost.

Because Z is locally gauge-trivial (Fz = 0), a vacuum gauge bridge produces no local gauge
curvature, no stress—energy, and no propagating degrees of freedom. All pointwise gauge-invariant
observables built from E vanish; the bridge manifests only through restrictions on the allowed joint
internal states in A and B. This parallels the way entangled correlations appear in algebraic QFT as
constraints on joint states rather than as dynamical connections between regions [33].

Interpretation.

A vacuum gauge bridge endows the vacuum with a global internal-frame structure that correlates
internal DOFs in separated regions while remaining invisible to all local measurements. In this
framework, entangled states correspond precisely to joint states (14, ¥p) € I 4p, i.e. states whose
internal components satisfy the global compatibility condition encoded by a flat internal vacuum field
E. Figure 2 is an illustration of this gauge bridge structure.

Fint,A Fint,B
gauge bridge I' s
e e N T S T T e e e T

M (spacetime slice)

E(x) € Aut(Fint) (flat)

region A region B

external DOFs external DOFs

No action on external DOFs

Figure 2. Vacuum Gauge Bridge Between Internal Fibers. Two spatially separated regions A and B possess
internal fibers Fiy; 4 and Fin g associated with the Standard Model gauge bundle. The vacuum field Z(x) is locally
pure gauge (Fz = 0) and imposes no constraints on external geometric variables, which remain strictly local. A
global compatibility condition encoded in E produces a gauge bridge I 45 linking the internal fibers, giving rise
to entanglement without any nonlocal dynamics. External degrees of freedom lack such a bridge and therefore
cannot be entangled.

6. Central Theorem: Vacuum Internal Gauge Mechanism

We now formalize the core result of the VIGS framework. A mathematically explicit construction
and rigorous proof of the claims below are provided in Appendix A, where the vacuum gauge
constraint is modeled as a projector acting solely on the internal sector of the Hilbert space.

Let P — M be the Standard Model principal bundle with structure group

G = SU(3) x SU(2) x U(1),

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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and let Eint = P X Fint denote the associated internal bundle representing all internal degrees of
freedom (spin, polarization, flavor, internal atomic states), in the standard geometric formulation
of gauge theories [11,19,26]. External geometric quantities—the metric g, curvature R, and all
tensor fields on TM or T*M—Ilive outside Ejn: and encode the gravitational sector in the sense of
general relativity [35].
We introduce a vacuum field
E: M — Aut(Fpt)

satisfying the following properties:

1. Local purity (flatness). The induced connection on Aut(Fy) is flat,

F= =0,
so Z carries no local curvature, no propagating excitations, and no local energy density, analogous
to flat gauge configurations in Yang-Mills theory [2,39].

2. Internality. Z acts only on Ej; and has no representation on TM or T*M. Thus = cannot couple
to external geometric degrees of freedom, a structural fact also emphasized in the Standard
Model’s separation of internal and Lorentz symmetries [37].

3.  Physical-state constraint. Physical states obey a global compatibility relation

whose explicit realization as a constraint projector is given in Appendix A.

We now state the central result.

Theorem 6.1 (Vacuum Internal Gauge Theorem). Let P — M, Eint, and & be as above. Then:

1. Constraint localization. All nontrivial global constraints induced by E lie in

I'ag C Eint, A X Eint,B,

for any pair of regions A, B C M. No constraint can be imposed on external geometric DOFs. A formal
proof in finite-dimensional Hilbert-space factorization is given in Proposition A.1 of Appendix A.

2. Restriction of entanglement. All physically realizable entangled states are encoded in global constraints
on internal fibers. External quantities (mass, classical position, curvature, gravitational excitations) cannot
become entangled. The restriction of all Schmidt correlations to the internal sector is proved explicitly in
Proposition A.2.

3. No-signaling. For any local operator O 4 supported in region A, the reduced state in a spacelike-separated
region B satisfies

Tra(Oapas) = Tra(pas),

so no local operation can change the global gauge-equivalence class of & or modify statistics at B. The
rigorous statement and proof appear in Proposition A.3 of Appendix A, following standard locality
arquments in QFT algebras [12,33].

4. Gravitational decoupling. Since gravity resides entirely in the external geometric sector and has
no internal fiber structure, no gravitational degree of freedom can enter any T op. Thus gravitational
entanglement is impossible. The formal arqument is given in Proposition A.4 of Appendix A.

Sketch of Proof.

A conceptual proof is given here; full mathematical details are provided in Appendix A.
(1) Flatness (Fz = 0) implies = is locally gauge-trivial, so all constraints generated by & must act
on internal fibers. Appendix Proposition A.1 shows this explicitly via the projector Pz = Text ® P=.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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(2) Since E has no action on TM or T*M, it cannot constrain external geometric variables. Propo-
sition A.2 shows that only internal tensor factors appear in the Schmidt decomposition of physical
states.

(3) Local operators correspond to completely positive maps with compact support. Because &
is locally pure gauge, such operations cannot alter the global equivalence class of &, establishing
no-signaling (see Proposition A.3).

(4) Gravity and curvature tensors reside in the external geometric sector [35], which carries no
G-action. Proposition A.4 shows that no gravitational tensor factor is ever affected by the constraint
projector. g

See Appendix A for proof details.

7. Mechanism of Entanglement

The vacuum internal gauge field = allows entanglement to be understood as a global compatibility
requirement on physical states rather than as a nonlocal interaction. Because ZE is locally pure gauge, it
introduces no new excitations and alters no local dynamics, consistent with the locality structure of
relativistic quantum field theory [12,37].

Physical Hilbert space.

Let Hgy denote the usual Hilbert space of the Standard Model [30,37]. The vacuum field E selects
the subspace of physical states satisfying the global constraint

which enforces internal-frame compatibility encoded by the vacuum gauge bridge. For two localized
subsystems A and B, this requires the joint internal state Y 45 to lie in a specific constraint space
I'43 C Einta ® Eint,B, analogous to selecting superselection sectors in algebraic QFT but arising here
from a gauge-theoretic condition rather than operator algebra structure [12].

Time evolution.

Time evolution is generated by the unmodified Standard Model Hamiltonian
H = Hsm,

so local dynamics proceed exactly as in conventional QFT. Flatness of the vacuum field (Fz = 0) implies
that Hgyy preserves the constraint F[¥, Z] = 0 unless a local process imposes an internal alignment
incompatible with the global structure. In that case the compatibility condition fails, and the gauge
bridge collapses at once, reproducing the observed fragility of entanglement without invoking any
nonlocal collapse rule or environmental tracing as in decoherence theory [43].

Thus, entanglement persists precisely while internal degrees of freedom remain jointly compatible
with &, and disappears when local dynamics drive the system outside the constraint subspace I 4.

Origin of Bell correlations.

Bell-inequality-violating correlations [4,9] arise because a vacuum gauge bridge imposes a single
global constraint linking the internal fibers in regions A and B. No influence, signal, or propagating
field connects these regions; both systems simply reference the same global internal-frame alignment.
This accords with the mathematical structure of relativistic QFT, where Bell correlations coexist with
strict microcausality [33].

Local evolution remains fully causal and gauge covariant [36], while the correlations reflect the
global constraint defined by E.

In summary, entanglement occurs precisely when a state ¥ satisfies the global compatibility
condition determined by the vacuum field &, and it vanishes when local interactions make that
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condition unsatisfiable. The mechanism requires no modification of local QFT dynamics and provides
a purely gauge-theoretic explanation of quantum correlations.

8. Why Only Internal Degrees of Freedom Entangle

The vacuum gauge field E takes values in Aut(Fy¢) and thus acts exclusively on the internal
fibers of the associated bundle Ejy — M, the natural home of Standard Model internal quantum
numbers [3,26,37]. Its transformation law (1) ensures that it has no representation on the spacetime
manifold (M, guv), nor on the tangent or cotangent bundles. Consequently, & can constrain only
internal degrees of freedom.

Structural separation of DOFs.
In the Standard Model, physical quantities divide cleanly into:

1. External DOFs associated with spacetime geometry (position, mass, classical trajectory, curvature),
encoded in (M, g,v) and its tensor bundles;
2. Internal DOFs (spin, polarization, isospin, hypercharge, flavor, color) residing in the fibers of Ejy;.

This separation is a geometric consequence of the fiber-bundle formulation of gauge theory [3,26].
Because E transforms only by internal conjugation, it cannot relate, compare, or constrain external
geometric variables.

Gauge bridges require internal action.

A vacuum gauge bridge is a global compatibility condition
T C Eint,a X Eint,B

arising from the global gauge structure of . Since the vacuum field has no action on TM or T*M, no
analogous compatibility relation can be imposed on spacetime or metric variables. Only internal fibers
admit the structure necessary to support a bridge.

Consequences for entanglement.

Because physical states satisfy the compatibility constraint F[¥, E] = 0, which acts entirely within
Eint, entanglement is confined to internal DOFs:

only internal degrees of freedom can be entangled.

External quantities—mass, position, shape, curvature—lie outside the action of & and therefore cannot
enter any bridge subspace I' 4.

Empirical agreement.

This prediction matches all existing experiments: every confirmed entanglement phenomenon
involves internal DOFs such as spin, polarization, atomic internal states, or photon mode indices [8,29,
32,42]. No experiment has ever demonstrated entanglement of purely external or classical geometric
variables.

In summary, entanglement is restricted to internal DOFs because only these transform under the
vacuum gauge symmetry capable of supporting global compatibility constraints.

9. Prediction: Absence of Gravitational Entanglement

In the VIGS framework, gravitational degrees of freedom reside entirely in the external geo-
metric sector: the spacetime metric g, and its curvature on the base manifold M, as in classical
general relativity [25,35]. These quantities carry no internal fiber structure and transform only under
diffeomorphisms, not under the internal gauge group G = SU(3) x SU(2) x U(1) of the Standard
Model.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The vacuum field
E(x) € Aut(Fint)

acts exclusively on internal fibers and transforms by the adjoint action (1). Since the metric sector
admits no representation of G, the vacuum field cannot impose compatibility conditions on g, or on
any quantity constructed purely from external geometry. This structural decoupling is consistent with
the standard treatment of quantum fields on curved backgrounds, where gravity enters only through
classical geometry [5].

No gravitational gauge bridges.

Vacuum gauge bridges require nontrivial internal fiber structure in order to relate internal frames
between spatially separated regions. Because the gravitational field possesses no such internal fibers, it
cannot enter any gauge-bridge subspace I'yp C Ejnt 4 X Eint p. Entanglement in the VIGS mechanism
is therefore necessarily confined to internal degrees of freedom.

Prediction.

Purely gravitational degrees of freedom cannot become entangled. All realizable entanglement arises
from compatibility constraints on internal degrees of freedom.

Accordingly, proposed tests of gravitationally mediated entanglement (e.g. [7,24]) should observe
entanglement only through internal variables such as spin or internal energy levels, and not through
the gravitational field itself. A verified observation of entanglement carried solely by gravitational
degrees of freedom would therefore falsify the vacuum gauge-bridge mechanism.

10. Discussion

The VIGS framework preserves the full local dynamics of the Standard Model while introducing
no new particles, forces, or nonlocal propagation. Entanglement is reinterpreted as a global compatibil-
ity condition in the internal gauge bundle, encoded by a vacuum field & that is locally pure gauge and
therefore dynamically invisible. This symmetry-based mechanism explains the empirical restriction of
entanglement to internal DOFs [1,28] and yields sharp, testable predictions—most notably the absence
of gravitational entanglement.

Nonlocal correlations without nonlocal dynamics.

Like standard quantum theory, VIGS reproduces Bell-inequality-violating correlations [4] while
respecting relativistic causality. Because = carries only global equivalence-class data, no local operation
can alter its global gauge structure. Thus measurement choices at A cannot influence statistics at
spacelike-separated B, preserving the no-signaling theorem in the sense of relativistic QFT [12]. The
framework therefore permits nonlocal correlations without nonlocal dynamics, providing a physical
mechanism absent in decoherence-based or algebraic accounts [17,41].

Implications for cosmology.

Many contemporary cosmological proposals invoke entanglement of gravitational degrees of
freedom—such as entangled curvature modes in inflationary scenarios [18] or entanglement-driven
emergence of spacetime [34]. Since gravitational DOFs lie in the external geometric sector and carry
no internal fibers, VIGS predicts that gravitational entanglement is impossible. Cosmological models
relying on entangled gravitons, entangled metric perturbations, or curvature-based entanglement
must therefore be reinterpreted entirely in terms of matter-sector internal DOFs.

Relation to deeper microscopic theories.

Although the present construction is purely phenomenological and compatible with the Standard
Model on a fixed spacetime background, the structure allows a natural embedding into theories
where vacuum alignment or internal-frame structure arises from deeper microscopic physics, such as
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emergent gauge mechanisms or pre-geometric models of spacetime [16]. In this sense, VIGS functions
as both: (i) a minimal completion of the internal-bundle architecture of the Standard Model, and (ii) an
effective window onto possible microphysical origins of vacuum structure.

The VIGS mechanism provides a reformulation of entanglement as a global gauge-compatibility
constraint within the Standard Model. Its predictions—especially the absence of gravitational entan-
glement—are concrete, falsifiable, and accessible to forthcoming experiments.

11. Conclusions

We have proposed a minimal and fully gauge-invariant extension of the Standard Model in
which the vacuum carries an internal gauge configuration that is locally pure gauge but may possess
nontrivial global structure. In this framework, quantum entanglement arises not from nonlocal
influences but from global compatibility conditions imposed by the vacuum internal gauge field.
Because the field acts exclusively on internal fibers of the associated bundle, the mechanism naturally
explains the empirical fact that all verified entanglement involves internal degrees of freedom [1,28]
and not external geometric variables.

The construction preserves all local quantum field theory dynamics and introduces no new
particles, interactions, or nonlocal propagation. Yet it yields sharp, falsifiable predictions—most
notably that purely gravitational degrees of freedom, which reside in the external geometric sector,
cannot become entangled. This stands in contrast with proposals invoking gravitational or curvature-
based entanglement in cosmology and quantum gravity [18,34].

By providing a symmetry-based, geometrically transparent account of quantum correlations, the
VIGS framework offers both a natural extension of the Standard Model’s internal-bundle structure
and a potential window onto deeper vacuum physics. Its predictions are experimentally accessible,
conceptually minimal, and fully compatible with the established principles of relativistic quantum
field theory.
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Abbreviations

The following abbreviations are used in this manuscript:

VIGS Vacuum Internal Group Symmetry
DOF  degrees of freedom

Appendix A. Mathematical Formulation of the Vacuum Gauge Mechanism

In this appendix we provide a simple mathematical setting in which the Vacuum Internal Gauge
Theorem (Theorem 6.1) can be formulated and proved rigorously. Our construction follows standard
tensor-product factorization and constraint-projector techniques used in quantum information theory
and in algebraic quantum field theory (AQFT) [12,27,33]. For clarity we work with finite-dimensional
internal Hilbert spaces; the generalization to field-theoretic degrees of freedom is standard [36].

Appendix A.1. Hilbert-Space Factorization

Let M be a fixed spacetime manifold and let A, B C M denote two spacelike-separated regions.
We associate to each region internal and external Hilbert spaces

Hint,A/ Hint,B and Hext,Ar Hext,B/
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with dim Hjp 4, dim Hine g < co. The total Hilbert space factorization
Hap = (Hexta @ Hinta) ® (Hext,B @ Hint,B) (A1)

is the standard tensor-product decomposition used throughout quantum information theory [27].

In the geometric language of Sec. 2, the internal spaces represent finite-dimensional slices of the
associated-bundle fibers Ej, 4 and Ejn; p, consistent with the standard fiber-bundle formulation of
gauge theory [19,26].

Appendix A.2. Vacuum Gauge Field and Constraint Projector

Let G be a compact Lie group and p : G — U(Hintx) @ unitary representation of the internal
degrees of freedom. A vacuum internal gauge field & defines a gauge-equivalence class of internal
automorphisms, subject to Fz = 0, i.e. a flat connection in the sense of [2,39].

In the finite-dimensional model, Z selects a constraint subspace

T4(E) C Hintas,

encoded by an orthogonal projector Pz, analogous to the projector used for constrained quantization a
la Dirac [10]. The corresponding physical projector on the full system is

Pz = Textap ® Pz, (A2)

fla

which leaves the external sector untouched.

Definition A1 (Physical state space). A state ¥ € H 45 is physical if and only if
P=Y =Y. (A3)

This is the finite-dimensional analogue of the global constraint F[¥,E] = 0 in the main text, and
parallels the treatment of superselection or constraint sectors in AQFT [12,36].

Appendix A.3. Proof of the Vacuum Internal Gauge Theorem

Proposition A2 (Constraint localization). Every physical state satisfies
Y € Hextap @Tap(E).

Thus the constraint acts only on the internal sector, as expected for a flat internal gauge field [19,26].

Proof. Using (A2) we have
Pg = Iext, A @ Pa,

so Y necessarily lies in the tensor product of the external space with the range of Pz. This mirrors
the standard fact that flat gauge connections impose only global identifications among internal fibers
[39]. O

Proposition A3 (Restriction of entanglement). If ¥ € Hpys(E) is pure, then all entanglement required
by the constraint Z appears in the internal sector. External degrees of freedom remain unconstrained.

Proof. Expand ¥ in a Schmidt decomposition compatible with (A1). Since Pz acts as identity on
the external factor, only the internal Schmidt vectors are restricted; this is the standard analysis of
subsystem constraints [27]. O

Proposition A4 (No-signaling). Let £4 be a CPTP map acting only on region A, preserving the
constraint subspace. Then

Tra[€a(p)] = Tralp),
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so no information can be transmitted via E.

Proof. CPTP maps admit operator-sum representations [14,20,21]. Since £4 acts trivially on B, expec-
tation values of all B-local observables are unchanged. This is exactly the standard no-signaling result
for local operations in bipartite quantum systems [12,27]. O

Proposition A5 (Gravitational decoupling). If Hgray carries no nontrivial G-action, then no vacuum
gauge bridge can act on gravitational DOFs.

Proof. Since & acts trivially on the gravitational factor, every constraint projector factorizes as

= =~ tt
PE = ngav ® Péma er),

which is the standard representation-theoretic argument for the absence of internal-gauge action on
other sectors [37]. Thus no I'45(E) can involve purely gravitational DOFs. [J

These propositions collectively establish a rigorous finite-dimensional version of the Vacuum
Internal Gauge Theorem, consistent with standard results in AQFT locality [12,33] and internal bundle
geometry [19,26].
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