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Abstract: Quantum field theory (QFT) and general relativity (GR) are pillars of mod-
ern physics, each supported by extensive experimental evidence. QFT operates within
Lorentzian spacetime, while GR ensures local Lorentzian geometry. Despite their suc-
cesses, these frameworks diverge significantly in their estimations of vacuum energy
density, leading to the cosmological constant problem—a discrepancy where QFT esti-
mates exceed observed values by 123 orders of magnitude. This paper addresses this
inconsistency by tracing the cooling evolution of the universe’s gauge symmetries—from
SU(3) x SU(2) x U(1) at high temperatures to SU(3) alone near absolute zero—motivated
by the experimental Meissner effect. This symmetry reduction posits that SU(3) forms the
fundamental “atoms” of vacuum energy. Our analysis demonstrates that the calculated
number of SU(3) vacuum atoms reconciles QFT’s predictions with empirical observations,
effectively resolving the cosmological constant problem. The third law of thermodynam-
ics, by preventing the attainment of absolute zero, ensures the stability of SU(3) vacuum
atoms, providing a thermodynamic foundation for quark confinement. This stability guar-
antees a strictly positive mass gap defined by the vacuum energy density and implies a
Lorentzian quantum structure of spacetime. Moreover, it offers insights into the origins of
both gravity /gauge duality and gravity/superconductor duality.

Keywords: cosmological constant problem; SU(3) symmetry; quantum spacetime

1. Introduction

The Standard Model (SM) of particle physics, fundamental to our understanding
of the forces of nature, is based on the symmetry group SU(3) x SU(2) x U(1)y [1-3].
The Higgs mechanism, driven by the vacuum expectation value (VEV) of the Higgs field,
breaks the electroweak symmetry SU(2) x U(1)y down to U(1)em, providing mass to the
W and Z bosons [4]. The discovery of the Higgs boson experimentally confirmed this
symmetry-breaking process [5], accounting for the mass of most SM particles while leaving
gluons and photons massless. However, the observation of neutrino oscillations, which
indicate non-zero neutrino masses, challenges the original SM that assumed neutrinos to
be massless [6,7]. Extensions like the see-saw mechanism and discrete symmetries have
been proposed to account for these masses while preserving the core SU(3) and U(1)em
symmetries within the frameworks of quantum chromodynamics (QCD) and quantum
electrodynamics (QED) [8-11]. The current study explores the thermal history of the
universe and the associated symmetry breaking to identify the fundamental symmetry
governing vacuum energy. As the universe cools below a critical temperature T, a phase
transition occurs that breaks the electromagnetic symmetry U(1)em. This transition leads to
superconductivity, characterized by zero electrical resistance and the expulsion of magnetic
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fields—a phenomenon known as the Meissner effect [12]. The breaking of U(1)em leaves
SU(3) as the sole unbroken symmetry, underscoring its critical role in defining vacuum
energy dynamics near absolute zero (see Figure 1).

The Standard model symmetry

Electroweak scale

Near absolute Zero Kelvin

Figure 1. SU(3) as the dominant symmetry near absolute zero, influenced by the Meissner effect.

Recent studies [13] have suggested that dark energy might behave like a supercon-
ductor within scalar—vector-tensor gravity models, leading to a Meissner-like expulsion
of spacetime by dark energy [14]. This intriguing perspective motivates our investigation
into the role of SU(3) symmetry in addressing the cosmological constant problem and
aligning quantum field theory with general relativity. The persistence of SU(3) symmetry
at low temperatures implies that it forms the fundamental “atoms” of vacuum energy.
By calculating the number of these SU(3) vacuum atoms throughout the universe, we
find a value that aligns theoretical predictions with observed vacuum energy densities.
This concordance effectively resolves the cosmological constant problem, bridging the gap
between the predictions of quantum field theory and cosmological observations. According
to the standard Third Law of Thermodynamics [15], a system’s entropy S approaches a
finite minimum Sy > 0 as T — 0. This unattainability of T = 0 implies a non-zero residual
entropy; hence, a minimal, discrete volume must persist. In our framework, we identify
this remnant volume with a proton’s volume, invoking known SU(3) confinement. This
residual volume stabilizes the SU(3) vacuum atoms, ensuring that their structure remains
intact. The unbreakability of these vacuum atoms, guaranteed by this thermodynamic prin-
ciple, provides a basis for quark confinement in quantum chromodynamics (QCD). Lattice
simulations of pure SU(3) gauge theory rigorously demonstrate a non-zero mass gap and
linear confinement at low temperatures—Wilson’s original proof [16] and subsequent high-
precision measurements of the string tension [17] confirm that the SU(3) vacuum is gapped
and stable. By contrast, a gapless U(1) vacuum as T — 0 would violate the Third Law of
Thermodynamics, which requires a discrete ground state of minimal entropy. Thus, once
SU(2) is broken by the Higgs mechanism and U(1) by the Meissner effect, SU(3) remains
the only unbroken, gapped gauge symmetry compatible with a minimal-entropy vacuum
at T — 0. These facts elevate SU(3) “atoms” from conjecture to thermodynamic necessity.

Additionally, the inherent mass gap in SU(3) gauge theory—an energy threshold
below which no massless particles exist—further strengthens this connection. This frame-
work not only addresses a fundamental issue in theoretical physics but also suggests a
deeper gauge—gravity duality, indicating profound connections between quantum field
theories and gravitational theories. It also hints at a gravity—superconductor duality, where
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gravitational phenomena are analogous to principles in superconductivity, opening new
pathways to explore relationships among high-energy physics, cosmology, and condensed
matter physics.

This work contributes four results that, to the best of our knowledge, are new:

* A lattice-RG derivation showing that coarse-graining pure SU(3) over the Hubble
volume enforces the 1/N rescaling of the Yang—Mills action;

*  An explicit match between that rescaled vacuum energy and the finite Snyder-GUP
integral, which predicts the minimal length {5 = (3 Ry)1* ~ 1.7 x 10> m;

* A thermodynamic proof, using lattice entropy data, that only a gapped SU(3) vacuum
is compatible with the third law at T =0;

¢ Three near-term experimental tests (optomechanical GUP search, glueball dark-matter
window, redshift stability of pyac) that can falsify the framework.

The paper is structured as follows: Section 2 investigates the thermal history of the
universe and its symmetry-breaking sequence, illustrating how SU(3) remains intact near
zero Kelvin, forming the foundational atoms of vacuum energy. Section 3 presents the
solution to the cosmological constant problem based on SU(3) vacuum atoms. Section 5
explores the implications for spacetime, demonstrating how SU(3) transforms Lorentzian
spacetime into quantum Lorentzian spacetime, necessitating the Snyder approach [18] to
understand vacuum dynamics. Section 7 concludes the discussion.

2. Manifesting SU(3) Vacuum Atoms Through Symmetry Breaking

In the immediate aftermath of the Big Bang, the universe was extremely hot
(T 2 10"°K) and dominated by radiation (In QFT, temperature corresponds to the in-
trinsic energy of the quantum fields themselves, expressed as E = kgT). At these
high temperatures, all fundamental forces were unified under the gauge symmetry
SU(3) x SU(2) x U(1)y. The Standard Model Lagrangian before any symmetry breaking
is given by the following;:

1 1o i 1 =
Lom = =7 GG — S W, W — 2By B + iy Dyp + (D'0)T D@ — V(@), (1)

where wa, W;w,

and U(1)y gauge fields, respectively. Here, i represents the fermion fields, ® is the Higgs

and By, are the field strength tensors corresponding to the SU(3), SU(2),

tield responsible for electroweak symmetry breaking, D,, is the covariant derivative, and
V(®) is the Higgs potential. As the universe expanded and cooled to the electroweak scale
(T =~ 10" K), the Higgs field acquired a vacuum expectation value (VEV):

0
=1 v |, with v~246GeV, (2)

V2

spontaneously breaking the electroweak symmetry SU(2) x U(1)y down to U(1)em. This
mechanism gave masses to the W and Z bosons:

1 1
_ I 2 2
My = 8 Mz = zv\/g + g% 3)

where g and ¢’ are the gauge couplings for SU(2) and U(1)y, respectively. After this phase
transition, the unbroken symmetry was SU(3) X U(1)em. As the universe continued to
cool and entered the matter-dominated era, atoms, and large-scale structures formed. At
temperatures approaching absolute zero (T — 0K), analogous to conditions in supercon-
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ductivity, the electromagnetic U(1)em symmetry can spontaneously break via a mechanism
similar to the Meissner effect. Consider a composite scalar field representing electron pairs:

X = @e lpel (4)

where 1, is the electron field. The effective Lagrangian for this field is as follows:

1
Ly = 5000 —12x° = A + X2 A AT, 6)

with y? < 0and A > 0. Spontaneous symmetry breaking occurs when x acquires a VEV:

=/
This results in an effective photon mass:
m, =e(x) <1078V, )

as constrained by experiments [19].

Thus, near absolute zero, the U(1)em symmetry is spontaneously broken, leaving
SU(3) as the remnant unbroken symmetry governing the strong interaction. The break-
ing of U(1)em symmetry while SU(3) remains unbroken at low temperatures suggests a
profound connection between SU (3) symmetry and vacuum energy. The SU(3) symmetry
manifests in structures as small as nucleons, approximately 10~ ! meters in size [19]. We
can consider the vacuum of the universe as composed of N such SU(3) vacuum atoms.
The total number of these atoms is determined by the ratio of the universe’s volume to the
volume of a single SU(3) vacuum atom:

V .
N = umverse. 8
Vatom ( )

Cosmic Homogeneity and Volume Estimates. At length scales beyond ~ 100 Mpc,
the universe is empirically homogeneous and isotropic (Planck 2018 results [20]), justifying
coarse volume ratio methods. Analogously, Bekenstein’s black-hole entropy is computed
by dividing horizon area by the Planck area [21]; here, we perform a three-dimensional ana-
logue by dividing cosmic volume by the SU(3) confinement volume. Local inhomogeneities

0123 estimate.

(galaxies, voids) average out on these scales and do not alter the leading 1
Taking the universe’s radius as £, ~ 10%m [22]. All radius-dependent formulae
now use the RG-RG-invariant confinement length ¢ ., = o 1/2. The key ratio still yields

N = (Ry/Leons)® =~ 1.2 x 10123 Tt follows that
N = (Ru/leont)® ~ 1.2 x 102 SU(3) vacuum atoms. 9)

We approximate both the universe and the proton as spherical in shape. This calcula-
tion indicates that there are approximately 10123 SU(3) vacuum atoms filling the universe.
The implications of this vast number, supported by experimental observations analogous
to the Meissner effect applied on a cosmological scale [13,14], will be explored further. For
the vacuum of the universe to be stable, these SU(3) vacuum atoms must be unbreakable.
According to the third law of thermodynamics, reaching absolute zero temperature is
impossible, as it would require an infinite number of cooling steps. Consequently, SU(3)
vacuum atoms cannot be further subdivided or broken apart. This resilience, dictated by
the third law, provides a thermodynamic basis for quark confinement, potentially offer-
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ing a novel explanation. Since the vacuum energy comprises N = 10'23 identical atoms,
each exhibiting SU(3) symmetry, it is essential to account for the total number of vacuum
atoms when computing the vacuum energy density within the framework of quantum field
theory. The universe’s thermal history aligns with the sequence of symmetry breaking, as
summarized in Table 1.

Table 1. Cosmological eras with corresponding energy scales, temperatures, and unbroken symmetries.

Era Temperature Range Energy Scale Unbroken Symmetry
Radiation-Dominated Era T > 10K E > 10> GeV SU(3) x SU(2) x U(1)y
Matter-Dominated Era 10PK>T>0K 10°GeV > E >10"18eVv SU(3) x U(1)em
Dark Energy-Dominated Era T — 0K E—0eV Su(3)

This sequence illustrates how the universe’s cooling correlates with the breaking
of symmetries, ultimately leaving SU(3) as the fundamental unbroken symmetry in the
vacuum. The existence of 101?® SU(3) vacuum atoms offers a new perspective on the
quantum field theory. To reflect this, the traditional gluon field strength tensor Gy, in
quantum chromodynamics (QCD) should be appropriately scaled. The conventional field
strength tensor is as follows:

Gl = 0 AL — 3, Al + gf" AL AS, (10)

where Aj, is the gluon gauge field, g is the coupling constant, and fb¢ are the structure
constants of the SU(3) group. By introducing a scaling factor to represent a gauge boson
distributed over N discrete units, the modified field strength tensor becomes the following:

~ 1
G, = \FGZV = 7 (ayAg — QAL+ gf“bCAf,A5). (11)

This scaling reflects the idea that each vacuum atom contributes only a fraction of the
total field, effectively distributing the gauge boson’s influence across the entire system. The
modified Lagrangian for the distributed gauge field becomes the following:

L= —;waG”VV = ——NGZVG”“’ (12)

By incorporating the factor of 1/N, the vacuum energy is effectively shared among
the N SU(3) vacuum atoms. This leads to the vacuum energy density for this gluon field
being given by the following:

QFT o 1 P dPp hwy
pvac,SU(3)C ~ N/O 71'?1)3 o (13)

In the next section, we will demonstrate how this modified equation has significant
implications for the cosmological constant problem. This approach allows us to explore the
impact of having a vast number of vacuum constituents on the properties of the vacuum
and the behavior of gauge fields at cosmological scales. In the following section, we explore
the implications for determining the vacuum energy density.

Coarse-Grained Lattice Derivation

Let Zg[a] be the Euclidean SU(3) partition function on a hypercubic lattice with spacing
a = 0~1/2 ~ 0.47 fm (string tension ¢ ~ (440 MeV)?). Blocking L3 elementary cubes into a

single cell,
1 (b
AL(x) = NiE A; ( )(xb) , xp € block, (14)
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preserves the Wilson action value and yields an IR-effective action Sefr = — ﬁ / d*x wa G,
Identifying L?> = N when the block size equals the Hubble volume recovers Equation (11)
without additional assumptions. With N statistically independent confinement cells the
free-energy density factorizes,

F(T) = 3¢ froe (T) + Oe~tentT),

a

implying the Lagrangian rescaling G, — Gy, / V/N.

3. A Solution for the Cosmological Constant Problem
Einstein’s field equations of general relativity (GR) [23] are given by the following:

1
Ryv - ngR + Agyv = CTTVW (15)

where Ry is the Ricci curvature tensor, R is the Ricci scalar, g,y is the metric tensor, A is
the cosmological constant, G is Newton’s gravitational constant, c is the speed of light,
and T, is the energy-momentum tensor. In a vacuum, where Ry, = 0 and R = 0, the
energy—-momentum tensor becomes Ty, = pvacc2 §uv, With pyac being the vacuum energy
density. Substituting this into Einstein’s equations, the cosmological constant relates to the
vacuum energy density as follows:

4

A

Pvacc2 = < .
8G

(16)

Astrophysical observations provide a measured value of the cosmological constant,
A ~ 1.1 x 1072 m~2 [19], leading to an observed vacuum energy density:

ponec? ~ 10~ GeV*/ (). (17)

In quantum field theory (QFT), as discussed by Steven Weinberg [24], the vacuum
energy density arises from summing the zero-point energies of quantum fields, including
massless bosons like photons and gravitons. It is calculated as follows:

1 Ppy hw
QFT 2 3 4
1
Pvac € (2rh)3 /0 d’p 5 (18)
where Pp; = Epj/c is the Planck momentum, and w, = c|p| for massless particles. Integrat-
ing up to the Planck scale yields the following:

E4
T2 ~ ﬁ ~ 1070 GeV*/ (he)®. (19)
This theoretical value exceeds the observed vacuum energy density by 123 orders

of magnitude:
QFT

Pac_ 1013, (20)

poRe
This enormous discrepancy is known as the cosmological constant problem [24],
highlighting a fundamental inconsistency between GR and QFT. While GR accommodates
Lorentz symmetry locally in curved spacetime, QFT operates under Lorentz symmetry
in flat spacetime, leading to conflicting predictions for the vacuum energy density. The
core issue exists in Equation (19), which assumes that the vacuum energy arises from a
continuous spectrum of quantum fluctuations up to the Planck scale, effectively treating
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the vacuum as a homogeneous entity with unlimited degrees of freedom. This approach
overlooks the possibility that the vacuum may consist of discrete units or that contributions
from quantum fluctuations could be limited. As discussed earlier, near absolute zero, the
U(1)em symmetry breaks due to the formation of an electron pair condensate, leaving
SU(3) as the unbroken symmetry. This phenomenon, analogous to the Meissner effect
in superconductors, suggests that the vacuum can be viewed as composed of discrete
SU(3) vacuum atoms, each approximately 107> meters in size—the scale of nucleons.
Recognizing that the vacuum energy is distributed over these N = 10!23 discrete units,
the calculation of the vacuum energy density in QFT should be adjusted accordingly.
Based on the modified gauge field strength tensor and Lagrangian density, distributing the
gauge field over N SU(3) vacuum atoms as shown in Equations (11)—(13), the modified
Lagrangian is expressed as follows:

1
~ 3 G G™. (21)

Lsu()

This modification implies that the vacuum energy density must be adjusted accord-
ingly, leading to the following;:

QFT 2 l Ppy d3p hQJp
pvaC,SU(3)C - N /O (27TFI>3 > (22)
which results in the following:
1 Ep 1 Ep _
Ponesti(3)C & T P~ 1074 GeV*/ (hc)®, (23)

N (hc)® ~ 1013 (hc)3

This adjusted value matches the observed vacuum energy density, effectively resolving
the cosmological constant problem and reconciling QFT with GR under the condition that
the vacuum energy density is composed of 1023 SU(3) vacuum atoms. The division by N
reflects the idea that each vacuum atom contributes a finite amount to the total vacuum
energy, aligning theoretical predictions with observational data. This approach illustrates
a connection between quantum mechanics and general relativity by demonstrating how
vacuum energy contributes to the cosmological constant in Einstein’s field equations. Dis-
tributing the gauge field over N discrete units effectively dilutes the energy density, similar
to coarse graining, where microscopic degrees of freedom have a reduced impact on macro-
scopic properties. Furthermore, this concept parallels phenomena in condensed matter
physics, such as emergent gauge fields and fractionalization in systems like spin ice and
fractional quantum Hall states. These analogies suggest that distributing gauge fields over
many units could lead to novel emergent effects in high-energy physics, potentially bridg-
ing high-energy and low-energy phenomena. An important consideration is whether the
number N varies due to the universe’s expansion, characterized by the Hubble parameter
H(t). There are two possibilities:

1. The size of the SU(3) vacuum atoms expands with the universe, keeping N constant.
Assuming the proton expands at the same rate as the universe, we use the Hubble
constant Hy ~ 2.27 x 1078571, Given the proton’s radius r, ~ 0.84 x 10~ °m,
the rate of expansion is Ar, = rp, x Hp ~ 1.91 X 103 m/s. Over 14 billion years
(universe age), the proton’s radius increases by Ar, X universe age ~ 8.3 x 10~ 1®m
This scenario preserves the vacuum energy density and the cosmological constant,
aligning with general relativity.



Symmetry 2025, 17, 888

8 of 21

2. Thesize of the SU(3) vacuum atoms remains constant; so, N increases as the universe
expands. This implies that the dark energy density decreases over time, potentially
aligning with recent observations by the DESI collaboration [25-27].

Adopted Scenario: We are inclined to choose fixed-volume SU(3) units (proton size),
consistent with lattice QCD’s RG-invariant confinement length. Cosmic expansion therefore
adds new vacuum atoms rather than stretching existing ones, preserving pyac exactly. The
second possibility invites exploration beyond standard general relativity, suggesting a
dynamic cosmological constant [28].

Modeling vacuum energy using SU(3) symmetry not only offers a solution to the
cosmological constant problem but also provides fresh insight into the Yang-Mills mass
gap problem [29]. The SU(3) mass gap manifests as a strictly positive vacuum energy
density, protected by the third law of thermodynamics, which prevents the subdivision
of SU(3) vacuum atoms. By interpreting the vacuum energy density in QFT using SU(3)
vacuum atoms, a direct physical connection between the QCD mass gap and the vacuum
energy density shaping spacetime emerges. This framework, grounded in the experimental
observation of the Meissner effect, provides a coherent and logically consistent approach
to resolving one of the most profound problems in theoretical physics, bridging the gap
between quantum field theory and general relativity. Pure glue lattice simulations give
s(T)/T? =% [30,31], signalling a unique ground state. Conversely, a gapless Abelian
vacuum satisfies s > kT (Polyakov monopole gas), violating Nernst’s postulate. Hence,
only a gapped SU(3) vacuum is thermodynamically admissible as T — 0.

4. Comparison with Existing Proposals

Several major paradigms have been proposed to address the cosmological-constant
problem. Below, we enlarge our survey to include extra dimensions, quantum field theory
in curved spacetime, and multiverse/anthropic ideas, always noting that each relies on
assumptions that are not yet experimentally verified, whereas our SU(3) vacuum-atom
framework invokes only well-tested physics.

e  String Landscape / Multiverse Models. The string landscape predicts O(10°%)
distinct vacua, each with its own A, and invokes an anthropic selection in a vast
multiverse [32]. Unverified assumption: the existence of a multiverse and a landscape
of compactifications. These models evade tuning but make no falsifiable prediction
within our observable universe.

e  Extra-Dimensional Scenarios. Large extra dimensions (ADD) [33] and warped ge-
ometries (Randall-Sundrum) [34] attempt to dilute vacuum energy into unseen spatial
directions. Unverified assumption: new compactified or warped dimensions at sub-
millimeter scales, never observed in laboratory tests of gravity. Although they offer
geometric suppression of A, no direct evidence for extra dimensions exists.

*  Quantum Field Theory in Curved Spacetime. Renormalized vacuum expectation
values of Ty, in curved backgrounds [35,36] yield a A-term whose finite part depends
on ad hoc subtraction schemes and choice of vacuum state. Unverified assumption:
the correct physical vacuum in an expanding universe and the validity of zero-point
subtraction at all scales. This framework is theoretically robust but lacks experimental
guidance on the renormalization conditions for A.

*  Sequestering Mechanisms. Global constraints (Kaloper-Padilla) [37] introduce La-
grange multipliers to cancel off vacuum loops. Unverified assumption: the existence
of new global degrees of freedom or non-local terms in the action. This is elegant in
principle, but without a known QCD analogue or experimental signature.

¢  Supersymmetric Cancellations. Exact supersymmetry forces A = 0, but once broken
at scale Mgysy ~ TeV, one retains pyac ~ MgUSY—still ~ 60 orders too large [38].
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Unwverified assumption: TeV-scale SUSY and its soft-breaking pattern, none of which
have appeared at the LHC.

*  Holographic Dark Energy Models. By relating pyac to the IR horizon via the Cohen—
Kaplan—-Nelson bound [39], one obtains pyac o H2. Unverified assumption: the ap-
plicability of an IR/UV duality to cosmological horizons. These models predict a
time-varying dark energy, in tension with observations of a nearly constant A.

In contrast, our SU(3) vacuum-atom proposal

(a) Makes no assumption of unobserved fields, extra dimensions, or multiverse selection;

(b) Relies solely on experimentally verified QCD confinement (lattice results) and the
Third Law of Thermodynamics;

(c) Reproduces the observed pyac exactly—without fine-tuning or ad hoc subtractions.

This economy of assumptions renders our framework the most parsimonious and ex-
perimentally grounded solution to the cosmological constant problem. While our vacuum-
atom picture is self-contained, it may converge with holographic or renormalization ap-
proaches, e.g., coarse-grained SU(3) cells resemble large-N. Eguchi-Kawai reduction and
could admit an AdS/dS dual description. We therefore view the present model as comple-
mentary rather than exclusive.

5. SU(3) Vacuum Atoms/Quantum Spacetime Correspondence

In general relativity, spacetime curvature and energy—-momentum are in one-to-one
correspondence, as captured by Einstein’s field equations. This implies that any quantum
description of energy, including the vacuum energy in quantum field theory (QFT), must
also include a corresponding spacetime structure. Consequently, the SU(3) atoms of
vacuum energy must be represented by a quantum Lorentzian spacetime in order to
maintain consistency between QFT and general relativity (GR) on a local scale. The first
quantum Lorentzian spacetime model was proposed by Snyder [18], who introduced the
concepts of non-commutative geometry and the generalized uncertainty principle (GUP).
Snyder’s spacetime was designed to address the ultraviolet (UV) divergences in QFT,
by replacing the continuum nature of spacetime with a lattice structure [40]. Despite its
initial innovation, Snyder’s approach was eventually abandoned due to the success of
renormalization techniques, but it was rediscovered four decades later in the context of
non-commutative geometry [41,42]. Non-commutative geometry was later found to arise in
certain limits of M-theory and string theory, where it is equivalent to ordinary Yang-Mills
fields with higher-dimensional perturbations [43,44]. The phenomenological implications
of non-commutative geometry have since been widely explored [45,46]. Moreover, the
GUP has its roots in various approaches to quantum gravity, including string theory, black
hole physics, and quantum geometry [47-51], leading to substantial investigations into its
phenomenological and experimental consequences [52-62]. Snyder’s algebra is based on
three primary generators: the position operator x;,, the momentum operator p;,, and the
Lorentz generators J,;y = x,py — xypy. These generators satisfy the Poincaré algebra and
introduce novel commutators that define a minimal length:

[xy/ xv] = ih,B]yv/ (24)
[xu, pv] = ih (1 + Bpupy), where u,v=0,1,2,3. (25)

2
Here, B = Bo (%) , where By is a dimensionless parameter. Equation (24) captures
the non-commutative nature of the geometry, while Equation (25) introduces the GUP, both
preserving Lorentz symmetry [18].
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Theoretical Origins and Experimental Constraints on the GUP. The idea of a gener-
alized uncertainty principle (GUP)—which introduces a non-zero minimum measurable
length—emerged independently from several lines of quantum gravity research. Early
thought experiments on black hole formation and evaporation showed that attempting to
measure positions below the Planck scale would create horizons, yielding a modified un-
certainty relation [49,63]. String scattering analyses likewise revealed a fundamental length
in high-energy collisions [47], while canonical approaches to quantum gravity and non-
commutative geometry derived GUP-type commutators from first principles [48,50,64,65].

A broad spectrum of quantum gravity frameworks—string theory [66], loop quantum
gravity [67], Snyder’s non-commutative spacetime [18], and approaches based on entropy—
area bounds—now predict variants of the GUP [51,68-70]. Non-local generalizations have
been proposed as well [71], and gauge-theoretic extensions have been explored in effective
field theories [61].

On the phenomenological side, GUP-induced corrections have been sought across
low- and high-energy experiments:

* Atomic and Molecular Systems: Shifts in hydrogen spectral lines and Lamb-shift
corrections [52,69].

¢ Quantum Optical Platforms: Optomechanical interferometers constrain GUP param-
eters to Bp < 102! [53].

*  Gravitational Bar Detectors and Decoherence: Resonant-mass antennas yield bounds
on macroscopic superpositions [54,55].

*  Precision Gravitational Tests: Torsion pendula and atomic interferometry experi-
ments probe deviations from Newton’s law at micrometer scales [72].

*  Gravitational Waves: LIGO/ Virgo timing residuals and pulse profile modulations
have been used to set limits on GUP-induced dispersion [73-75].

e Cold Atom and BEC Interferometry: Matter-wave coherence experiments reach
length scales down to 10~> m, providing direct tests of minimal length effects [58].

*  Macroscopic Oscillators: Nanomechanical resonators and torsional oscillators place
complementary bounds on S [59].

*  Astrophysical and Cosmological Probes: Stellar structure modeling, neutrino oscilla-
tion phases, and early universe inflationary spectra yield indirect but sensitive tests of
GUP modifications [57,60,76-78].

Comprehensive reviews of these theoretical motivations and experimental bounds can
be found in [62,79]. Crucially, in our SU(3) vacuum-atom framework, the GUP parameter 3

ts = h\/p

matches exactly the coherence scale obtained from the number of SU(3) atoms, N ~ 10123,

is not free: the minimal length

This alignment provides a direct, experimentally grounded link between quantum gravity
uncertainty and QCD vacuum quantization.

In Snyder’s model (8 > 0), space is discrete while time is continuous, and in the
anti-Snyder model (8 < 0), time is discrete and space is continuous. The algebra of [,
and x; is isomorphic to the de Sitter/anti-de Sitter algebra, linking the momentum spaces
of the Snyder and anti-Snyder models geometrically to de Sitter and anti-de Sitter space-
times [80]. Refining the Snyder model with isotropic parametrizations while maintaining
Lorentz/Poincaré symmetry, leads to the same non-commutative relation and different
forms of GUP as elaborated in [81,82]. In [58], it was shown that the cold atoms can be best
described by GUPs forms proposed in [68,69,83].

Modern Context for Snyder’s Model. Although originally introduced to tame QFT
divergences [18], non-commutative geometry was revived in Connes’ work [41] and shown
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by Seiberg and Witten [44] to emerge in string theory limits. Generalized uncertainty
principles (GUP) with Snyder-like structure have been independently derived in quantum
gravity heuristics—Mead 1964 [63], Amati and Veneziano 1989 [47], and modern GUP
phenomenology (Kempf 1996 [84]; Hossenfelder '2013 [62]). We therefore adopt Snyder’s
algebra as an effective minimal-length regulator, fully compatible with Lorentz symmetry,
rather than as a fundamental new theory.

5.1. Spacetime Uncertainty: The Cause of Quantum Spacetime

Recent experiments have demonstrated that quantum phenomena can manifest at the
scale of 107> m, as observed in systems like quantum drums and Bose-Einstein conden-
sates [85,86]. Gravitational experiments at this scale [87] confirm the validity of Newton’s
law, implying that spacetime curvature exists even at microscopic levels. In such scenarios,
the metric is given by the following:

ds? = —(1+2¢) di? + (1 — 2¢) d7?, (26)

where ¢ is the Newtonian potential. This indicates that quantum entities can warp space-
time, making the interplay between quantum mechanics and gravity significant. This
challenges the conventional quantum field theory (QFT) assumption of flat spacetime.
The uncertainty principle prevents precise determination of particle positions, leading to
gaps in the definition of spacetime or spacetime uncertainty. An important question then
arises: What is the form of spacetime uncertainty? Research by Regge, Adler, Jack Ng, and

others [63,88-96] has calculated deviations from Lorentz geometry due to gravitational

h
fields. In particular, Adler [88] demonstrated that for a particle with energy E = hv = Tc

(where [ is the wavelength) and gravitational potential ¢ = GTm (with m being the mass),

the fractional deviation in the spacetime metric is as follows:

ag= Gm G(E/?)  Gh (3

22 2l B

= (27)
where £pj is the Planck length. When Ag < 1, spacetime remains approximately Lorentzian
butas Ag — 1, significant spacetime uncertainty arises, leading to spacetime foam. To address
the challenges posed by spacetime foam or spacetime uncertainty, two main approaches
have been developed: the path integral formulation and the quantum spacetime model.
In the path integral formulation, an accelerated trajectory in flat spacetime that does
not follow the least-action principle due to external forces is equivalent to a trajectory
in curved spacetime that follows the least-action principle along a geodesic. According
to Einstein’s principle of equivalence, locally, the effects of acceleration (external forces)
and gravity (spacetime curvature) are indistinguishable. This equivalence provides a
physical justification for the path integral formulation in quantum mechanics, introduced
by Feynman in his seminal work on the spacetime approach to quantum mechanics [97].
By summing over all possible trajectories—including those not following the least-action
principle—the path integral accounts for spacetime uncertainties and curvature arising
from quantum phenomena. This approach effectively incorporates the influence of space-
time curvature induced by quantum uncertainties without explicitly modeling the curved
spacetime. It recognizes that quantum particles do not follow a single, definite path but
instead take all possible paths simultaneously, each contributing to the overall quantum
amplitude. Thus, the path integral formulation, grounded in the equivalence principle,
provides a robust framework for understanding quantum mechanics in situations where
spacetime geometry is complex or uncertain. However, while the path integral formula-
tion accommodates spacetime uncertainties, it does not resolve the cosmological constant
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problem through renormalization techniques and yields an infinite value for the vacuum
energy density. Traditional QFT computes the cosmological constant as the sum of vacuum
fluctuation energies across all momentum states. This sum diverges, necessitating the
introduction of a cutoff—typically at the Planck scale—where it is presumed that nature’s
fundamental constants impose a limit. Yet, even with this cutoff, the calculated value
exceeds the observed cosmological constant by approximately 123 orders of magnitude,
presenting a profound discrepancy.

The quantum spacetime model, specifically Snyder’s quantum spacetime, offers
a promising alternative. It introduces a natural cutoff by defining a minimal measur-
able length scale /s = h\/ﬁ [84,98-106], eliminating the need for several renormalization
techniques. Beyond this scale, particle positions become fundamentally indeterminate
due to quantum uncertainties. Since measuring distances depends on particle positions,
distances shorter than {5 cannot be precisely measured without quantum uncertainty,
establishing /s as the minimal measurable length with certainty in nature. Below this
minimal length, spacetime exhibits a non-deterministic, foamy character [107-110], re-
flecting fundamental quantum uncertainties. In other words, the underlying structure of
spacetime includes regions where spacetime is not well-defined, giving the physical cause
for Snyder’s Lorentzian quantum spacetime model. These gaps in information imply that
spacetime cannot be meaningfully defined in regions without information, giving rise to
a quantum spacetime framework where uncertainties in particle positions correspond
to uncertainties in the geometry of spacetime itself. This offers new insights into how
quantum uncertainty transforms spacetime from a continuous manifold into a discrete
quantum entity, well-defined only up to a minimal measurable length.

5.2. Cosmological Constant in Quantum Spacetime

Snyder’s formulation of quantum spacetime incorporates the generalized uncertainty
principle (GUP), which modifies the density of states. This modification inherently reg-
ularizes the divergence, eliminating the need for an ultraviolet cutoff or conventional
renormalization techniques [81,82,84,98-106]. The revised computation yields a finite result
even when integrating from zero to infinity [105,106]: (see Appendix A)

) 4
pSnyder-QFT 2= 1 / 43 p hw) c E¢ he (28)
0

vac - (27.[7;[)3 (1 +‘Bp2)3 2 ~ h3'82 = (FZC)3 = %/

where (5 = h/p represents the minimal length scale in Snyder’s quantum spacetime,
and Eg = hc/{s is the corresponding energy scale. Detailed steps for the integral in
Equation (28) are provided in Appendix A. The parameter §, intrinsic to the quantum struc-
ture of spacetime, ensures that the integral remains finite without invoking an ultraviolet
cutoff, effectively resolving the divergences encountered in traditional QFT. Optomechani-
cal interferometers constrain linear— GUP parameters to By < 2 x 10! [53,54]. Our Snyder
realisation induces only quadratic corrections, evading those limits while remaining de-
tectable by next-generation macroscopic superposition tests. Furthermore, the equivalence
between SU(3) vacuum atoms and Snyder’s quantum spacetime suggests a relationship be-
tween B and the number of SU(3) vacuum atoms, denoted as N. By equating Equation (28)
with Equation (23), we establish the following:

1 E4 VN ¢?
e W where [3:%
E
Pl

N (hC)?’ h3/32'

(29)
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This leads to the following:
s = h\/B = tpN? ~ 105 m. (30)

Notably, this minimal length scale /5 ~ 10~° m represents the geometric mean between
the Planck length ¢p; and the radius of the observable universe ¢,, as corroborated by

fs ~ \/fplfu. (31)

Remarkably, this scale matches precisely the coherence length observed in supercon-

previous studies [111-114]:

ductivity, which defines the distance between Cooper pairs [115], further confirming the
main idea discussed in this paper that dark energy is a superconducting state of matter.
The coherence length can be understood as the characteristic length scale over which the
wavefunction of the Cooper pairs remains coherent. It represents the spatial extent of the
quantum mechanical wavefunction that describes the correlated electron pairs, indicating
how far the superconducting phase remains correlated. This scale matches the one provided
by experiments that demonstrate the interplay between quantum mechanics and gravity
at the scale of 10> m. As previously mentioned, quantum phenomena are manifested at
this scale in systems like quantum drums and Bose-Einstein condensates [85,86], and grav-
itational experiments [87] confirm the validity of Newton’s law at these scales, implying
that spacetime curvature exists even at microscopic levels. Building on these ideas, recent
work [111] proposes that spacetime uncertainty could be the key to understanding the
value of the cosmological constant.

5.3. Geometric Implications

An intriguing relation connects the proton size, the universe’s radius, and the Planck
scale. Starting from Equations (30) and (31),

ls = taN'"* = \/Inly, (32)
which implies the following:
2
N= () 33
tp)
Equating this with Equation (9), we find the following:
2 3
(&) -z @4
gPl gProton
leading to
Ela;roton ~ E%’lgu‘ (35)

3
Proton

of a cylinder whose base has a Planck-length radius and whose height is the universe’s

This remarkable result suggests that the proton’s volume (¢ ) is equivalent to that
radius. It is astonishing to consider that such a geometric model links the smallest scale
(Planck length) and the largest scale (universe’s radius) in a single expression, prompting
wonder and inviting further investigation into the underlying geometric principles.
While the cylinder represents a three-dimensional shape connecting microscopic
and cosmic dimensions, the quanta of spacetime are proposed to be four-dimensional
polytopes. Our recent studies [116] identify this shape as the 24-cell at the electroweak scale.
The 24-cell, a four-dimensional polytope with 24 vertices, may represent the elementary
particles of the Standard Model. Intriguingly, the number of permutations of these vertices,
24! ~ 6.2 x 10?3, coincides with Avogadro’s number. This correlation suggests a geometric
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significance to Avogadro’s constant, potentially indicating a baseline complexity required
for sentience and self-replication at molecular and cellular levels. Our analysis further
reveals that the 24-cell can be conceptualized by selecting eight vertices to form a 16-cell
in three distinct configurations. These eight vertices correspond to the eight gluons of
the SU(3) gauge group in quantum chromodynamics, representing the strong force. The
remaining sixteen vertices form a tesseract (a four-dimensional hypercube), symbolizing
the other elementary particles. Accordingly, the fundamental components of spacetime
may be modeled as SU(3) vacuum atoms at low temperatures, structured as a 16-cell
with eight vertices in pseudo-Euclidean spacetime. This aligns with Riemannian geometry,
which is locally Lorentzian. The geometric modeling presented here opens new avenues
for understanding the deep connections between fundamental scales in the universe.

5.4. SU(3) Vacuum Atoms and Third Law of Thermodynamics

The third law of thermodynamics states that as a system approaches absolute zero
(0 K), its entropy reaches a constant minimum, making absolute zero unattainable. This
implies that a system must always retain some residual entropy, necessitating a non-zero
remnant volume. Entropy here refers to the number of accessible microstates, and the
proton is an ideal candidate for this minimal entropy. Unlike the neutron, which is unstable
and undergoes beta decay (transforming into a proton, an electron, and an antineutrino), the
proton is inherently stable within the Standard Model. There are no allowed decay channels
for the proton that conserve both charge and energy, making it highly stable with minimal
microstates and thus low entropy. This minimal entropy and persistence make the proton’s
volume suitable for defining the remnant quantum volume of spacetime as required by the
third law. The SU(3) vacuum atoms represent this minimal volume. According to the third
law, vacuum structures cannot fully annihilate, implying that SU(3) atoms are stable and
occupy a persistent, unbreakable volume. This provides a thermodynamic basis for quark
confinement, ensuring the stability of the vacuum structure. The generalized uncertainty
principle (GUP), as discussed in [117], implies a fundamental limit to how small space
and energy can become, which aligns with the third law’s concept of a non-zero residual
volume. Even at ultra-low temperatures, this volume persists, preventing spacetime from
collapsing to zero size. The stability of quantum spacetime is further reinforced by the
unbroken SU(3) symmetry, which remains intact near absolute zero, as supported by the
Meissner effect. This unbroken symmetry ensures proton stability by confining quarks and
creates a mass gap provided by the vacuum energy density. Thus, the framework connects
quark confinement, the mass gap, and the unbroken SU(3) symmetry, explaining how
thermodynamic laws and quantum principles maintain the stability of quantum spacetime.
By choosing the proton as the reference volume, we establish minimal entropy and provide
a stable foundation for understanding the quantum structure of the vacuum.

5.5. Phenomenological Implications

The study [118,119] represented quantum spacetime using the charge radius as a
key characteristic for a wide range of physical objects. The exploration of how mass (M)
and charge radius (R) correlate across different scales—from microscopic to macroscopic,
as illustrated in Figure 2—uncovers a pattern strikingly similar to the behavior seen in
quark—gluon plasma (QGP) [120]. This resemblance offers experimental support that
SU(3) atoms, which represent a core symmetry in the governance of quark-gluon plasma,
are equally pivotal in shaping the fabric of quantum spacetime. A linkage to the mass—
radius dynamic with dark matter, further explored in [121], accentuates the importance of
these observations.
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Figure 2. Logarithmic plot of mass and radius for particles and elements, normalized by proton mass
and Compton wavelength [19,122-124]. Figure 2 is from our study [119].

The findings presented in this paper establish a link between the number of SU(3)
atoms and the vacuum energy density, which determines the cosmological constant of
the universe. This insight highlights a correspondence between quantum chromody-
namics (QCD) and gravity. Our symmetric analysis supports the gauge—gravity duality
framework [125-128], and in particular the dS/CFT correspondence [126] as the more ac-
curate and physically relevant description of the universe. By applying the Meissner effect,
we provide a symmetric demonstration of the gravity/superconductor duality [129]. It
is known that SU(3) symmetry, fundamental to QCD, is represented by massless gluons.
It is worth mentioning that the concept of glueballs—bound states of these gluons—has
been proposed as a potential model for dark matter in references [130,131]. As a conjectural
extension, one may explore links between SU(3) vacuum atoms and glueball dark matter or
mass-radius scalings in astrophysics. We present these ideas solely as directions for future
experimental or observational tests. We aim to investigate the connection between glueballs
and our proposed solution to the cosmological constant problem, which integrates SU(3)
symmetry with dark energy.

6. Testable Predictions
Our framework yields several concrete, near-term tests:

1. Vacuum Coherence Length /5 ~ 107> m. This matches coherence in superconducting
metamaterials [115] and BEC interferometry [86]. Precision optomechanics could
detect GUP-induced modifications at this scale.

2. Glueball Dark Matter in the 1-3 GeV Range. SU(3) vacuum atoms suggest weakly
decaying glueball states [130]. Dedicated beam dump or fixed-target experiments
(e.g., SHiP, GlueX) can search for these resonances.

3. Redshift Independence of pyac. If vacuum is tiled with fixed-volume units, pyac
remains constant. Comparing DESI [25] and Euclid’s late-time Hubble and growth
measurements will test any small deviations.

7. Conclusions

We have shown that coarse-graining pure SU(3) over the cosmic volume yields a
vacuum energy density suppressed by the factor N = (Ry/£conf)® 2= 10'2%. When matched
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to the Snyder-GUP-regularized density, this fixes a minimal length /s without free parame-
ters. Because lattice data enforce s(T —0) — 0, only the gapped SU(3) vacuum survives the
third-law limit, thereby supplying a single, thermodynamically protected ground state that
reconciles QFT with the observed cosmological constant. During its evolution from a hot,
primordial state, the universe expands and cools, governed by the SU(3) x SU(2) x U(1)
gauge symmetry foundational to the Standard Model of particle physics. At the electroweak
scale, this symmetry undergoes spontaneous breaking to SU(3) x U(1). As temperatures
approach near absolute zero, the Meissner effect leads to the further breaking of U(1)
symmetry, leaving SU(3) as the sole unbroken symmetry. This progression suggests that
SU(3) symmetry underpins the fundamental “atoms” of vacuum energy. The stability of
these SU(3) “atoms” at low temperatures exemplifies the third law of thermodynamics,
which states the impossibility of reaching absolute zero where volume and pressure vanish.
This constancy ensures that the SU(3) vacuum “atoms” are indivisible, forging a profound
link between the third law of thermodynamics and quark confinement. The total number
of SU(3) vacuum atoms in the universe, each approximately 10> meters in size—akin
to nucleons—aligns precisely with the ratio between the theoretical vacuum energy and
the observed vacuum energy density. This alignment effectively resolves the cosmological
constant problem. Furthermore, defining dark energy in terms of these 10!23 SU(3) vacuum
atoms offers insights into the mass gap challenge within Yang—Mills theory. It appears
that the mass gap in SU(3) arises from a strictly positive vacuum energy density. Remark-
ably, this framework is reinforced by the third law of thermodynamics, which affirms the
unbreakable integrity of the SU(3) vacuum “atoms”. The following summarizes the results:

*  Vacuum coarse graining: blocking the SU(3) Wilson action to the cosmological scale
produces a factor 1/ N that naturally tames the QFT divergence;

*  Gauge-gravity concordance: equating the blocked energy to the Snyder-regulated
integral fixes the minimal length and relates Aqcp to Acos;

e Thermodynamic confinement: lattice entropy data show that a gapless (U (1)) vacuum
would violate Nernst’s postulate;

e  Phenomenology: the framework predicts s = 107> m, a 1-3 GeV glueball DM
candidate and a redshift-invariant pyac.

Given that the vacuum is composed of N SU(3) atoms embedded in Lorentzian space-
time, and considering the equivalence of energy and spacetime based on general relativity,
this suggests that Lorentzian spacetime transitions from continuous to quantum to ade-
quately describe these vacuum atoms. This perspective aligns with Snyder’s formulation
of quantum Lorentzian spacetime. Exploring the connections between SU(3) symmetry
and Snyder’s quantum spacetime presents a promising avenue for future research that
may be related to new insights in lattice gauge theory. We hope to report on these topics in
the future.
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Appendix A. Snyder-GUP Regularization of the Vacuum Energy

We evaluate

o) d3p hcp 0 p3dp
= —Ff __—“F_» h/ N el
/0 (1+pp?)? 2 S IR

Letu =1+ Bp% sop*> = (u—1)/B,2pdp = du/B. Then,

mhe [® (u—1)du  mthe 1 1 1® mhe
I:?/ule:?{lnu—l-ﬂ—ﬁ]l :F.
Hence, pyac = (2;7)31 ~ hc/ E‘é, as in Equation (28).
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