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We propose a theoretical framework in which
spacetime curvature and localized energy den-
sity emerge from modulations of vacuum en-
tanglement structure. Building upon quan-
tum energy teleportation (QET) protocols and
the entanglement-geometry correspondence,
we introduce an operational mechanism by
which local measurements can induce energy
redistribution across spacelike-separated re-
gions. This mechanism does not involve classi-
cal signal propagation and remains consistent
with causality and quantum energy inequal-
ities. We formalize this hypothesis through
an effective entanglement stress-energy ten-
sor and derive its implications for geome-
try, energy flow, and negative energy densi-
ties. Experimental signatures include curva-
ture shifts detectable by atom interferometers,
clock desynchronization in optical networks,
and vacuum pressure changes in Casimir sys-
tems. We identify feasible experimental plat-
forms and outline protocols to test this pro-
posal within current or near-future precision
measurement technologies.

1 Introduction: Entanglement as a
Source of Energy and Geometry
The vacuum is not an inert but a profoundly entan-
gled quantum state, as shown in quantum field theory
(QFT) [1, 2]. Spatially separated regions of the vac-
uum exhibit nontrivial correlations, leading to phe-
nomena such as the area-law scaling of entanglement
entropy and the failure of reduced density matrices
to factorize across spacelike separations. These en-
tanglement features are not merely mathematical ar-
tifacts—they encode physically meaningful structure.
Recent developments indicate that vacuum entangle-
ment can give rise to observable effects, including lo-
cal energy redistributions [5] and even contributions
to spacetime geometry.

In this paper, we propose the Quantum Nexus
Initiated via Vacuum Entanglement with Spacetime
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Emergence), or shorthand, Q-UNIVERSE hypothe-
sis, as a framework in which energy and curvature are
operational consequences of entanglement activation.
Building on our earlier proposal[6] (Quantum Interfer-
ometric Extraction, QIX), we now extend the concep-
tual and experimental reach of this idea by providing
a generalized mechanism, new observational criteria,
and a modular entanglement stress tensor.

1.1 From Quantum Energy Teleportation to
Entanglement Stress
The Quantum Energy Teleportation (QET) protocol
[5] reveals that local operations and classical commu-
nication (LOCC) on entangled vacuum states can re-
sult in net energy transfer without violating causal-
ity. This operational framework decouples the ap-
pearance of energy from conventional local sources,
suggesting that energy can emerge from informational
constraints imposed on the vacuum.

We reinterpret these findings as indicative of a
broader principle: energy fluxes in quantum systems
arise from conditional manipulation of entanglement.
This gives rise to the postulate that classical energy
density Tµν is incomplete unless supplemented by an

entanglement stress-energy tensor, T (ent)
µν , encoding

the geometric response to entanglement restructuring:

Gµν + Λgµν = 8πG
(

⟨Tµν⟩ + T (ent)
µν

)
. (1)

1.2 Limitations of Holography and Motivation
for Flat-Spacetime Models
The Ryu–Takayanagi proposal [10] and ER=EPR
conjecture [4] link geometry and entanglement in the
context of AdS/CFT duality. However, these ap-
proaches are typically confined to asymptotically anti-
de Sitter spaces and often depend on boundary dual-
ities not present in our universe. By contrast, the Q-
UNIVERSE framework proposes that entanglement-
induced energy and curvature can be observed in
flat or weakly curved spacetime through localized ex-
perimental protocols, circumventing the need for a
full theory of quantum gravity. Inspired by tensor
network models and relative entropy techniques, Q-
UNIVERSE suggests that curvature may emerge from
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entanglement gradients, heuristically expressed as

δR ∼ ∇2Sent.

This formulation invites direct experimental investi-
gation of entanglement-curvature relationships in lab-
oratory systems.

1.3 What is New in This Work
First, we formalize the entanglement stress-energy
tensor and define its role in curvature response, ex-
tending the scope of semiclassical Einstein equations.
Second, we propose operational protocols—based

on interferometry, optical clocks, Casimir cavities,
and squeezed vacuum experiments—to test the pres-
ence of energy or curvature redistribution induced by
vacuum entanglement activation.

Third, we define and distinguish QUINT threads:
operational, non-geometric conduits that medi-
ate entanglement-conditioned energy redistribution
across spacelike separations. These are distinct from
ER=EPR wormholes by virtue of their testability and
flat-spacetime implementation.
Finally, we outline how the Q-UNIVERSE hypoth-

esis provides a novel reinterpretation of cosmological
dark energy, curvature fluctuations, and information-
theoretic formulations of gravitational dynamics.

2 Postulates and Formal Framework
The Q-UNIVERSE hypothesis begins with a reinter-
pretation of the quantum vacuum—not as a passive
background, but as an actively entangled medium ca-
pable of informational and energetic redistribution.
From this viewpoint, the apparent emptiness of space-
time hides a vast resource of correlations that, when
perturbed, can give rise to energy and even curvature
without local classical excitation.

First, we postulate that the vacuum state |Ω⟩ is
a physically real, spatially extended quantum object
that encodes entanglement between all spacetime re-
gions. This structure is not simply an artifact of
Hilbert space factorization, but corresponds to mea-
surable, causal features of the field. In quantum field
theory, this claim is supported by the Reeh–Schlieder
theorem, which asserts that the vacuum is cyclic and
separating for the field algebra in any open region,
implying that local operations on the vacuum can af-
fect arbitrarily distant regions of space [15]. Second,
energy is regarded not as a primitive observable, but
as an emergent quantity defined relative to local per-
turbations in the entanglement structure of the vac-
uum. In particular, this framework draws on results
from quantum energy teleportation (QET), in which
a local measurement in one region, accompanied by a
classical signal and a conditional operation in another,
can redistribute the field’s local energy density with-
out transporting any classical energy [5]. The energy

extracted or depleted in this process is not created ex
nihilo, but rather reorganized from pre-existing quan-
tum correlations.
Third, we hypothesize that spacetime geometry

itself responds to changes in the vacuum’s entan-
glement structure. This extends earlier proposals
in AdS/CFT duality, where boundary entanglement
entropy is associated with bulk geometry through
the Ryu–Takayanagi relation [10]. However, Q-
UNIVERSE generalizes this logic beyond asymptoti-
cally AdS spaces and proposes a direct, local relation
in flat or weakly curved spacetimes.
To capture this relation, we introduce an entangle-

ment stress-energy tensor, T (ent)
µν , which modifies the

Einstein field equations as follows:

Gµν + Λgµν = 8πG
(

⟨Tµν⟩ + T (ent)
µν

)
, (2)

where ⟨Tµν⟩ is the usual renormalized stress-energy

tensor and T (ent)
µν captures purely entanglement-

induced curvature. The entanglement tensor itself is
defined by variation of an entropy-action functional
with respect to the metric,

T (ent)
µν (x) := 2√

−g
δSent

δgµν(x) , (3)

analogous to the derivation of the matter stress tensor
from the classical action.

Fourth, we introduce the notion of QUINT
threads—nonlocal informational pathways within the
vacuum that can mediate energy redistribution.
These threads are operationally defined: they are not
ontologically pre-existing conduits like wormholes,
but become real through the activation of vacuum en-
tanglement by localized quantum measurements and
conditional operations. Their presence is diagnosed
via changes in local energy expectation values, clock
rates, or curvature perturbations in distant but en-
tangled regions [34].

Finally, this framework respects constraints from
quantum energy inequalities (QEIs), which forbid ar-
bitrarily large or sustained negative energy densities.

Instead, any redistribution via QUINT threads
must obey bounds of the form:∫ ∞

−∞
dt f2(t) ⟨T00(t, x⃗)⟩ ≥ − C

τ4 , (4)

where f(t) is a smooth sampling function of width
τ and C is a model-dependent constant [16]. These
bounds are naturally respected in QET and by con-
struction in Q-UNIVERSE.

Altogether, the framework rests on the assertion
that the structure of vacuum entanglement is not only
observable but energetically consequential. As such,
energy may be regarded as a kind of “entanglement
bookkeeping”—a physical response to how correla-
tions are conditioned or collapsed. The curvature of
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spacetime, then, becomes a response function to en-
tanglement variation, not merely to classical stress-
energy.

2.1 Ontological Status of Vacuum
The vacuum in quantum field theory is not merely an
empty background, but a dynamically entangled sub-
strate capable of transmitting correlations and fluc-
tuations. In our approach, this entangled vacuum is
essential for the mediation of energy–information ex-
change via the quantum energy teleportation (QET)
protocol. This view aligns with a broader shift in
modern physics toward treating the vacuum as a phys-
ical medium with real ontological content. Histori-
cal precursors to this perspective include the Dirac
sea, which modeled the vacuum as a filled continuum
of negative energy states, and more recent stochastic
electrodynamics and quantum noise models that treat
vacuum fluctuations as physically operative. In our
context, the entangled vacuum provides the conduit
for energy extraction at spacelike separation, reinforc-
ing its interpretation as a nontrivial component of the
quantum spacetime fabric rather than a mere arti-
fact of regularization. These interpretations converge
with recent developments in holography and space-
time emergence, where entanglement structure in the
vacuum is foundational to the geometry itself.

2.2 Vacuum Correlation Examples
Empirical evidence for vacuum entanglement and cor-
relations arises in several well-studied quantum field
phenomena. The Unruh effect demonstrates that an
accelerated observer detects a thermal bath of par-
ticles in what inertial observers describe as vacuum,
revealing observer-dependent excitations tied to vac-
uum correlations [19]. Similarly, the Casimir effect
manifests as an attractive force between conduct-
ing plates due to altered vacuum field modes, a di-
rect consequence of vacuum fluctuations and their
spatial correlations [20]. Experimental realizations
have also confirmed vacuum-induced entanglement
between spatially separated detectors [21], underscor-
ing that vacuum entanglement is not merely a theo-
retical artifact but a measurable resource. These ex-
amples substantiate the interpretation of the vacuum
as an active, entangled substrate underlying quantum
fields.

2.3 Energy as Emergent
Traditional formulations of physics treat energy as
a fundamental, conserved quantity tied to continu-
ous symmetries of spacetime via Noether’s theorem
[18]. In this view, energy conservation reflects the in-
variance of physical laws under temporal translations.
However, recent developments in quantum informa-
tion theory and holography suggest a radically differ-

ent perspective: energy may be a derived or emer-
gent quantity arising from the entanglement struc-
ture of quantum fields. In this picture, local energy
densities such as ⟨T00(x)⟩ are not fundamental ob-
servables, but bookkeeping devices summarizing how
correlations are distributed in space and time.

This interpretation aligns naturally with quan-
tum energy teleportation (QET), where local oper-
ations and classical communication allow energy to
be extracted from the vacuum without any net flux.
Here, energy becomes relational—what one observer
extracts depends on prior information and correla-
tions. Unlike Noetherian invariance, which presup-
poses global spacetime symmetries, QET highlights
the operational role of entanglement in generating
effective energy flow. These insights echo broader
themes in quantum gravity and AdS/CFT, where
gravitational dynamics (and thus energy–momentum)
may emerge from the entanglement entropy across
bulk–boundary surfaces. Under this framework, en-
ergy conservation is not abandoned but reinterpreted
as a constraint on entanglement dynamics rather than
a primitive symmetry law.

These perspectives dovetail with the holographic
principle and tensor-network models, where spatial
connectivity arises from the entanglement structure of
boundary states [25]. This picture complements ther-
modynamic derivations of gravity such as Jacobson’s
entanglement equilibrium condition and Padmanab-
han’s equipartition model, both of which frame space-
time geometry as a coarse-grained statistical result of
underlying entanglement dynamics.

3 Entanglement Geometry in Flat
Spacetime
The preceding sections introduced the notion that
vacuum entanglement underlies emergent energy and
geometry. In this section, we formalize the the-
oretical framework by presenting core postulates,
key equations, and derivations that underpin the Q-
UNIVERSE hypothesis. Our aim is to clarify the op-
erational and mathematical structure from which the
entanglement stress-energy tensor, T (ent)

µν , emerges as
a derived, physically meaningful quantity.

3.1 Postulates of the Q-UNIVERSE Hypothe-
sis
The framework begins with four foundational postu-
lates: First, the vacuum state |Ω⟩ encodes a global
network of quantum correlations, realized as entangle-
ment spanning all spacetime regions. First, the vac-
uum state |Ω⟩ encodes a global network of quantum
correlations, realized as entanglement spanning all
spacetime regions. This entanglement is not merely
a formal artifact, but a physically meaningful struc-
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Figure 2.1: Vacuum Concept Visualization. (a) Energy-momentum dispersion illustrating the Dirac + stochastic vacuum.
The hyperbolic curve (blue) represents the negative-energy Dirac sea with momentum p on the horizontal axis and energy
E on the vertical axis. The zero-energy level is marked by a dashed horizontal line at E = 0. Bidirectional vertical and
horizontal arrows indicate fluctuations around this zero-energy baseline. The shaded region beneath the hyperbola highlights
occupied negative-energy states. (b) Schematic of an entangled vacuum configuration in position space. Two rows of colored
markers represent pairs of entangled states localized at positions x (red and blue dots), connected by green lines symbolizing
entanglement links. The energy levels of these pairs are symmetric about zero, positioned at E = ±1, emphasizing the
vacuum’s entangled nature with zero net energy offset. Both panels include grids with axes labeled in natural units for clarity.

ture that allows local operations to condition distant
subsystems, as implied by the Reeh–Schlieder theo-
rem [15]. The vacuum thus acts as a nontrivial, spa-
tially extended resource capable of mediating infor-
mational and energetic effects across spacelike sepa-
rations.

Second, local operations on one region, combined
with classical communication, can activate energy re-
distributions at spacelike separated locations with-
out violating causality, as established by quantum en-
ergy teleportation (QET) protocols [5]. Third, these
entanglement-induced energy redistributions manifest
as modifications to the classical stress-energy content,

encoded in an entanglement stress tensor T (ent)
µν . Fi-

nally, the response of spacetime geometry to both
classical and entanglement stress-energy satisfies a
generalized Einstein field equation, previously intro-
duced in Eq. (2), where the total source includes
both the renormalized expectation value ⟨Tµν⟩ and

the entanglement-induced contribution T (ent)
µν .

This perspective builds on prior insights from
holography and tensor-network models, where spa-
tial connectivity and geometry emerge from patterns
of entanglement. In particular, Swingle’s work [25]
connects tensor networks to discrete analogues of
AdS/CFT geometry, suggesting that entanglement it-
self may encode the fabric of spacetime. The Q-
UNIVERSE framework extends this logic beyond
holographic contexts, proposing that even in flat or
weakly curved spacetime, variations in entanglement
structure contribute to observable curvature. This
sets the stage for an operational and testable formu-
lation of entanglement–geometry correspondence.

3.2 Entanglement-Induced Curvature and En-
ergy Redistribution
The entanglement stress-energy tensor, defined ear-
lier in Eq. (3), is constructed via variation of an
entropy-action functional Sent[g] with respect to the
metric, analogous to the derivation of the classical
matter stress tensor from a matter action. The func-
tional Sent encodes the information-theoretic struc-
ture of the vacuum and its sensitivity to local geo-

metric variations, allowing the resulting tensor T (ent)
µν

to describe entanglement-induced curvature contribu-
tions beyond those captured by conventional energy–
momentum sources.

Building on modular theory and relative entropy
formulations [22], one may interpret Sent as the vac-
uum relative entropy with respect to a reference state,
encoding how geometric deformations modulate en-
tanglement structure. Variations in Sent then gener-

ate T (ent)
µν as an effective source term reflecting the

energetic consequences of entanglement reconfigura-
tion.

This entanglement-conditioned energy transfer, as
realized in QET protocols, gives operational meaning
to what we term QUINT threads—non-geometric, in-
formational conduits within the entangled vacuum.
These threads mediate energy redistribution without
classical carriers or direct energy flux. In a typical
QET setup, a local measurement by Alice followed by
a conditional operation by Bob leads to a net energy
shift at Bob’s location,

∆EB = Tr
(
HBUBρBU

†
B

)
− Tr (HBρB) , (5)
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despite no energy physically traversing the spacelike
separation. The QUINT thread formalism abstracts
and generalizes such processes, encoding them within

the entanglement stress tensor T (ent)
µν .

Within the Q-UNIVERSE framework, this mech-
anism gives rise to QUINT threads—non-geometric,
informational conduits that mediate energy redistri-
bution across spacelike separations. Encoded in the

entanglement stress tensor T (ent)
µν , these threads re-

veal how the vacuum’s entanglement structure func-
tions as a latent resource for energy transfer enabled
by previously defined LOCC operations. In contrast
to speculative ER=EPR wormholes, QUINT threads
are testable, manifest in flat spacetime, and remain
fully consistent with causality and quantum energy
inequalities.

3.3 Entanglement-Curvature Analogy via Lin-
ear Response
The role of vacuum entanglement in sourcing curva-
ture in the Q-UNIVERSE framework can be analo-
gized to classical field response under external per-
turbations. In classical electrodynamics, for instance,
a charge density ρ(x⃗, t) sources a potential ϕ(x⃗, t) via
Poisson’s equation, and in linear response theory, the
response of an observable O(t) to a perturbation f(t′)
is governed by a causal susceptibility function χ(t−t′).
This structure is formalized as

δ⟨O(t)⟩ =
∫
dt′ χ(t− t′)f(t′).

Similarly, in Q-UNIVERSE, one may interpret local
perturbations to the vacuum entanglement—via mea-
surement or unitary operations—as ”informational
sources,” which induce geometric responses through
a causal entanglement susceptibility. The modified
Einstein equation,

Gµν + Λgµν = 8πG
(

⟨Tµν⟩ + T (ent)
µν

)
,

can then be viewed as the field equation of a respon-

sive medium, where T (ent)
µν encapsulates the curvature

response to entanglement deformation.
In precise analogy to the Kubo formula for lin-

ear response in quantum statistical mechanics, the
vacuum entanglement stress-energy tensor response

T (ent)
µν may be formally expressed in terms of a causal

susceptibility kernel defined by the retarded commu-
tator of stress-energy tensor operators:

T (ent)
µν (x) = −i

∫
d4x′ θ(t− t′) ⟨[T vac

µν (x), T vac
αβ (x′)]⟩0

× hαβ(x′), (6)

where hαβ(x′) is the metric perturbation induced by
entanglement deformation, θ(t − t′) enforces causal-
ity, and ⟨·⟩0 denotes vacuum expectation values. This

expression encodes how vacuum entanglement corre-
lations act as a dynamical, nonlocal source for space-
time curvature.

This analogy implies that spacetime geometry be-
haves not as a fixed kinematic background, but as
a dynamical medium whose curvature is shaped by
the informational structure of the vacuum. In this
view, entanglement gradients act analogously to clas-

sical source distributions, with T (ent)
µν playing the role

of an effective nonlocal source, potentially derivable
from a susceptibility kernel defined over the entangle-
ment configuration space.

For a detailed derivation and discussion of this
gravitational Kubo formula and its implications for
vacuum entanglement-induced curvature, see Ap-
pendix D.

3.4 Quantum Energy Inequalities and Physical
Limits of QUINT Threads
Despite allowing for transient negative energy den-
sities in localized regions, quantum field theory im-
poses strict constraints on their magnitude, duration,
and spatial extent. These constraints are formal-
ized through Quantum Energy Inequalities (QEIs),
which place lower bounds on the expectation value of
the energy density integrated over a sampling func-
tion [16, 23]. For a free scalar field in Minkowski
space, the inequality takes the form:∫ ∞

−∞
dt f2(t)⟨T00(t, x⃗)⟩ ≥ − C

τ4 , (7)

where f(t) is a smooth, localized sampling function of
width τ , and C is a positive constant depending on
the field and the sampling profile.

The Q-UNIVERSE framework respects these
bounds by design. QUINT threads—nonlocal activa-
tion pathways in the entangled vacuum—do not sup-
port indefinite accumulation or transmission of neg-
ative energy. Instead, their activation through mea-
surement and conditional operations leads to bounded,
transient shifts in energy density that obey QEI con-
straints and preserve causal structure.

To clarify these principles, we simulate a toy model
consisting of two spatially separated detectors coupled
to a massless scalar field in 1+1D Minkowski space-
time. A measurement on detector A at position −d
and time t = 0 projects the field into a conditional
state. After a classical delay ∆t, a unitary operation
is performed on detector B at position +d. The ex-
pectation value ⟨T00(x, t)⟩ reveals a localized negative
energy density dip near B, entirely consistent with
QEIs and causality.

Figure 3.1 shows the causal structure of this acti-
vation, with no energy or signal transmitted faster
than light. These effects are not indicative of
exotic wormhole geometries, but of physical, flat-
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Time t
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Measure MA

Classical info

Operate UB

∆EB < 0

Entangled vacuum

Future light cone of A

Spacelike separation

Figure 3.1: Causal structure of QUINT thread activation. A
measurement at region A perturbs the entangled vacuum.
Classical information is sent to region B, where a local op-
eration causes an energy redistribution consistent with QEIs,
appearing as a negative energy shift (indicated by the coil
decoration representing localized energy flux). No signal ex-
ceeds the light cone.

spacetime quantum correlations: a testable signature
of entanglement-encoded vacuum response.
This demonstrates that QUINT threads are not

theoretical curiosities, but operationally accessible
manifestations of vacuum structure that remain con-
sistent with both relativistic causality and quantum
energy bounds.

3.5 QUINT Thread Activation and Simulation
in Flat Spacetime
To illustrate the activation of QUINT threads and
their consistency with quantum energy inequalities
(QEIs) and causal structure, we present a simplified
model of two localized detectors coupled to a massless
scalar field in 1+1D Minkowski spacetime. The detec-
tors are initialized in the ground state and entangled
via interaction with the vacuum. A measurement on
detector A at x = −d/2 at time t = 0 conditions
the field state, which is then followed by a unitary
operation on detector B at x = +d/2, implemented
after a classical delay time t = ∆t. Note that the
spatial separation between detectors A and B (shown
schematically in Figure 2) corresponds to d, with A
and B positioned symmetrically at −d/2 and +d/2
along the spatial axis.
The resulting energy density shift ⟨T00(x, t)⟩ shows

a localized dip at x = +d/2, respecting QEIs and
illustrating the nonlocal but causal nature of the pro-
tocol. A conformal diagram is included to show causal
horizons, measurement surfaces, and support regions
for entanglement-induced energy shifts.
Details of the numerical parameters and field cou-

pling are summarized in Table 3.1, and further code
for simulation is made available at the companion
repository.

Using the parameters summarized in Table 3.1, the

toy model simulation of two localized detectors in
1+1D Minkowski spacetime demonstrates a causally
consistent activation of QUINT threads. The mea-
surement on detector A at position −d/2 (i.e., −0.5
meters for d = 1 m) and time zero, followed by a
classical delay of ∆t = 2.0 seconds before the uni-
tary operation on detector B at +d/2, induces a lo-
calized negative energy density dip near detector B.
The switching width σ = 0.1 seconds and coupling
strengths gA = gB = 0.05 ensure a smooth and per-
turbative interaction with the massless scalar field.
The energy density shift respects quantum energy in-
equalities and appears strictly within the future light
cone, preserving causality. The simulation’s spatial
and temporal resolution captures the full propagation
and decay of this entanglement-induced energy fea-
ture, illustrating how vacuum entanglement can be
harnessed to teleport energy within relativistic con-
straints.

3.6 Toy Model Development and Simulation
Results
Using the parameters summarized in Table 3.1, we
simulate the dynamical activation of QUINT threads
via two localized Unruh–DeWitt-type detectors cou-
pled to a massless scalar field in 1+1D Minkowski
spacetime. The detectors are initially prepared in
their ground states and entangled through vacuum
interaction.
At time t = 0, a projective measurement is per-

formed on detector A positioned at x = −d/2. Af-
ter a classical communication delay ∆t = 2.0 s, a
conditional unitary operation is applied on detector
B located at x = +d/2. The Gaussian switching
profile with width σ = 0.1 s and coupling strengths
gA = gB = 0.05 ensure smooth, perturbative inter-
actions consistent with the assumptions of the QET
protocol.
For transparency and reproducibility, we model the

entanglement-induced energy feature with a simple,
physically motivated ansatz that captures the spatial
localization, causal onset, and temporal decay of the
negative-energy pulse used in the simulations.

Stress–energy profile. We represent the instanta-
neous expectation value of the energy density by a
Gaussian pulse localized near detector B and switched
on only inside the causal future of the measurement
at A:

⟨T00(x, t)⟩ = −ρ0 exp
[

− (x− xB)2

2σ2
x

]
e−(t−t0)/τdec

× Θ
(
t− t0 − |x− xA|

)
,

(8)
where xA = − d

2 , xB = + d
2 , ρ0 > 0 sets the am-

plitude of the negative-energy pulse, σx its spatial
width, τdec the temporal decay constant, t0 the mea-
surement time at A, and Θ(·) enforces causality by
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Table 3.1: Numerical parameters and detector-field coupling details for the 1+1D Minkowski toy model simulation of QUINT
threads. Spatial and temporal quantities are expressed in meters (m) and seconds (s) respectively.

Parameter Description Value
d Spatial separation of detectors 1.0 m
tA Measurement time on detector A 0 s
∆t Classical delay before operation on B 2.0 s
gA Coupling strength detector A 0.05 (dimensionless)
gB Coupling strength detector B 0.05 (dimensionless)
σ Gaussian switching function width 0.1 s
ω0 Detector energy gap 1.0 s−1

Lattice size Number of spatial grid points 200 (discrete units)
Time step Discretization timestep 0.01 s
Simulation duration Total simulation time 5.0 s

vanishing outside the future light cone of the mea-
surement event.

Linearized curvature response. Working in the
weak-field (linearized) regime, the leading Ricci scalar
perturbation induced by the localized energy pertur-
bation is proportional to the energy density. In our
sign/conventions,

δR(x, t) ≃ 16πG
c4 δT00(x, t) =

−16πG
c4 ρ0 e

− (x−xB )2

2σ2
x e−(t−t0)/τdec Θ

(
t−t0−|x−xA|

)
(9)

which is the quantity plotted in Figure 3.2 when a
spatial snapshot is shown (or its time evolution when
used for the spacetime plot).

Gravitational potential and fractional clock
drift. To connect the simulated energy redistribu-
tion to an observable timing signal, we compute the
linear Newtonian potential Φ(x, t) by solving the Pois-
son equation on the simulation lattice,

∇2Φ(x, t) = 4πGδρ(x, t), δρ(x, t) ≡ δT00(x, t)/c2,
(10)

with appropriate boundary conditions for the finite
lattice. In the linearized metric,

g00 ≈ −
(

1 + 2Φ
c2

)
,

so the fractional proper-time shift for a stationary
clock located at x is, to leading order,

∆τ(x, t)
τ

≈ Φ(x, t)
c2 . (11)

In practice Φ(x, t) is computed by direct inversion
of the discrete Laplacian on the 1+1D grid used
for the field evolution (see the numerical methods
notes). Figure 3.3 shows the spacetime evolution of

⟨T00(x, t)⟩ while Figure 3.2 displays a representative
spatial snapshot; the corresponding δR and ∆τ/τ pro-
files are obtained from Eqs. (3.6) and (11) after nu-
merical solution of Eq. (10).

Remarks. This toy ansatz is intentionally simple
(Gaussian spatial profile, single exponential decay) so
as to isolate causal propagation and QEI-consistency
in the simulations. The parameters ρ0, σx, τdec are
chosen to match the discrete detector couplings and
switching widths listed in Table 3.1; the full numerical
evolution uses the Unruh–DeWitt coupling and lattice
discretization described in the repository, from which
the plotted fields are generated.

Figure 3.2: Spatial profile of the energy density shift
⟨T00(x, t)⟩ at time t = tA + ∆t + σ, showing a localized
negative energy dip near detector B at x = + d

2 . The dip is
bounded and consistent with QEIs, illustrating the nonlocal
yet causal nature of the protocol.

The resulting energy density expectation value
⟨T00(x, t)⟩, computed on the discretized spacetime lat-
tice with 200 spatial points and timestep 0.01 s, re-
veals a localized negative energy density dip near de-
tector B. This dip emerges strictly within the future
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light cone of the measurement event at A, thereby
preserving relativistic causality. The magnitude and
temporal profile of the energy shift conform to known
quantum energy inequality bounds, demonstrating
that QUINT thread activation produces physically
permissible, bounded, and transient energy redistri-
butions.

Figure 3.3: Spacetime evolution of ⟨T00(x, t)⟩ showing the
propagation and decay of the entanglement-induced energy
density feature. The negative energy dip remains strictly
inside the future light cone of detector A, confirming causal
constraints.

The simulation results, exemplified in Figures 3.2
and 3.3, confirm that vacuum entanglement can
be operationally harnessed to transfer energy across
spacelike separations without superluminal signal-
ing or violation of quantum inequalities. These
findings reinforce the Q-UNIVERSE hypothesis that
entanglement-induced geometric contributions mani-
fest as physically measurable energy redistributions

encoded by the entanglement stress tensor T (ent)
µν .

Code and detailed numerical methods for these sim-
ulations are available in the accompanying DOI repos-
itory reported in the Acknowledgements.

4 Feasible Probes of Modular Energy
in the Q-UNIVERSE Framework

This section outlines experimental strategies for prob-
ing modular energy dynamics predicted by the Q-
UNIVERSE framework, focusing on feasible plat-
forms and measurable observables. We first intro-
duce the operational formalism of quantum energy
teleportation (QET), then discuss constraints from
quantum energy inequalities (QEIs), followed by vali-
dation methods through null tests, and conclude with
the QUINT classification of experimental realizations.

4.1 Quantum Energy Teleportation Formalism
The QET protocol provides a rigorous operational
means of redistributing energy between spacelike-
separated parties through local operations and
classical communication (LOCC). Within the Q-
UNIVERSE framework, QET enables the conditional
release of negative energy density by exploiting pre-
existing vacuum entanglement. In the simplest Un-
ruh–DeWitt detector model, Alice performs a local
measurement on her subsystem, collapsing the joint
state and generating conditional excitations in Bob’s
subsystem. Bob’s optimal unitary, chosen based on
Alice’s classical message, allows extraction of positive
energy from the field while leaving behind a region of
negative energy density. The extracted energy Eout

is bounded by QEIs [cf. Eqs. (4)–(5)] and depends
on the measurement strength, coupling duration, and
entanglement fidelity.

QET-based signatures differ operationally from
Casimir-based energy shifts: Casimir effects arise
from static boundary conditions modifying the vac-
uum mode structure, whereas QET generates tran-
sient negative-energy regions through measurement-
conditioned local operations, with no net static
boundary change.

4.2 Quantum Energy Inequalities and Opera-
tional Extraction
Quantum Energy Inequalities provide state-
independent bounds on the magnitude and duration
of negative energy density that can be sustained in
quantum fields. For a sampling function g(t) with
characteristic width τ , a general QEI bound in flat
spacetime takes the form∫ ∞

−∞
⟨T00(t)⟩g(t)2 dt ≥ − C

τ4 , (12)

where C is a positive constant dependent on the
field type and dimension. In the QET context,
operational extraction strategies must respect these
bounds. Shorter interaction times allow larger instan-
taneous negative energy magnitudes but at the cost
of rapid decay, whereas longer interactions suppress
peak magnitude but permit more sustained effects.
These trade-offs directly inform the design of inter-
ferometric phase shifts, qubit excitation probabilities,
and clock drift sensitivity.

4.3 Experimental Null Tests
Null tests are crucial to distinguish genuine Q-
UNIVERSE signatures from standard quantum field
effects or measurement artifacts. These include re-
placing entanglement with classical correlations, ran-
domizing measurement bases, or disabling conditional
unitaries.
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For interferometers, comparing visibility with en-
tangled versus separable inputs under identical
boundary conditions isolates QET effects. For super-
conducting qubits, toggling Bob’s conditional unitary
or delaying it outside Alice’s lightcone tests causal-
ity. Clock drift experiments should include symmetric
control setups without entanglement perturbations.

Null results under these conditions support that ob-
served negative energy signatures require both entan-
glement and precise operational timing—hallmarks of
the Q-UNIVERSE framework.

4.4 QUINT Threads and Experimental Real-
ization
Building on the formalism, constraints, and valida-
tion strategies above, we introduce the Quantum-
Integrated Negative-energy Teleportation (QUINT)
classification. This scheme maps theoretical con-
structs in the Q-UNIVERSE framework to concrete
experimental pathways—“threads”—each character-
ized by its operational mechanism, target observable,
and susceptibility to QEIs.

Table 4.1 categorizes the primary QUINT threads,
identifying their coupling modes, relevant QET en-
hancements or suppressions, and corresponding ob-
servables. Table 4.2 maps these threads to exist-
ing or near-term experimental platforms, with esti-
mated cost, sensitivity, and scalability. Table 4.1
further classifies threads by coupling mode, enhance-
ment/suppression mechanisms, and measurable ob-
servables.

The QUINT framework thus provides a unifying ex-
perimental blueprint, linking null-test-validated QET
observables to a spectrum of realizable laboratory and
astrophysical tests.

5 Theoretical Implications and Future
Directions
The Q-UNIVERSE framework reframes energy, cur-
vature, and vacuum structure as entanglement-
mediated observables rather than fixed background
quantities. In this view, stress tensors and spacetime
geometry acquire operational meaning only when real-
ized through detector-accessible protocols, with direct
consequences for both theory and experiment.

5.1 Energy as an Emergent Quantity
In traditional field theory, energy is a fundamental, lo-
cally conserved quantity associated with global time-
translation symmetry via Noether’s theorem. By
contrast, Q-UNIVERSE treats energy as a derived
property of constrained entanglement patterns across

modular subregions. Local measurements and con-
ditional operations do not inject energy directly but
reshape correlations, enabling modular energy redis-
tribution. This aligns with results in quantum ther-
modynamics, where work extraction is possible only
when correlations are exploited [34, 42].
In this formulation, negative energy fluctuations

and their redistribution are physically meaningful
only insofar as they manifest through detector-based
protocols—such as QET—and are constrained by
quantum energy inequalities (QEIs) rather than ab-
solute vacuum baselines. The formalism of modular
Hamiltonians,

K = − log ρ,

where ρ is the reduced density matrix of a region, pro-
vides the quantitative bridge: the expectation value
of K over a state σ yields the relative entropy S(σ||ρ),
encoding both informational distinguishability and
work capacity. Energy extraction corresponds to the
change in modular expectation value,

∆E = ⟨σ|K|σ⟩ − ⟨ρ|K|ρ⟩,

making energy an observer-relative quantity depen-
dent on entanglement and measurement history, and
naturally compatible with QEI bounds.

5.2 Entanglement Stress-Energy and Emer-
gent Curvature
The entanglement-induced stress-energy tensor T (ent)

µν

encodes the operational backreaction of modular de-
formations on effective geometry. Unlike the classi-
cal Tµν , it reflects informational gradients localized
by detector interactions and conditional energy flow.
This perspective resonates with Jacobson’s thermo-
dynamic derivation of Einstein’s equations [7] and the
modular Hamiltonian–geometry connection [12], but
replaces absolute energy sourcing with curvature aris-
ing from modular distortions such as entropic shear
and modular flow shifts.

5.3 QUINT Threads and Decoherence
QUINT threads—nonlocal activation pathways in the
entangled vacuum—are inherently sensitive to deco-
herence. Because they rely on correlations between
spatially separated regions, environmental noise can
rapidly degrade their observability. In QET proto-
cols, decoherence before the conditional unitary at
region B exponentially suppresses the extractable en-
ergy gain ∆EB , with scaling set by interaction time,
coupling strength, and temperature. Modular en-
ergy reconstructions may be washed out by thermal
noise unless the system operates below the decoher-
ence threshold.
Mitigation strategies include post-selection, en-

tanglement distillation across vacuum modes, and
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Table 4.1: Unified classification of QUINT threads by coupling mode, enhancement/suppression, operational signature, and
observable.

Thread / Plat-
form

Coupling Mode Enh./Supp. Operational Signature Observable

Optical Cavities
(HFSL/OCS)

Cavity modes via
QET-like links

High photon variance;
squeezed/entangled boost

∆E < 0 without classical flux;
mode shift

Frequency,
mode change

Optomech. Res-
onators

Mech. displacement
to field

Ent.-assisted modulation; back-
action amp.

Displacement correlated with
vacuum activation

Noise spectrum,
sidebands

Atom Interferome-
try

Matter-wave phase
shifts

Long coherence; ent. noise sup-
pression

Phase drift from ent. mod., not
curvature

Fringe vis.,
phase shift

Supercond. Circuits Qubits to bosonic
modes

Tunable coupling; high coher-
ence

Cond. excitations from vacuum;
no flux

Qubit freq.
shift, excits.

Casimir–QET Hy-
brids

Boundaries + meas.
dynamics

Modulated Casimir via QET Time-varying vac. pressure via
ent. ctrl.

Force variation
vs time

Grav. Wave Detec-
tors

Metric fluct. sensi-
tivity

Long int.; large baseline Sub-Hz strain from ent. fluct. Strain spectrum

Cosmo. Observa-
tions

Lensing/LSS probes Cross-check with QET bounds Residual lensing/CMB from ent.
dist.

Lensing resid.,
CMB shifts

Table 4.2: Mapping between experimental observables and modular quantities in Q-UNIVERSE experiments.

Experimental Plat-
form

Observable Quantity Related Modular/Entanglement
Structure

Compact Optical and Mi-
crowave Systems

Interferometric phase drift, cav-
ity resonance shifts, entanglement-
mediated loss/gain

Simulation of modular Hamiltonians
and vacuum entanglement flow; QET-
compatible field mode coupling

Interferometers (optical or
matter-wave)

Phase shift due to vacuum fluctua-
tion, Casimir stress modulation

Localized variations in modular energy;
entanglement-induced effective stress
tensor T (ent)

µν

Atomic and optical clocks Desynchronization, clock drift
across entangled regions

Modular flow and curvature perturba-
tions from entanglement redistribution

Superconducting qubits,
cavity/circuit QED

Energy extraction, conditional exci-
tation from vacuum, simulation of
field dynamics

Realization of QET protocols; coupling
to engineered modular Hamiltonians

Casimir-based systems
(static or dynamic)

Vacuum pressure, time-resolved
force modulation

Stress tensor deformation; probes en-
ergy inequalities and vacuum modular
response

Casimir–Cavity Geome-
tries

Time-dependent Casimir
shifts, vacuum mode suppres-
sion/enhancement, modular energy
imbalance

Engineering of vacuum structure via
tunable boundaries; simulation of
stress-energy redistribution

Hybrid optomechani-
cal–qubit setups

Resonant shifts, entanglement-
enhanced backaction

Nonlocal energy flow; amplification of
modular Hamiltonian sensitivity

Quantum Grav-
ity–Adjacent Platforms

Entanglement-induced curvature,
modular Berry phase, relative
entropy in spacetime settings

Tests of emergent geometry, spacetime
from entanglement, and semiclassical
backreaction models

dynamical decoupling in superconducting or opti-
cal platforms. These methods can extend coher-
ence times and preserve thread observables, making
decoherence-resilient QUINT protocols a key step to-
ward experimental validation.

5.4 Implications for the Cosmological Con-
stant Problem
Within Q-UNIVERSE, absolute vacuum energies are
physically meaningless: only relative modular ener-
gies accessible to operational probes are observable.

As T (ent)
µν is defined through conditional correlations,

large constant contributions from inaccessible modes
naturally drop out, reframing the cosmological con-
stant as a coarse-grained residual from entanglement
geometry. This viewpoint suggests that the observed
value may reflect a statistical average over modular
distortions at the horizon scale, sidestepping the 120-
order-of-magnitude discrepancy of conventional QFT
predictions and offering a route to connect dark en-
ergy to measurable entanglement structures.

To make the horizon-averaging picture concrete,
consider a family of horizon-scale spatial regions H
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(each of volume VH) covering a cosmological slice.
Let ρH denote the reduced density matrix of the vac-
uum on regionH and define the modular Hamiltonian
for that patch by KH := − log ρH (we set kB = 1).
The expectation ⟨KH⟩ρH

contains the usual area-law
UV divergences associated with short-distance entan-
glement; in particular the leading contribution scales
like an area term ∼ A/ϵd−2 (with UV cutoff ϵ) and is
effectively state-independent to leading order [9, 12].
Now compare the vacuum reference ρH to an oper-
ationally accessible perturbed state σH (for example
the post-measurement or coarse-grained cosmological
state); the modular energy difference on patch H is

∆KH = ⟨KH⟩σH
− ⟨KH⟩ρH

.

Because the leading UV pieces in ⟨KH⟩ are local and
largely state-independent, they cancel in ∆KH , leav-
ing only IR-sensitive and genuinely state-dependent
contributions (this cancellation is the information-
theoretic reason the näıve Λ4

UV estimate does not
directly appear in operational modular differences)
[9, 11].
Partition the horizon volume into N subpatches

(patch volume vp, so VH = Nvp). Denote the modu-
lar fluctuation in subpatch i by δki, so that ∆KH =∑N

i=1 δki. If the δki are (to leading approximation)
weakly correlated, zero-mean fluctuations with vari-
ance Var(δki) = σ2

k, the typical coarse-grained resid-
ual scales like the root-sum-square,

∆KH ∼
√
N σk,

and the corresponding coarse-grained energy density
(the operationally observable contribution per patch)
scales as

ρobs ∼ ∆KH

VH
∼

√
N σk

Nvp
= σk√

N vp

.

Writing N ∼ (R/ℓ)3 for a horizon radius R and a
microscopic correlation length ℓ, providing a suppres-
sion factor ∼ (ℓ/R)3/2. If the microscopic scale ℓ is
taken to be the Planck length (or any short UV scale),
then the enormous ratio R/ℓ produces an extremely
small ρobs, despite large local UV entanglement densi-
ties. Thus the large, state-independent UV contribu-
tions are removed by the modular difference while the
surviving, observable residual is parametrically sup-
pressed by coarse-graining across many microscopic
domains. If instead the δki exhibit partial coherence
over long distances, the suppression is weaker (scaling
more like 1/N rather than 1/

√
N), but the qualita-

tive point holds: the observed cosmological energy is a
collective, coarse-grained property of modular fluctu-
ations, not a direct sum of Planck-scale zero-point en-
ergies (see Appendix E) for the explicit coarse-grained

limit where T (ent)
µν reduces to a Λ-like term).

This heuristic argument explains how ρobs can nat-
urally be far smaller than naive Λ4

UV estimates: ultra-
violet divergences drop out of modular differences and

horizon-scale averaging over many independent (or
weakly correlated) modular patches produces a large
suppression. Making this argument rigorous requires
specifying the correlation structure of δki, the precise
form of KH for realistic cosmological patches, and the
dynamical ensembles of σH ; we leave these technical
developments for future work but note that the can-
cellation of leading UV terms and the coarse-graining
suppression are robust information-theoretic mecha-
nisms already discussed in related modular/relative-
entropy literature [7, 9, 11].

5.5 Future Theoretical Directions

By rooting curvature and energy in modular flow,
Q-UNIVERSE provides a framework where gravita-
tional backreaction, negative energy bounds, and op-
erationally defined stress tensors can be studied with-
out invoking a full theory of quantum gravity. Future

work should formalize the role of T (ent)
µν in semiclas-

sical dynamics, extend QEI constraints to interacting
fields and curved spacetimes, and develop predictive
models linking laboratory-scale entanglement experi-
ments to cosmological observables.

6 Conclusions
We have presented the Q-UNIVERSE framework as
a testable operational paradigm in which vacuum en-
tanglement acts as the fundamental substrate from
which localized energy redistribution and spacetime
curvature emerge. By extending quantum energy tele-
portation protocols into a generalized entanglement
stress-energy tensor, we have connected informational
and geometric aspects of quantum fields within a flat-
spacetime, experimentally accessible context.

This approach reconciles longstanding theoreti-
cal insights—such as modular Hamiltonians, quan-
tum energy inequalities, and entanglement–geometry
dualities—with concrete proposals for laboratory
measurements using interferometers, optical clocks,
Casimir cavities, and superconducting qubits. The
introduction of QUINT threads as operational con-
duits for entanglement-activated energy flow further
distinguishes Q-UNIVERSE from purely speculative
geometric wormhole concepts, emphasizing measur-
able, causal, and localizable phenomena.

While numerous theoretical challenges and open
questions remain—especially regarding rigorous con-
structions in interacting fields, backreaction effects,
and decoherence impacts—the framework lays a
promising foundation for bridging quantum informa-
tion theory, quantum field theory, and gravity. Future
work refining both theoretical models and experimen-
tal protocols will be crucial to validating or falsifying
this emergent paradigm.
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Appendix

A Modular Hamiltonians and the En-
tanglement Stress-Energy Tensor

The entanglement stress-energy tensor T (ent)
µν captures

the effective energetic and gravitational influence of
modulated vacuum entanglement. It is defined via a
variational principle:

T (ent)
µν (x) := 2√

−g
δSent

δgµν(x) , (A.13)

where Sent is an entanglement action functional over
spatial subregions.

A.1 Modular Hamiltonians
For a global vacuum state |Ω⟩ and a subregion A, the
reduced density matrix is

ρA = e−Hmod

Tr(e−Hmod) , (A.14)

where Hmod is the modular Hamiltonian. For spe-
cial regions, e.g., half-spaces in Minkowski spacetime,
Hmod has a local expression:

Hmod = 2π
∫

x1>0
dd−1xx1T00(x). (A.15)

A.2 Relative Entropy and the First Law
The relative entropy between a perturbed state ρA

and the vacuum ρ0
A is

S(ρA∥ρ0
A) = Tr(ρA log ρA) − Tr

(
ρA log ρ0

A

)
, (A.16)

satisfying

S(ρA∥ρ0
A) = ∆⟨Hmod⟩ − ∆Sent. (A.17)

In the small perturbation limit, this yields the first
law of entanglement:

δ⟨Hmod⟩ = δSent. (A.18)

This relation underlies the linearized Einstein equa-
tion:

δGµν = 8πGδ⟨Tµν⟩. (A.19)

A.3 Quantum Energy Inequalities and Redis-
tribution
Quantum Energy Inequalities constrain the magni-
tude and duration of negative energy densities:∫

dλ g(λ)⟨Tµν(λ)⟩ ≥ −B, (A.20)

ensuring local negative energy (from QET or vac-
uum fluctuations) is balanced globally. This moti-
vates the inclusion of a nonlocal entanglement stress

tensor T (ent)
µν to capture redistribution effects.

A.4 1+1D CFT Example
For a 1+1-dimensional CFT, the vacuum entangle-
ment entropy of an interval of length ℓ is

Sent = c

3 ln ℓ
ϵ
, (A.21)

with central charge c and UV cutoff ϵ. Under a small
metric perturbation gµν → gµν + δgµν :

δSent ∼
∫
d2x

√
−g ⟨Tµ

µ⟩ δσ(x), (A.22)

where δσ(x) is the local conformal factor.

A.5 Comparison to Classical Stress Tensor
The classical stress tensor arises from the matter ac-
tion:

Tµν(x) = − 2√
−g(x)

δSmatter

δgµν(x) , (A.23)

which is local and deterministic. By contrast, T (ent)
µν

encodes the geometry’s response to quantum correla-
tions and modular energy.

Both tensors appear as sources in a generalized Ein-
stein equation:

δGµν = 8πG
(
Tµν + T (ent)

µν

)
. (A.24)
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Entangled Vacuum State
|Ω⟩

Entanglement Entropy
Sent or Relative Entropy

Entanglement Stress Tensor
T (ent)

µν = 2√
−g

δSent
δgµν

Modified Einstein Equation
Gµν + Λgµν = 8πG(⟨Tµν⟩ + T (ent)

µν )

Spacetime Curvature
Rµνρσ response

Figure A.1: Flow diagram of entanglement-derived curvature:
Sent determines T (ent)

µν , which contributes to curvature via a
generalized Einstein equation.

B QUINT Threads vs ER=EPR
We contrast our proposed concept of Quantum Infor-
mation Threads (QUINT threads) with the ER=EPR
conjecture. Both link entanglement to spacetime
structure, but differ in operational accessibility, geo-
metric assumptions, and testability. ER=EPR posits
a geometric wormhole connecting entangled systems
in a gravity dual, whereas QUINT threads denote
operationally defined entanglement-mediated correla-
tions without geometric embedding.
Operationally, QUINT threads act as

entanglement-activated energy redistribution
channels, realized through conditional measure-
ment–unitary sequences, which redirect modular
energy without particle exchange. This makes them
distinct from purely geometric constructs such as
ER=EPR wormholes or holographic entanglement
edges.

B.1 QUINT Threads as Entanglement-Induced
Energy Channels
We can formalize the notion of a QUINT thread as a
localized entanglement-induced energy response:

∆E(x) =
∫
ddx′ χ(x, x′) δ⟨T (ent)

00 (x′)⟩, (B.25)

where χ(x, x′) is the causal susceptibility kernel de-
scribing how a local entanglement perturbation at x′

influences the energy density at x, and T (ent)
µν is the

entanglement stress-energy tensor introduced in Ap-
pendices A and B.

Space

Time

x′

x

χ(x, x′) ̸= 0

Figure A.2: Causal structure of entanglement-induced cur-
vature response: the response at x occurs only within the
future lightcone of x′, as determined by the susceptibility
kernel χ(x, x′).

(a) QUINT Threads

Entangled Qubits

Energy/Info

(b) ER=EPR Wormhole

Geometric Bridge

Inferred Geometry

Figure B.1: (a) QUINT threads represent operational en-
tanglement links with observable consequences such as en-
ergy extraction or clock drift, without geometric embedding.
(b) ER=EPR identifies entanglement with a non-traversable
wormhole in spacetime geometry.

This parallels the first law of entanglement
(Eq. (A.18)) but highlights operational extraction
rather than purely informational content.

B.2 1+1D CFT Toy Model for QUINT
Threads
To illustrate QUINT threads in a concrete setting,
consider a 1+1-dimensional conformal field theory on
a flat background. For an interval of length ℓ, the
vacuum entanglement entropy is

Sent(ℓ) = c

3 ln ℓ
ϵ
, (B.26)

where c is the central charge and ϵ is a UV cutoff
[48, 49].

Suppose we apply a local operation at position x′

that perturbs the reduced density matrix ρA of a small
interval A. Following the first-law relation, the result-
ing modular energy change is

δ⟨KA⟩ = δSent(A) = π

ℓ

∫
A

dx (ℓ2−4(x−x′)2) δ⟨T (ent)
00 (x)⟩,

(B.27)
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Table B.1: Comparison of QUINT Threads and ER=EPR Wormholes

Property QUINT Threads ER=EPR Wormholes
Framework Operational / QET / quantum metrology Holographic / AdS/CFT / gravity duals
Geometry No geometric bridge implied Requires nontraversable spacetime worm-

hole
Observability Observable via energy extraction, clock

drift, or correlations
Not directly observable; inferred via duali-
ties

Traversability Not traversable, but allows energy ex-
change via entanglement

Non-traversable (unless exotic matter
added)

Testability Testable in tabletop experiments or quan-
tum devices

Currently inaccessible to direct tests

Theoretical Role Operational mediator of entanglement-
induced effects

Geometric realization of entanglement

Causal Structure Emergent or induced via measurement pro-
tocols

Embedded in full spacetime manifold

where T
(ent)
00 (x) denotes the entanglement stress-

energy density in the interval.

We can model the QUINT thread response as a
**localized Gaussian profile**, capturing energy re-
distribution along the interval:

δ⟨T (ent)
00 (x)⟩ = ∆E√

2πσ
exp

[
− (x− x′)2

2σ2

]
, (B.28)

with width σ representing the spatial extent of the
entanglement-induced response and ∆E the total en-
ergy shift extracted via the QUINT protocol.

Integrating Eq. (B.28) over the interval reproduces
the modular energy change of Eq. (B.27):

∆E =
∫
dx δ⟨T (ent)

00 (x)⟩. (B.29)

This simple model demonstrates how a **local
entanglement perturbation** can generate a spa-
tially distributed energy response—i.e., a QUINT
thread—while remaining fully operational and mea-
surable in principle. The width σ controls the “non-
locality” of the thread and is consistent with causality
and QEI bounds discussed in Appendix B.

x

δ⟨T (ent)
00 (x)⟩

QUINT thread profile

width σ

Figure B.2: Toy model of a QUINT thread in 1+1D CFT:
a local entanglement perturbation at x′ induces a spatially
distributed energy response along the interval.

B.3 Causal Structure of QUINT Threads
The spatial energy redistribution along a QUINT
thread respects **causality**, meaning that the re-
sponse at point x occurs only within the future light-
cone of the local entanglement perturbation at x′.
This causal propagation is captured by the suscep-
tibility kernel χ(x, x′) introduced in Eq. (B.25).

Space x

Time t

x′ (entanglement perturbation)

x (QUINT response)

χ(x, x′) ̸= 0

Figure B.3: Causal structure of a QUINT thread: the energy
redistribution at x arises only within the future lightcone of
the local entanglement perturbation at x′. The susceptibility
kernel χ(x, x′) encodes the operationally allowed response
region, ensuring consistency with QEI and relativistic causal-
ity.

B.4 Synthesis of the QUINT Thread Model
Together, the 1+1D CFT toy model, the Gaus-
sian energy profile, and the causal susceptibility
kernel provide a coherent operational picture of
QUINT threads. The CFT expression for entan-
glement entropy (Eq. (B.26)) and the first-law re-
lation (Eq. (B.27)) quantify how a local perturba-
tion modifies modular energy. The Gaussian profile
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(Eq. (B.28)) offers a tractable representation of the
spatial redistribution of energy along the thread, with
total energy conservation guaranteed by Eq. (B.29).
Finally, the susceptibility kernel χ(x, x′) (Fig. B.3)
encodes the causal structure of the response, ensur-
ing that energy redistribution occurs only within the
future lightcone of the entanglement perturbation.
This synthesis highlights how QUINT threads opera-
tionally link entanglement manipulations to measur-
able, spacetime-localized energy responses, providing
a fully consistent and testable framework parallel to
the constructions in Appendices A and B.

C Null Tests and Emergent Energy
from Modular Flow
C.1 Null-Test Protocols for Entanglement-
Induced Energy Extraction
To empirically distinguish entanglement-enabled en-
ergy extraction from conventional field-theoretic or
boundary-induced effects, we propose a series of null-
test protocols rooted in the QET framework. These
protocols are designed to isolate and remove key
quantum ingredients—such as entanglement or causal
structure—while preserving all other experimental
conditions. In doing so, they aim to falsify alternative
explanations for apparent negative energy signatures
and affirm the operational necessity of quantum cor-
relations.
One illustrative case involves a symmetric

Mach–Zehnder interferometer with adjustable mir-
rors and variable input states. When entangled
photons are injected, and a QET-like measurement
protocol is applied to one arm, output asymmetries
consistent with negative energy extraction may
appear. If the same interferometric configuration is
used with separable photon states with randomized
polarization, no statistically significant energy shift
is expected at the output ports. Formally, letting the
input state be

|ψ⟩sep = |p1⟩ ⊗ |p2⟩ , (C.30)

the average output intensity

⟨Iout⟩ = ⟨1 + cos(ϕ+ δ)⟩δ = 1, (C.31)

vanishes after averaging over the uniformly dis-
tributed polarization phases δ ∈ [0, 2π].
A second test exploits the causal timing structure of

QET protocols. In superconducting qubit–cavity sys-
tems, Alice performs a measurement on subsystem A,
and Bob applies a conditional unitary UB on subsys-
tem B. If Bob’s operation occurs outside the future
lightcone of Alice’s action, the protocol should fail to
yield any measurable energy gain:

∆EB = 0, for xB /∈ J+(xA), (C.32)

where J+(xA) is the future lightcone of Alice’s mea-
surement event xA.
A third null test applies to correlated atomic clocks

in QET-based curvature sensing. Let the relative

modular energy perturbation be δT (ent)
00 (x); the net

effect on classically correlated but unentangled clocks
satisfies ∫

clocks
δT (ent)

00 (x) d3x = 0, (C.33)

showing no detectable time desynchronization beyond
instrumental drift. By contrast, entangled clocks un-
der QET operations produce measurable desynchro-
nization consistent with conditional modular-energy
flow.

C.2 Emergent Energy from Modular Flow
In the Q-UNIVERSE framework, energy emerges rela-
tionally from the modular Hamiltonian of a subregion
A:

KA = − log ρA, (C.34)

with ρA the reduced density matrix. Relative entropy
between two states,

S(ρA∥σA) = Tr(ρA log ρA) − Tr(ρA log σA), (C.35)

quantifies the distinguishability and constrains energy
extraction via QET protocols.

The expectation value of the emergent entangle-
ment energy is encoded in the entanglement stress
tensor:

T (ent)
µν (x) = − 2√

−g
δSent

δgµν(x) , (C.36)

where Sent is the local entanglement entropy func-
tional, possibly conditioned on measurement out-
comes or modular flow.

Operationally, the energy extracted at subsystem
B via QET is

∆EB =
∫
ddx ⟨T (ent)

00 (x)⟩QET, (C.37)

and vanishes for all null-test configurations in
Eqs. (C.30)–(C.33).

Together, these null-test protocols and modular-
flow considerations provide a unified, falsifiable frame-
work for probing entanglement-induced energy ex-
traction and its operationally emergent geometry.

D Gravitational Kubo Formula for En-
tanglement Stress Response
We provide a detailed derivation of the gravitational
analogue of the Kubo formula, which expresses the
causal linear response of the vacuum entanglement
stress-energy tensor to metric perturbations.
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Table C.1: Key Structures Underlying Emergent Energy in the Q-UNIVERSE Framework

Concept Mathematical Description / Role
Modular Hamiltonian KA Defined by Eq. (C.34). Governs modular flow and local energy ob-

servables.
Relative Entropy S(ρ||σ) Defined by Eq. (C.35). Quantifies distinguishability; constrains en-

ergy extraction.
Quantum Energy Teleporta-
tion (QET)

Protocol in which a local measurement on one part of a system en-
ables conditional energy extraction elsewhere, enabled by pre-existing
entanglement. Predicts ∆EB < 0 in localized regions.

Resource Theory of Thermo-
dynamics

Describes allowable state transitions under constraints such as en-
tropy and energy conservation. Modular Hamiltonians act as gener-
alized free energies.

Entanglement Stress-Energy
Tensor T (ent)

µν

Defined by Eq. (C.36). Encodes effective spacetime backreaction due
to entanglement-modified energy distributions.

Observer-Dependent Geome-
try

Curvature inferred from modular flow and relative entropy gradi-
ents; energy and geometry emerge relationally rather than from back-
ground fields.

D.1 Linear Response of ⟨Tµν⟩

Consider a background spacetime with metric g
(0)
µν

perturbed by a small deviation hµν :

gµν(x) = g(0)
µν (x) + hµν(x), ∥hµν∥ ≪ 1. (D.38)

The expectation value of the vacuum stress-energy
tensor responds according to linear response theory:

δ⟨Tµν(x)⟩ =
∫
d4x′ χµναβ(x, x′)hαβ(x′), (D.39)

where χµναβ(x, x′) is the susceptibility kernel.
This kernel admits the retarded commutator repre-

sentation:

χµναβ(x, x′) = − i

ℏ
θ(t− t′) ⟨[T̂µν(x), T̂αβ(x′)]⟩,

(D.40)
with θ(t − t′) enforcing causality. Equation (D.40)
makes explicit that the gravitational response is com-
pletely determined by the two-point stress-energy cor-
relations in the quantum state, encoding the vacuum
entanglement structure.
In Q-UNIVERSE, the relevant operator is the mod-

ular Hamiltonian KA of a subregion A:

KA = 2π
∫

A

dΣµ ξν T̂µν , (D.41)

where ξν is the modular flow vector. Variations of
⟨KA⟩ correspond to changes in the modular energy
accessible to an observer in A.
The entanglement first law relates modular energy

changes to entanglement entropy:

δSA = δ⟨KA⟩, (D.42)

and relative entropy

Srel(ρA||σA) = δ⟨KA⟩ − δSA (D.43)

is monotonic under local operations. Thus, the gravi-
tational susceptibility χµναβ can be interpreted as the
functional derivative of the observer-relative modular
Hamiltonian with respect to the background metric:

χµναβ(x, x′) = δ⟨KA⟩
δgαβ(x′) . (D.44)

D.2 Vacuum Stress-Energy Response and Sus-
ceptibility Kernel
Explicitly, the causal linear response of the vacuum
stress-energy tensor is

δ⟨T vac
µν (x)⟩ =

∫
d4x′ χµναβ(x, x′)hαβ(x′), (D.45)

with

χµναβ(x, x′) = −i θ(t− t′) ⟨[T vac
µν (x), T vac

αβ (x′)]⟩0.
(D.46)

This formalism connects the linear-response descrip-
tion of ⟨T vac

µν ⟩ to modular Hamiltonians and relative
entropy, showing how curvature emerges from under-
lying entanglement.

E Coarse-Grained Limit of T (ent)
µν and

Effective Cosmological Constant
The entanglement-induced stress-energy tensor

T (ent)
µν (x) := 2√

−g
δSent

δgµν(x) (E.47)

captures the operational backreaction of modular en-
tanglement structure on geometry.

Upon coarse-graining over a macroscopic volume
Vcg (e.g., horizon scale RH), if local variations average
to an isotropic, homogeneous form:

⟨T (ent)
µν ⟩Vcg = ρentgµν + O(ℓ/RH), (E.48)
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the Einstein equation

Gµν + Λgµν = 8πG
(

⟨Tµν⟩ + T (ent)
µν

)
(E.49)

can be rewritten with an effective cosmological con-
stant:

Gµν + Λeffgµν = 8πG⟨Tµν⟩, Λeff := Λ + 8πGρent.
(E.50)

In this view, ρent is an emergent, operationally de-
fined quantity determined by coarse-grained modular
Hamiltonian fluctuations. Planck-scale contributions
average out, leaving a residual term that mimics a
cosmological constant, providing a natural mechanism
for Λobs without fine-tuning zero-point energies.
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