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Abstract: This paper addresses the cosmological constant problem, a significant discrepancy
highlighted by [1] that underlines a fundamental inconsistency between quantum field theory
(QFT) and general relativity (GR). QFT examines matter dynamics within Lorentzian spacetime
under standard model symmetry, while GR uses Riemannian geometry but adapts it to ensure local
Lorentzian behavior in small regions. Despite the experimental successes of both theories, a major
challenge exists in theoretical understanding. This letter seeks to clarify this critical misunderstanding.
As the universe cools from its hot beginning, the SU(3) x SU(2) x U(1) standard model gauge
symmetry evolves. This symmetry breaks to SU(3) x U(1) upon cooling at the electroweak scale
and ultimately to SU(3) alone as temperatures approach near-absolute zero kelvin, facilitated by the
experimental Meissner effect. This suggests that SU(3) symmetry forms the foundational "atoms" of
vacuum energy. Calculating the number of SU(3) vacuum atoms across the universe results in a value
that perfectly aligns the theoretical predictions with the observed vacuum energy densities, thereby
resolving the cosmological constant problem. Since SU(3) atoms account for the cosmological
constant, they must be unbreakable. The third law of thermodynamics, which states that it is
impossible to reach absolute zero Kelvin, provides the protection that prevents SU(3) atoms from
breaking at zero Kelvin. This reveals the connection between the third law of thermodynamics and
the quark confinement. This leads to the SU(3) atom creating a mass gap within the universe. This
solution serves as a symmetric evidence of gauge-gravity duality as well as gravity-superconductor
duality.

Keywords: osmological constant problem; mass-gap problem

1. The remnant SU(3)

The Standard Model (SM) of particle physics is grounded in the SU(3) x SU(2) x U(1) symmetry
group, highlighting the interactions among the fundamental forces and elementary particles [2—4].
The Higgs mechanism [5], through the vacuum expectation value of the Higgs field, facilitates the
mass generation, initiating spontaneous symmetry breaking from SU(3) x SU(2) x U(1) to SU(3) x
U(1) and this process has been verified experimentally [6]. This process assigns masses to most
elementary particles, sparing gluons, photons, and neutrinos. However, the observation of neutrino
oscillations, suggesting non-zero neutrino masses, presents a challenge to the SM’s initial assertions
[7,8]. Potential mechanisms for neutrino mass include the see-saw mechanism or discrete symmetries [9,
10], maintaining the SU(3) and U(1) symmetries within quantum chromodynamics [11] and quantum
electrodynamics [12], respectively. Upon cooling below the critical temperature T, a phase transition
occurs, breaking U(1) symmetry and leading to superconductivity, characterized by zero electrical
resistance and the expulsion of magnetic fields, known as the Meissner effect which has been verified
experimentally [13]. This phase transition underlines the breaking of U(1) electromagnetic symmetry,
leaving SU(3) as the sole remnant of unbroken symmetry, thereby suggesting its fundamental role in
vacuum energy density at temperatures nearing absolute Zero Kelvin. Figure 1 shows the SU(3) as
the remnant symmetry nearing Zero Kelvin due to the Meissner effect. It is worth mentioning that [14]
models dark energy as a superconductor using a scalar-vector-tensor gravity model, unlike the standard
General Relativity approach in [15], which studied the same concept, including a Meissner-like
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expulsion of space-time by dark energy. Taking one further step, this study elaborates on the symmetric
structure of vacuum atoms with the remnant SU(3) symmetry for a better understanding of the mass
gap and the cosmological constant problems.

The Standard model symmetry

Electroweak scale

Near absolute Zero Kelvin

Figure 1. SU(3) remnant at low temperature

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

At low temperatures, the Meissner effect leads to the breakdown of U(1) symmetry, while SU(3)
symmetry remains intact. This phenomenon highlights a significant connection between the SU(3)
symmetry group and vacuum energy, suggesting that SU(3) symmetry is a universal remnant. It
manifests in structures as small as atoms, approximately 10> meters in size, equal to the size of a
nucleon [16]. The presence of a critical temperature where U (1) symmetry breaks mirrors phenomena
observed in superconductors. Beyond this temperature, SU(3) remains as the predominant symmetry.
By combining these ideas, we aim to better understand both the mass gap problem in Yang-Mills
theory [17] and the cosmological constant problem [1]. The vacuum energy of the whole universe can
be realized as made of N of these SU(3) vacuum atoms, with each one showing SU(3) symmetry and
being 10~ 1% meters in size. The total number of SU(3) vacuum atoms in the universe is determined by
the ratio of the universe volume to the SU(3) vacuum atom volume as follows:

Vs
N = universe 1
Vatom ( )

Here, N is the total count of SU(3) vacuum atoms in the universe, Vaiom is the volume of one such
atom at 10~ meters across, and Vypiverse represents the universe’s vast volume, based on a universe
radius of 10%° meters [18]. Inputting these values, we get:

N — (10%)° — 10123

(10-15)3 atoms (2)

This result perfectly matches the ratio between the predicted vacuum energy density ( =~
E‘;l/(hc)3 =107 GeV*/ (hc)®) and what we observe (1074 GeV*/ (hic)3), tackling the heart of the
cosmological constant problem as discussed in [1] and solve it. We elaborate further on the solution in
detail in the next section.

To ensure the stability of SU(3) vacuum atoms and resolve the discrepancy between observed and
theoretical vacuum energy density, there must be a fundamental law operating near zero Kelvin that
guarantees their unbreakability. Near absolute zero (0 Kelvin), the third law of thermodynamics states
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that reaching zero Kelvin—where volume and pressure theoretically disappear—is impossible due to
the requirement of an infinite number of cooling steps. Consequently, SU(3) atoms of vacuum energy
cannot be further subdivided or broken apart due to the third law of thermodynamics. This resilience
of SU(3) symmetry, as dictated by the third law of thermodynamics, may explain the thermodynamic
basis of quark confinement for the first time to our knowledge.

3. Solution of Cosmological Constant Problem

To summarize this profound problem. We start with the Einstein field equation [19]

8nG
Gyv + Agyv = CTT]M/ ®3)

where Gy, is Einstein’s tensor, A is the cosmological constant and c is the speed of light. When we
consider vacuum solution (i.e G,y = 0 and T, = pvacc2 Suv), the cosmological constant A, representing
the vacuum energy density pyac, is expressed as [1]:

2 C4A

PvacC” = 871G 4)

Astrophysical measurements give A ~ 1.1 x 10752 m~2, resulting in an observed vacuum energy
density of [16]:
p30Ve? = 104 GeV*/ (hic)® )

In Quantum Field Theory (QFT), p%:cT integrates vacuum fluctuation energies across all momentum
states [1],

1 Ppy hw
p%FCTc2 ~ W/O d>p Tp R~ E;fl/(hc)B’ (6)
~ 107 GeV*/(hc)d. 7)

This yields a significant discrepancy between the theoretical QFT and observed values:

QFT
e = 102 ®
p vac

This significant discrepancy is recognized as the cosmological constant problem [1]. It underlines a
crucial inconsistency between quantum field theory (QFT) and general relativity (GR). QFT analyzes
how matter behaves at the quantum level within Lorentzian spacetime, whereas GR describes
spacetime using Riemannian geometry but adapts it to be locally Lorentzian, accommodating
Lorentzian behavior in small regions. Despite the experimental success of both theories, the main
challenge lies in our theoretical understanding. In this letter, we address this misunderstanding.
We identify a fundamental issue with Equation (7), which incorrectly assumes that the vacuum
energy consists of a single unit. Through the application of standard model symmetry principles,
we demonstrate in this paper that the vacuum energy comprises N = 10?3 identical units. Each of
these units, or ‘atoms’, exhibits SU(3) symmetry, which we refer to as SU(3) atoms of vacuum energy.
Consequently, the computation of vacuum energy density in the framework of quantum field theory
necessitates division by the cumulative count of vacuum atoms present in the universe (N), facilitating
an outcome that aligns precisely with the observed value of vacuum energy density as follows:

4
1 gerp . 1 By 3
vaac = 10123W ~ 107*GeV*/ (hc)”. )
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Hence, using SU(3) symmetry to model vacuum energy offers an approach to solving the cosmological
constant problem. It illustrates the connection between quantum mechanics and the general theory of
relativity by explaining how the vacuum energy contributes to the spacetime constant in Einstein’s
field equations, referred to as the cosmological constant.

According toEquation (2), one might question whether N could vary due to the universe’s
increasing radius, driven by the expansion rate defined by the Hubble parameter H(t). There are
two possibilities: one is that the nucleon size expands at the same rate as the universe, keeping N
constant and thereby ensuring that the vacuum energy density and the cosmological constant remain
unchanged, thus preserving general relativity. The other possibility is that the nucleon size remains
constant during the universe’s expansion. This would mean that SU(3) remains the same size, and
therefore, the number of SU(3) atoms increases as the radius of the universe expands. This latter
possibility implies that the dark energy, computed according toEquation (9), could be diminishing due
to the expansion of the universe with an increasing number of SU(3) atoms. This might align with
new experimental findings by the DESI collaboration in [20-22]. This possibility invites investigations
beyond general relativity that could imply a changing cosmological constant [23].

Hence, using SU(3) symmetry to model vacuum energy offers an approach to solving the
cosmological constant problem and provides fresh insight into the Yang-Mills theory’s mass gap
[17]. SU(3) mass gap is represented by a strictly positive vacuum energy density under the protection
of the third law of thermodynamics. The extensive literature on the QCD vacuum [24] addresses
energy density, stability, tachyon modes, and the composition involving chromomagnetic vertices
and/or monopoles, which are crucial for generating the QCD mass gap independently of external
influences. This letter introduces a novel link by interpreting the vacuum energy density in QFT using
SU(3) atoms, thereby establishing a direct physical connection between the QCD mass gap and the
vacuum energy density that shapes the fabric of spacetime.

4. Quantum Spacetime: A Necessity

To describe these SU(3) vacuum atoms, a Lorentzian quantum spacetime framework is needed.
The first Lorentzian quantum spacetime was suggested by Snyder in [25] and predicted both
non-commutative geometry and the generalized uncertainty principle. The non-commutative geometry
was found as limits of M/string theory as higher dimensional corrections of ordinary Yang-Mills field
[26,27]. The phenomenological implications of non-commutative geometry have been extensively
explored [28]. Furthermore, the generalized uncertainty principle has originated from different
quantum gravity approaches such as string theory, black hole physics and quantum geometry [29-33],
with significant investigations into its phenomenological and experimental consequences [34—44].
Snyder’s algebra is based on three primary generators: the position operator x,, momentum operator
pu, and the Lorentz generators [,y = x,py — Xypu. These generators fulfill the requirements of the
Poincaré algebra and introduce novel commutators that encapsulate a minimal length:

[xy/ xv] = ihﬁ]}ﬂ// (10)
[xu, pv] = il (uv + Bpupy), where u,v=0,1,2,3 (11)
2
Here, B = Po (%) , with Bg being a dimensionless parameter. Equation 10 illustrates the

non-commutative nature of the geometry, while Equation 11 introduces a Generalized Uncertainty
Principle (GUP), both preserving Lorentz symmetry [25]. In the Snyder model (8 > 0), space is
discrete and time is continuous, whereas in the anti-Snyder model (8 < 0), time is discrete and space
is continuous. The sub-algebra involving J,, and x; is isomorphic to the de Sitter/anti-de Sitter
algebra, thereby linking the momentum spaces of Snyder/anti-Snyder models geometrically to de
Sitter/anti-de Sitter spacetimes [45]. Refining the Snyder model with isotropic parametrizations while
maintaining Lorentz/Poincaré symmetry, lead to the same non-commutative relation and different
forms of GUP as elaborated in [46,47]. In [40], it was shown that the cold atoms can be best described
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by GUPs forms proposed in [48-50]. In [51], a significant relationship between the GUP and the
third law of thermodynamics was elaborated. Simultaneously, the SU(3) symmetry forms the "atoms
of vacuum" constituting the quantum spacetime substrate. These studies strengthens the link we
observed in this letter between quark confinement, resulting from an unbroken SU(3) symmetry, and
the third law of thermodynamics.

The study [52,53] 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) [54]. 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. The linkage of
the mass-radius dynamic with dark matter, further explored in [55], accentuates the importance of
these observations.
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Figure 2. Logarithmic plot of mass and radius for fundamental particles [16,56,57] and periodic table

elements [58], normalized by the proton mass and the Compton wavelength of the proton [52]. The
figure is copied from our paper [53]

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 Chromodynamics (QCD) and gravity. Our symmetric
analysis supporting the gauge-gravity duality [59-62]. By employing the Meissner effect, we provide
symmetric proof of the gravity/superconductor duality [63].

The quanta of spacetime must be a 4-polytope. Our recent study has identified this shape as the
24-cell [64] at the electroweak scale, with its 24 vertices potentially denoting the elementary particles of
023, correlates with
Avogadro’s number that defines the minimum number of atoms needed to create a self-replicating

the Standard Model. The permutation of these vertices, amounting to 24!= 6.2 x 1

molecule, the molecules in a cell that can lead to multicellular life, and the cells in a sentient
organism. This may point to a baseline complexity required for sentience, as suggested by Avogadro’s
constant. The specificity of Avogadro’s number and its potential geometric significance warrant
further investigation, given these insights. Our analysis reveals that a 24-cell can be conceptualized
by selecting eight vertices from it to form a 16-cell in three distinct configurations. These eight
vertices are analogous to the eight gluons, while the other sixteen vertices come together to form a
tesseract, symbolizing the remaining elementary particles. Accordingly, the fundamental components
of spacetime may be represented by SU(3) vacuum atoms at low temperatures, assuming the structure
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of a 16-cell endowed with eight vertices in the pseudo-Euclidean spacetime which agrees with the core
of Riemnain geometry which is locally Lorenztian. This model proposes a geometric perspective on
superconductivity that invites further investigations.

5. Conclusions

During its evolution from a hot, primordial state, the universe expands and cools, guided by
the SU(3) x SU(2) x U(1) gauge symmetry foundational to the Standard Model of particle physics.
This symmetry undergoes a transformation at the electroweak scale, breaking to SU(3) x U(1), and
as temperatures approach near-absolute zero, the Meissner effect leads to the further breaking of
U(1) symmetry, preserving SU(3) alone. This suggests that SU(3) symmetry underpins the basic
"atoms" of vacuum energy. The stability of these SU(3) "atoms" at low temperatures epitomizes the
third law of thermodynamics, which declares the impossibility of reaching absolute zero in which
volume and pressure vanishes. 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 roughly 10~ meters in size akin to nucleons,
aligns exactly with the ratio between theoretical vacuum energy and observed vacuum energy density.
This alignment resolves the cosmological constant problem. It further defines dark energy using the
10'23 SU(3) vacuum atoms, offering insights into the mass gap challenge within Yang-Mills theory.
It appears clearly that the mass gap in SU(3) results from a strictly positive vacuum energy density.
Remarkably, this setup is reinforced by the third law of thermodynamics, which affirms the integrity
of the SU(3) atom as unbreakable.
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