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For a consistent picture of fundamental physics and cosmology, three first princi-
ples are proposed as the foundations. That is, quantum variational principle that
provides the formalism, consistent observation principle that set physical constraints
and symmetries, and spacetime inflation principle that determines physical contents
(particle fields and interactions). Under these three principles, a series of super-
symmetric mirror models are constructed to study various phases of the universe at
different spacetime dimensions and the dynamics between the phases. In particular,
mirror symmetry, as the orientation symmetry of the underlying geometry, plays a
critical role in the new framework.
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I. INTRODUCTION

The approach of first principles has widely been pursued and playing a critical role in
the development and history of modern science and mathematics. For example, natural
selection is one of the best known principles in biology. In mathematics, axioms play the
role of first principles such as the parallel postulate for Euclidean geometry. In physics, first
principles have been the ultimate goal for any fundamental theories. Newton’s three laws
are the foundations of classical mechanics. Maxwell’s equations, or the classical U(1) gauge
principle in modern terms [1], are the basis of classical electromagnetism.

As a more general first principle, Einstein proposed that physical laws are invariant under
any reference frames. For inertial frames of reference (i.e., the Lorentz invariance), it leads
to special relativity (while the constancy of the speed of light is a natural consequence of
the concept of spacetime). Considering accelerated reference frames (i.e., the equivalence
principle), Einstein obtained his general relativity (GR) - the ultimate splendor of classical
physics. Intriguingly, GR and other classical theories can also be derived from the well-
known variational principle.

For the development of quantum theory, physicists had to use a different set of principles
such as discreteness and gauge symmetry principles and even new concepts like the proba-
bility amplitude for the physical state and the operators for observables. However, there are
some striking inheritances passed on from classical physics. The original non-relativistic form
of quantum mechanics, i.e., the Schrödinger equation, can be obtained from the quantum
variational principle - the path integral formulation developed by Feynman [2], an upgrade
from the classical variational principle. Even the modern quantum field theory (QFT) [3]
can be described under this quantum version of the variational principle by replacing paths

∗ wtan@nd.edu

mailto:wtan@nd.edu


2

with field configurations in spacetime in the integration. In addition, QFT obeys the Lorentz
symmetry as well. The needed gauge invariance for degrees of freedom in local space (or
fiber space in modern mathematical language of fiber bundles [4]) is also strikingly similar
to the Lorentz invariance for 4-d spacetime, in the sense that both Lorentz and gauge groups
are holonomy groups of given manifolds in differential geometry.

As such, we see two types of lasting principles that seem to be good for both quantum and
classical physics. One is the holonomy (Lorentz/gauge) type of invariance while the other
is the variational principle. It is hence very intriguing to generalize such principles for the
foundation of all physics. And we could also ask what other first principles are needed for
such a foundation. In the end, it is tempting to use the same unified set of first principles,
not necessarily a single model or theory, to consistently understand fundamental physics
and cosmology including both classical (spacetime) and quantum phenomena.

Ever since the establishment of the Standard Model (SM) of particle physics in 1970s as
the current version of QFT, the idea of pursuing theory of everything has become popular
among theoretical physicists as the latest approach of first principles for unifying all particles
and interactions including gravity. In particular, various efforts have been made to find such
a unification theory (i.e., unification of QFT and GR) with candidates such as string theory,
loop quantum gravity, etc.

However, we seem to live in a dynamic world as evidenced by the discovery of an expand-
ing Universe and it is definitely at odds with the static picture of an ultimate unified theory
for physics. A more compelling hint would be that, instead of going after a single unifica-
tion theory, we might be better off to pursue a unified fundamental set of first principles
leading to a series of consistent theories for all phenomena. Meanwhile, previous work on
quantum gravity might be no waste of effort and could just be used for providing various
mathematical aspects or describing different physical phases of the same dynamic reality.

The dynamic picture tells us that the time reversal symmetry has to be broken initially
and it has to be the first (broken) symmetry in the universe. Whatever first principles we
propose have to be able to naturally break this symmetry first in the very beginning. And
there is no reason why the current 4-dimensional spacetime, in particular, its dimensions
cannot be dynamic. It is probably more natural to consider that spacetime has evolved in
a dimension-by-dimension way.

II. FIRST PRINCIPLES

Without further ado, we propose and summarize the three first principles for fundamental
physics and cosmology:

1. Quantum variational principle: the quantum version of the variation principle (Feyn-
man’s path integral formalism) is applied.

2. Consistent observation principle: a measurable finite physical world is assumed.

3. Spacetime inflation principle: spacetime that defines physical contents emerges via
dimensional phase transitions (i.e., first time dimension and then space dimensions
become inflated).

Principle-1 (the variational principle) is about the approach of theory construction. Many
variants of the variational principle have been developed in the history of physics and math.
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For example, Fermat’s principle of least time for optics, and Hamilton’s principle or the
principle of least action for classical mechanics. The quantum version of the variational
principle proposed by Feynman is his well-known path integral formulation. This principle
shows how to formulate physical laws in mathematical language without invoking any ad
hoc laws a priori. In essence, the variational principle presents why math works in physics.

One of the consequences of Principle-2 is that measurable finiteness of the physical world
is probably responsible for its appearance. In other words, observation itself constrains what
we can actually observe. For a meaningful observation, at least due to human’s limitations,
all physical quantities have to be finite. By “measurable” here, we assume that one can
do consistent measurements. For consistency of finite measurements, we have to introduce
well-defined symmetries, e.g., the holonomy group that preserves the metric of the spacetime
geometry (with a special case of Lorentz group in 4-d spacetime). That is to say, symmetries
emerge from the requirement of consistent observation. Later on, we’ll see how this principle
coupled with the other two presents us a variety of emerging symmetry groups and particle
fields in a dynamic universe.

The first two principles might provide enough tools to construct a static or single-phase
theory for a given physical system. But it does not introduce the physical contents or the
(time-asymmetric) dynamics involving phase transitions. The third principle on spacetime
evolution is critical for invoking varied sets of particles and interactions at different phases
of the dynamic universe. First the time dimension was born. Then one space dimension got
exponentially extended or inflated to make the universe a 2-d world. Finally two more space
dimensions were inflated resulting in our current 4-d spacetime. As a matter of fact, once
the time dimension emerges first, the other inflation processes will follow naturally under
no further assumption.

To be concise, Principle-1 provides the conceptual and math formalism, Principle-2 sets
the physical constraints and symmetries, and Principle-3 determines the physical contents
(particle fields and interactions). Based on these three first principles, the new mirror
theoretical framework [5, 6] can be described by a series of Supersymmetric Mirror Models
(SMM1 for 1-d time, SMM2 for 2-d spacetime, and SMM4 for 4-d spacetime) for different
spacetime phases and corresponding symmetry breaking models of SMM1b, SMM2b, and
SMM4b for the dynamics between these phases. Meanwhile, gravity can be understood as
an emergent classical phenomenon of smooth spacetime geometry [7].

A. Quantum Variational Principle

In the quantum variational principle, the quantum probability amplitude is defined as a
coherent sum of contributions from all possible configurations [2],

A =
∑

configurations

exp(iS/~) (1)

or in the form of modern QFT for a given set of particle fields {X},

A =

∫
d{X} exp(iS({X})/~). (2)

Here the contribution of each configuration of particle fields is determined by an exponential
factor of exp(iS/~) where ~ is the Planck constant and S is the action that includes all
physics depending on involved symmetries and particle fields.
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Feynman’s path integral formalism is probably his greatest scientific contribution, even
compared to his Nobel-prize winning work on quantum electrodynamics. Such an elegant
and amazing formalism is definitely worth further elaboration. This quantum version of the
variational principle beautifully applies both geometry and algebra to physics in a united
way. The geometry of physics and its algebraic structures could be described well in the
mathematical language of differential geometry.

Hans Bethe, another Nobel laureate, said, “There are two types of genius. Ordinary
geniuses do great things, but they leave you room to believe that you could do the same if
only you worked hard enough. Then there are magicians, and you can have no idea how they
do it. Feynman was a magician.” Indeed, Feynman is certainly one of the most admired
physicists in 20th century.

One of the most intriguing features of the variational principle is that every path or
configuration contributes equally to the probability amplitude. This democracy principle is
for equal opportunities but definitely not for equal results. As a matter of fact, most of the
contributions from various configurations cancel out each other in the resulting probability.
Only the ones near an extremal action (that is maximally symmetric) are most probable.

The variational principle and associated math of differential geometry also ensures the
property of quantum superposition and the linear nature of quantum theory as the differ-
ential operator is nilpotent or d2 = 0 [1]. It also states that quantumness, represented by ~,
is more fundamental in Mother Nature. Classical physics is emergent as contributions from
most paths cancel out each other and decohere while only the most probable path survives.
This leads to the principle of least action in classical physics.

Under the variational principle, the action S contains the essence of a physical model.
How to construct S has been the main focus of physicists. The requirement of finiteness
or renormalizability in quantum field theory is needed. Otherwise, the infinities of non-
renormalizable terms in S will suppress the configuration due to the exponential phase
factor. Asymmetries in S also cancel out each other resulting in a maximally symmetric
action for a given model. What kind of symmetries that S observes will be set by the
observation principle. As for the physical contents or what to be used in constructing S, we
have to resort to the spacetime principle.

B. Consistent Observation Principle

This principle requires two distinct properties of observation: finiteness and consistency.
It sets constraints on what types of terms are allowable in the action S of the variational
principle. In modern QFT language, finiteness of measurements means that such terms in
S have to be renormalizable.

Consistency that ensures we can make meaningful measurements introduces symmetries
in the world. In particular, it gives the holonomy generalization of the Lorentz-type symme-
try in spacetime or the gauge invariance in fiber space. The redundant degrees of freedom
in a smooth manifold (either the extended spacetime base manifold or the fiber space) are
reflected in its corresponding holonomy group. Such a holonomy group is O(n) (orthogonal
group) for an n-dimensional Riemannian manifold, U(n) (unitary group) for a Kähler man-
ifold, and SU(n) (special unitary group) for a Calabi-Yau manifold. Consistent observation
requires that physical laws or the action S has to obey such holonomy invariance.

The Lorentz O(1, 3) invariance is just a special case of the holonomy group in 4-d space-
time. The gauge groups of the Standard Model U(1) × SU(2) × SU(3) are just the corre-
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sponding holonomy groups in the local/fiber space as discussed below.
This principle also invokes two critical discrete symmetries, i.e., mirror symmetry and

supersymmetry, and their breakings. The idea of mirror symmetry has long been conjectured
(first proposed in Ref. [8], further developed later in Refs. [9–15]) since the discovery of
parity violation in weak interactions by Lee and Yang [16]. Combined with the spacetime
principle, mirror symmetry is nothing but the orientation symmetry of the manifold, which
could be broken globally due to the spacetime topology while preserved locally in the fiber
space.

For any positive dimensions, O(n) = O(1) × SO(n) where the simple discrete O(1) =
Z2 group (containing two elements of {1,−1}) represents the orientation symmetry of a
Riemannian manifold leading to the mirror symmetry we will discuss more about later.
When n ≥ 2, supersymmetry also emerges to keep the action renormalizable.

These renormalizability and holonomy conditions can therefore constrain the physics in
the action S dramatically. It also ensures that our universe is understandable in our own
eyes.

C. Spacetime Inflation Principle

A well-known verse in “Tao Te Ching” [道德经] by Lao Tzu [老子] says that “Tao produced
one; one produced two; two produced three; three produced all things” [道生一，一生二，
二生三，三生万物]. It amazingly and concisely summarizes the big bang dynamics of the
early universe and dimensional phase transitions of spacetime. Here Tao could be understood
as quantum chaos with no extended spacetime. One means the one time dimension that
was first born in the universe. Two means the two-dimensional spacetime that got inflated
during the dimensional phase transition. Probably we should replace three with four here.
That is, the last step is the fully inflated four-dimensional spacetime that holds everything
we have observed in the current universe.

The inflation of spacetime can be imagined like the growth of a fiber bundle. Spacetime
that starts at one-dimension is the base manifold of the fiber bundle. Next, the 1-d tangent
fiber space grows exponentially out of the 1-d base manifold. Then the total space of the
newly formed 2-d bundle serves as the new base manifold to inflate into a double fiber bundle
with four extended dimensions. For the sake of consistency, no more dimensional inflation
is possible after the 4-d spacetime is formed.

At each stage, spacetime is the fully extended part of the base manifold. At the last
stage, as indicated in string theory [17], six additional dimensions are required in the base
manifold for consistency. However, these six dimensions remain uninflated forming the
Calabi-Yau space for quarks and strong interactions. We will call these unextended fiber
and miniature Calabi-Yau manifolds collectively the local space, which governs quantum
physics, i.e., introduces particle fields and gauge interactions while the inflated spacetime
describes gravity and other classical phenomena.

For an n-dimensional spacetime geometry (or pseudo-Riemannian manifold of signature
(1, n − 1), to be exact), the maximum symmetry group for metric preservation (in other
words, making measurements consistent) or the holonomy symmetry is O(1, n) = O(1) ×
SO(1, n− 1). This symmetry group is what generalizes the Lorentz invariance and why one
can make meaningful measurements at different spacetime points. Obviously the O(1) = Z2

group describes the orientation or mirror symmetry of the spacetime geometry.
The complexification of the local space requires even number for its dimensions resulting
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in a Kähler manifold with compatible complex, symplectic, and Riemannian structures. The
corresponding tangent fiber space induced by inflated spacetime is then a Kähler manifold
with the holonomy group of U(n). The 6-d Calabi-Yau base manifold can give rise to a
fiber space with its holonomy group of SU(3) for strong interactions of quarks. Spacetime
might not be orientable globally but the local space is always orientable providing the mirror
symmetry between two sets of particles and interactions.

For a given n-dimensional spacetime geometry, the action S can also be expressed in
terms of the Lagrangian density L,

S =

∫
dnx

√
|g|(L({X})) (3)

where g is the determinant of the spacetime metric and the set of fields {X} is determined
by the dimension of spacetime. When n ≥ 2, spinors and supersymmetry start to emerge
and spacetime is naturally extended with a superspace of (x, θ, θ̄) where θ and θ̄ are anti-
commuting Grassmann coordinates. In Eq. (3), the Lagrangian density L takes the usual
form in spacetime after the Grassmann variables are integrated out.

A general scalar function F (x, θ, θ̄) of superspace can be expanded in a power series of
finite number of terms up to θ2θ̄2 for defining the fields allowed in 4-d spacetime [3]. In 1-d
time, θ and θ̄ do not exist so that the general function F = ϕ(t) is trivial, i.e., only a scalar
field ϕ can exist. In 2-d spacetime, F = φ(x, t) + θλ(x, t) + θ̄λ̄(x, t) + θσµθ̄A

µ(x, t) where
more fields like Majorana fermion λ and gauge boson Aµ are allowed in addition to a new
complex scalar φ. In 4-d spacetime, even more fields and degrees of freedom are allowed.
In particular, Dirac fermions like leptons and quarks and bosons of more complicated gauge
groups start to appear. These particles are also separated into two ordinary and mirror
sectors that are decoupled from each other by the mirror symmetry.

The dimensional phase transitions of spacetime and subsequent electroweak and QCD
phase transitions are governed by the spontaneous symmetry breaking Higgs-like mechanism
from the real scalar ϕ and other scalars of fermion condensates at various stages. These
dynamic processes are probably topological and hence more difficult to quantify.

III. SUPERSYMMETRIC MIRROR MODELS

Now we can construct the Supersymmetric Mirror Models (SMM1, SMM2, and SMM4)
under the new theoretical framework for varied spacetime dimensions using these first prin-
ciples. Most of the following materials in this section are taken from previous works [5, 6]
although with some improvements.

The simplest 1-d Lagrangian can be written as,

LSMM1 =
1

2
ϕ̇2 (4)

for a massless real scalar ϕ. In this one-dimensional time manifold, the mirror symmetry
is the same as the time reversal symmetry O(1) = Z2 which is also the whole holonomy
group. The time dimension must emerge first in the geometry so that the universe can have
its first symmetry - time reversal symmetry spontaneously broken and become dynamic and
causal afterwards. In this 1-d Riemannian geometry, there is no intrinsic curvature, that is,
gravity does not exist yet. There is no continuous gauge symmetry and no supersymmetry,



7

either. That is, no gauge interactions and no spinor particles exist except for a simple real
scalar field. We call this model SMM1, or 1-d Supersymmetric Mirror Model, since it is the
simplest 1-d extension to other SMM models in higher dimensions.

When ϕ obtains mass via the Higgs-like mechanism, it will spontaneously break the time
reversal symmetry under the symmetry breaking model SMM1b,

LSMM1b =
1

2
ϕ̇2 − V (ϕ2), V (ϕ2) =

∞∑
k=1

λk
k!
µk+1(

ϕ2

2
)k (5)

where λk are dimensionless couplings, µ represents the energy scale, and odd potential terms
of ϕ are omitted as such asymmetries cancel out in the variational principle. Such a general
potential for symmetry breaking is renormalizable and this dynamic symmetry breaking
process could be studied under the framework of renormalization group (RG) [18].

When the potential V (ϕ2) starts forming the shape of a Mexican hat, i.e., the ϕ2 or mass
term becomes negative while the quartic term or higher terms stay positive, the system
will inevitably evolve into one of the two emerging new vacuum configurations breaking
its Z2 (time reversal) symmetry. The time arrow naturally appears due to the breakdown.
The first order of the universe is then established: the time order or causality. Indeed,
the time reversal symmetry is the first emergent symmetry and also first broken under this
consideration.

At the same time, the scalar becomes massive and leads to the inflation of one space
dimension, essentially the so-called anomalous dimension of the scalar in the renormalization
group formalism [18]. Eventually the scalar decays into the next generation of particles in
the newly inflated 2-d spacetime that is then governed by SMM2 with the Lagrangian,

LSMM2 = −1

4
FµνF

µν +
i

2
(λ†Lσ̄

µ∂µλL + λ†Rσ
µ∂µλR) (6)

where the U(1) gauge tensor Fµν = ∂µAν − ∂νAµ and the Majorana fermion λ has to be
neutral and does not couple to the gauge field Aµ. Both λ and Aµ are massless and have
two components or degrees of freedom. They form the simplest N = 1 abelian gauge
supersymmetry multiplet (1, 1/2) with the on-shell Lagrangian of Eq. (6).

The holonomy group of the 2-d spacetime becomes O(2) = Z2×U(1), which also induces
the fiber space as a U(1) Kähler manifold. Both U(1) gauge bosons and Majorana fermions
are born in this phase due to the emergence of supersymmetry. Fermions here have to be
of Majorana type instead of Dirac type because antiparticle’s degrees of freedom can not be
set free in 2-d spacetime. Both of the orientation or mirror symmetries of spacetime and the
corresponding fiber space are equivalent of the chiral symmetry in this case. It means that
the two sectors of particles defined by the mirror symmetry are just two chiral (left- and
right-handed) sectors that are completely decoupled from each other. Gravity first appears
in 2-d form which can also be described by a 2-d conformal field theory (CFT). As it turns
out, the interior of a black hole is also 2-d in nature governed by SMM2 [7].

At the next stage, the phase transition from 2-d to 4-d, the Majorana fermions condense
into two massive scalars φ and φ′ under the N=1 pseudo-supersymmetry model SMM2b (see
Ref. [5] for details). The massive scalars spontaneously break the symmetries again leading
to the inflation of two additional space dimensions. Like the 1-d case, the renormalizable
scalar potential of φ is,

V (φ2) = µ2

∞∑
k=1

λk
k!

(
φ2

2
)k (7)



8

that governs the dynamics of the inflation and similarly we can get V ′(φ′2) for φ′.
In the end, the two scalars decay into the new generation of particles in 4-d spacetime

under SMM4 (see Ref. [5] for details). The new holonomy group, i.e., the Lorentz group
O(1, 3) = Z2 × Z ′2 × SO+(1, 3) contains two Z2 groups for the orientation and time reversal
symmetries of spacetime. The quantum counterpart in the fiber space contains also two
copies of Z2 groups for the mirror or local orientation symmetry and the time reversal or
equivalently CP symmetry, respectively. Accompanied with the restricted SO+(1, 3) group,
one sees the emergence of U(1) and SU(2) gauge groups and three generations of leptons
as Dirac fermions (antiparticles now possess separate degrees of freedom) corresponding to
the induced tangent fiber space. The particles are separated into two ordinary and mirror
sectors for two orientations, respectively.

The 4-d tangent space can have only one copy of SU(2) gauge group that has to be split
into SUL(2) for the ordinary sector of particles and SUR(2) for the mirror sector. On the
other hand, its maximal torus subgroup, i.e., the Clifford torus U(1) × U(1)′ has the two
circles embedded independently in their own 2-d part of the 4-d fiber space, so that the full
U(1) interactions of both left- and right-handed particles are preserved in the two ordinary
and mirror sectors. The three generations of the particles correspond to three independent
ways of representing gauge groups of U(1) × U(1)′ and SU(2) out of the 4-d fiber space,
or three different ways of complexifying the fiber space. Because of the U(1) independence,
charged leptons can not be mixed and can not be degenerate even after they acquire masses
later. Only neutral neutrinos could be mixed and become degenerate when they get massive.

Supersymmetry in 4-d spacetime, in addition, demands the emergence of an additional
uninflated compact space of six dimensions (i.e., Calabi-Yau space). This 6-d Calabi-Yau
space results in a separate set of fermions, i.e., quarks and their SU(3) (color) gauge interac-
tions and consequently the balance of degrees of freedom between gauge bosons and matter
fermions for supersymmetry. The fact that the 6-d space is not extended as 4-d spacetime
also causes quark confinement. Due to the orientation or mirror symmetry, there are also
two sets of quarks and SU(3) interactions in the two sectors, respectively. This 6-d Calabi-
Yau space and its corresponding 6-d fiber space collectively provide another holonomy group
- the U(6) gauge group of quark flavors.

In this phase, all particles are massless and the two sectors are completely decoupled in
terms of gauge interactions (Uf (6)×SUc(3)×SUw(2)×UY (1)) although both sectors share
the same extended 4-d spacetime geometry or gravity that is described by Einstein’s general
relativity.

At last, staged quark condensation leads to spontaneous symmetry breaking again and
provides masses to the particles (SMM4b for the current universe, see Ref. [5] for details).
This dynamic process also accounts for both electroweak and QCD phase transitions and is
governed by the potentials of six scalar components corresponding to quark condensation of
six flavors,

V (φ2
f ) = −λ2f

2
µ2
fφ

2
f +

λ4f
8
φ4
f (8)

where f = 1, ..., 6. Unlike the cases of 1-d and 2-d, there are only two (mass and quartic)
terms in these potentials as higher order terms are not renormalizable under 4-d spacetime.

The U(6) flavor gauge is almost completely broken and left with only some approximate
global symmetries on isopin, baryon number and heavy quark flavor numbers. Intriguingly,
neutrinos become degenerate and gain tiny masses due to a very small mass splitting between
the two sectors. Therefore, the ordinary sector becomes left-handed while the mirror one
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FIG. 1. The schematic diagram (not to scale) is shown for the dynamic history of the universe
where the temperature is mostly determined by massless particles and the dips reflect various stages
of spontaneous symmetry breaking and emergence of new energy scales leading to each new cosmic
era. Adapted from Ref. [5].

right-handed to preserve renormalizability or pseudo-supersymmetry. This gives the well-
known Standard Model of particle physics for the ordinary sector and similar physics for the
mirror sector. The two sectors of ordinary and mirror particles are connected via degenerate
neutrinos after the symmetry breaking, in particular, the mass terms of neutrinos that
involve both left-handed ones in our sector and right-handed ones in the mirror sector.

IV. NEW PICTURE OF THE UNIVERSE

Applying the Supersymmetric Mirror Models to cosmology, we can see the elegant picture
in the evolution of the early universe as depicted in Fig. (1). The time dimension was born
first and then the time reversal symmetry got broken leading to the first inflation. The
2-d spacetime emerged and the hot big bang started at the scale of Planck energy. As the
universe cooled down, Majorana fermions started to condense resulting in the process of
double space inflation. Eventually 4-d spacetime formed at temperature of ∼ 1016 GeV and
the two scalar inflatons decayed into massless quarks and leptons in two sectors at different
temperatures to reheat the universe. At the scale of ∼ 102 GeV, staged quark condensation
started a series of phase transitions including electroweak and QCD phase transitions and
consequently fermions acquired masses. As the universe has continued to cool down, the
ordinary sector has formed stars and galaxies while the mirror sector serves as the dark
matter observed today.

However, that is not the full picture of the universe in terms of thermodynamics. Although
the universe time flows in one direction, it does not mean that some reversed processes won’t
occur locally in some corners of the universe. In fact, collapses of stars into black holes go
through exactly the reversed process from SMM4b to SMM2. In this sense, these models
just describe different phases of spacetime and the dynamics in between as presented in
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FIG. 2. The schematic diagram (not to scale) is shown for the Supersymmetric Mirror Models
at various phases of spacetime. The number in the model name denotes the number of spacetime
dimensions while ‘b’ indicates that the model corresponds to the dynamic process of spontaneous
symmetry breaking between phases. Adapted from Ref. [7].

Fig. (2).

A. Spacetime Phase Transitions and Renormalization Group

The RG approach has widely been used in studies of critical phenomena and phase
transitions [18]. One of the most impressive works using this approach is the discovery of
asymptotic freedom of QCD [19, 20], which essentially also tells us why the 6-d Calabi-Yau
space is unextended. It seems to be also a good tool to study dimensional phase transitions
of spacetime when applying it to the scalar potential theories proposed in Sect. (III).

In 4-d spacetime, the Gaussian fixed point of the coupling λ4 in the scalar potential is
IR-stable, indicating that no more dimensional inflation is possible. In lower dimensions,
the Gaussian fixed points of both λ2 and λ4 are not stable and tend to make the RG flow
to the IR fixed point, leading to dimensional inflation. During each of this RG flow process,
the anomalous dimension of the corresponding scalar dynamically changes from zero to one
for the growth of one space dimension.

Under the RG picture, SMM1, SMM2, and SMM4 are nothing but description of simple
Gaussion fixed points (i.e., with vanishing scalar potentials) of different spacetime configu-
rations. In the early universe, the RG flow goes from the first Gaussian fixed point (SMM1)
to our current phase (end of SMM4b) where we might be at a non-trivial Wilson-Fischer
fixed point. Collapse of a massive star into a black hole depicts the reverse process although
through a different RG flow trajectory for dimensional collapse of spacetime from 4-d to 2-d.
Therefore, black holes are in the simple Gaussian fixed point under 2-d spacetime (SMM2)
that can also be described by 2-d conformal field theory (CFT) [7]. One may wonder if it
is possible for a black hole to continue the collapse into dimensionless quantum chaos, i.e.,
along the dash-dotted path in Fig. (2). If so, it means that there is an upper limit for a
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FIG. 3. The schematic diagram (not to scale) is shown for evolution of the effective number of
relativistic degrees of freedom g∗ in the early universe under the Supersymmetric Mirror Models.

black hole’s mass.

In the 2-d quantum field theory, the RG method also gives an intriguing result called
“c-theorem” [21]. It states that there exists a positive real c-function that decreases mono-
tonically along the RG flow and at the fixed point (2-d CFT), the c-function is the same
as the central charge of the Virasoro algebra. Under 2-d CFT, it is shown that the central
charge is equal to the effective number of relativistic degrees of freedom g∗, and in the case
of SMM2, we find c = g∗ = 3 [7]. Therefore, “c-theorem” can be naturally generalized to
“g∗-theorem” for a given spacetime configuration. Due to fermion condensation, symmetry
breaking and mass acquiring will effectively reduce the number of degrees of freedom during
such a RG flow. Obviously, g∗ decreases monotonically within each spacetime phase in the
early universe as shown in Fig. (3). However, it jumps across the dimensional boundary
between two phases. Evidently, g∗ started out to be one in 1-d time, then peaked as three
in 2-d spacetime, and reached its maximum of 180 under 4-d spacetime where contributions
from the mirror sector are neglected as it is at lower temperatures.

The generalized “g∗-theorem” has interesting consequences. The Gaussian fixed point
(λk = 0) in 2-d spacetime makes g∗ stationary, i.e., dg∗/dt = 0, with respect to the RG
flow. This gives the reason why SMM2 indeed provides UV-stable solutions for black holes.
On the other hand, the two ordinary and mirror sectors under 4-d spacetime have different
contributions of g∗ and g∗

′ to the degrees of freedom at different temperatures. Such a
stationary condition could not typically be met since the collapsing core of a star is mixed
evenly with both sectors of matter [22]. Therefore, SMM4 does not give stable configura-
tions in general unless ordinary matter is somehow separated from mirror matter. If such
separation indeed occurs, a SMM4 fireball (∼ 1016 GeV) made of pure ordinary or mirror
matter could be UV-stable.
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B. Neutral Particle Oscillations

Under SMM4b, a small mass splitting of the two ordinary and mirror sectors, on a relative
scale of δm/m ∼ 10−14 is predicted. Coupled with the ordinary-mirror quark mixing mecha-
nism, it results in ordinary-mirror neutral hadron oscillations similar to neutrino oscillations
between generations [23].

In particular, oscillations of neutrons (n−n′) and kaon mesons (K0−K0′) turn out to be
the two most important messengers between the two sectors. These two oscillations present
a consistent picture for the origin of both dark matter and baryon asymmetry in the universe
[24]. The tiny mass splitting scale can also explain the observed scale of dark energy and
neutrino masses [25]. In addition, using n − n′ oscillations we can consistently understand
many other puzzles: neutron lifetime anomaly [23], synthesis of heavy elements and stellar
evolution [22], ultrahigh energy cosmic rays [26], and unitarity of CKM matrix [27].

Most remarkably, various feasible experiments are proposed to test concrete unique pre-
dictions of the oscillation model, including measurement of neutron lifetime anomalies in
narrow magnetic traps or under super-strong magnetic fields [27], and detection of unex-
pectedly large branching fractions of invisible decays of long-lived neutral hadrons [28].
Further evidence of the new physics could be uncovered in the near future.

For example, each incoherent scattering or interaction of a neutral hadron in ordinary
matter medium will result in a loss to its mirror counterpart. In terms of neutrons, this loss
rate due to n− n′ oscillations is about 10−5 per bounce (or 0.45− 1× 10−5 as constrained
in [28]). This can perfectly explain the so-called neutron lifetime anomaly. It could also be
used to further test the new model in neutron lifetime measurements with magnetic traps
or super-strong magnetic fields.

C. Mirror, Super-, and Holonomy Symmetries

The observation principle invokes three types of critical symmetries. The mirror or ori-
entation symmetry can be considered as the discrete part of the holonomy group. The
continuous holonomy groups provide the Lorentz invariance for spacetime itself and gauge
groups for interactions. Supersymmetry shows up at 2-d or higher dimensional spacetime
for the symmetry between matter fermions and gauge bosons.

Obviously, the local space that defines the quantum properties is always orientable, pre-
serving the mirror symmetry, and hence the quantum world can be divided into two sectors.
The orientation symmetry of the spacetime base manifold is part of the Lorentz group and
it is the spacetime topology that defines the global orientation or mirror symmetry. If the
spacetime geometry is orientable, then the two quantum sectors are completely decoupled.
On the other hand, they could become feebly connected if spacetime turns into a non-
orientable manifold (like Möbius strip or Klein bottle in 2-d). However, such connections
have to be very weak since particles can not change their orientation locally and they have
to go around the whole manifold to make the transition. Therefore, quantum transitions
between the two sectors are topological in nature.

Spacetime is the stage of all physics and hence the Lorentz invariance inherited from
its holonomy is obeyed in both classical and quantum physics. All other continuous gauge
symmetries, leading to gauge interactions, come from the holonomy of the local / fiber space
(including uninflated space) that is derived from the spacetime base manifold. For a given
spacetime geometry, particle fields and gauge interactions are therefore well-defined.
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Supersymmetry is a natural requirement due to finiteness or renormalizability for space-
time with two or more dimensions. It also relates bosons to fermions as the only possible
way as indicated by the Coleman-Mandula theorem [29]. It extends the classical space-
time to superspace and introduces both commutative and anti-commutative numbers. It
ensures that Hamiltonians or energies are non-negative and the time arrow is preserved in
the universe.

However, it is the mirror symmetry instead of supersymmetry that introduces another
mirrored copy of particles making up the so-called dark matter of the universe. In our 4-d
world, we should search nowhere else for supersymmetry as it’s been built even within our
own sector, though spontaneously broken, as the symmetry between fermions (leptons and
quarks) and gauge bosons (e.g., photons and gluons). The seemingly missing degrees of
freedom in bosons can be found in the pseudo-Nambu-Goldstone bosons from the flavor
U(6) breakdown [25].

As a metric-preserving symmetry, the holonomy group inevitably and deeply involves the
concept of loops (closed paths on a manifold). This is possibly why string theory and loop
quantum gravity can be good mathematical or theoretical tools in studying the proposed
new framework under certain scenarios. The group equality of SO(2) = U(1) may also
indicate why quantum theory in n ≥ 2 spacetime becomes complex. Furthermore, all these
concepts of holonomy, loop, string, and complex are probably profoundly related to each
other for n ≥ 2 spacetime.

D. Gravity and Spacetime

Under this new framework, gravity is just the geometry of emergent smooth spacetime
as it inflates dimensionally at n ≥ 2. That is, gravity is truly a classical phenomenon, and
also possibly the progenitor of all classical phenomena. Quantum measurement problem is
probably related to classical extended spacetime. A measurement can cause a quantum wave
function collapsing to its individual eigenstate since the measurement has to be conducted
under the metric of the spacetime manifold, which is classical by definition.

Spacetime inflation stops at 4-d and the corresponding gravity theory is just Einstein’s
general relativity while the simpler 2-d gravity is given in Ref. [7]. Higher dimensional
spacetime is not stable or possible. Dimensional inflation requires that only scalar fields exist
during the exponential growth. During staged quark condensation including electroweak and
QCD phase transitions, other non-condensed fermions (e.g., leptons) exist so that further
growth of dimensions is not possible.

The connection between gravity and thermodynamics has been studied since the intro-
duction of the black hole entropy by Bekenstein and Hawking [30, 31]. Jacobson derived
the Einstein equation of spacetime purely from the consideration of thermodynamics and
“downgraded” it to an equation of state [32]. Verlinder further developed the idea and treated
gravity as an entropic force [33]. As an emergent phenomenon under these studies, it seems
to be reasonable to not consider gravity as a fundamental force.

However, as we have shown above, everything is emergent in the scenarios of dimensional
evolution of spacetime. Gravity is as essential as other emergent gauge interactions if not
more. The coarse-grained description for gravity might be valid mathematically but probably
not complete. It has to be combined with the phase transitions in spacetime dimensions.
Such a picture of dimensional evolution makes gravity solidify its status in the reality.
After each dimensional transition, emergent classical spacetime and gravity are certainly
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TABLE I. as discussed in the text.

Physics Classical Quantum
fiber bundles inflated spacetime/base manifold local/fiber space

geometry structures (pseudo)-Riemannian manifold Kähler/Calabi-Yau manifolds
interactions gravity gauge interactions
holonomy O(1,n) holonomy U(n)/SU(n) gauge groups

mirror symmetry orientation of spacetime orientation of local space
locality global local
math continuum (real) discreteness (integer)

as fundamental as emergent particles and their gauge interactions. Moreover, it is the
emergent classical spacetime that determines what kind of quantum physics we would have
and it is the inflated spacetime where we live in that selects what quantum physics we could
observe.

E. Classic-Quantum Duality

The details of the classic-quantum duality are listed in Table I. Classical inflated space-
time is emergent from quantum chaos. Classical and quantum properties are two insepara-
ble aspects of the same reality. No observable quantum physics is possible without classical
spacetime. Such a duality relationship is probably best depicted in the mathematical lan-
guage of fiber bundles.

Quantum and classical properties in physics is similar to what discreteness and contin-
uum, or, integer and real numbers in mathematics. In physics, the connections between
quantum fiber space and classical spacetime are bridged by the inflation or exponential
growth processes. In mathematics, such properties are described by the continuum hy-
pothesis for infinite sets of integers (ℵ0) and real numbers (ℵ1), i.e, ℵ1 = eℵ0 , using an
exponentiation operation similar to that in physics. As Cantor introduced, one can easily
extend such aleph number series of infinite sets: ℵ0, ℵ1, ℵ2 ... and even generalize the
continuum hypothesis to ℵα+1 = eℵα for every ordinal number α.

It seems that physics is related to only the first two infinite sets of countable (quantum)
ℵ0 and uncountable (classical) ℵ1. Why don’t the higher-ordered infinite sets manifest in our
physical world? One possible explanation might be that our spacetime stopped inflating at
the critical dimension of four. It is the requirement of consistent measurements that stopped
such a possible path to higher-ordered infinities.

V. CONCLUSIONS AND OUTLOOK

In summary, Principle-1, the variational principle that provides the math formalism,
requires the linear, democratic, and discrete nature of the underlying quantum world under
the mathematical language of differential geometry; Principle-2, the observation principle
that set physical constraints, leads to the holonomy group (including mirror symmetry) for
consistency and renormalizability (including supersymmetry) for finiteness; Principle-3, the
spacetime principle that defines physical contents, introduces particle fields and interactions
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of each spacetime phase and the dynamics between the phases. Under these three first
principles, the classical spacetime and its quantum contents can then emerge naturally in
the universe. In terms of mathematical language of fiber bundles, quantum physics or the
local/fiber space is solely determined by the given classical spacetime or the inflated base
manifold.

As demonstrated above, all physical phenomena are emergent as the universe unfolds.
So are all observed symmetries, all particles, and all laws. And the dynamics consists of a
series of dimensional phase transitions in spacetime. Gravity, as a pure classical phenomenon,
is about the smoothly inflated spacetime geometry. Quantum theory, on the other hand,
describes the non-smooth and discrete part of the local space. The proposed supersymmetric
mirror models provide a workable theoretical framework under the first principles.

As Gödel’s incomplete theorems have indicated, a consistent math system has to be open
and one has to keep on adding more postulates to its existing set of axioms for extending it
to unexplored territories. Similarly, these three proposed first principles are, by no means,
complete for all physics. We definitely need more guiding principles when we explore various
subfields of physics. Even for fundamental physics, there are still profound questions left
unanswered.

For example, how does spacetime emerge from dimensionless chaos to 1-d time or what
about the details of the emergence of each other dimension? From a distant or classical
view, it seems to be fine to use a continuous framework or smooth manifold to describe
the evolution of spacetime. But upon a close examination, in particular, around phase
transitions, a discrete picture of spacetime may be needed. There are several candidates
of theoretical tools that may work for such a picture: loop quantum gravity [34], causal
dynamical triangulation [35], causal sets [36], etc.

The critical point is discreteness or quantumness. But how is quantumness realized?
There are several descriptive concepts that perhaps tell the same truth or different aspects
of the same truth: random, anarchic, democratic, chaotic, self-similar, collective, fractal,
universality, cellular automaton, etc. Grasping all these concepts might be essential for
understanding the first emergence of time dimension and that of each following individual
space dimension. The RG approach shows an interesting way of studying these. But we
clearly need better tools to reveal the intriguing details of such dimensional phase transitions
in spacetime.
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