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1 Introduction

At �rst glance, there appears to be no connection between the three distinct
ideas considered in this article:
(1) supersymmetric preons as fundamental particles,
(2) Hartle-Hawking no-boundary cosmological condition, and
(3) all order �nite 3D quantum gravity.

We brie�y outline these points. We propose that below the quark-lepton level
length scale, ∼ 10−18 m, there is a topological level of supersymmetric (SUSY)
preons. The binding force between preons is a 3D Chern-Simons interaction,
which is engineered stronger than Coulomb repulsion between like charge preons.

The classical initial singularity of the quantum universe is removed by the
Hartle-Hawking no-boundary condition for the wave function of the universe.

Gravitation is based on a recent non-perturbative and all-order perturba-
tively calculable Chern-Simons (CS) quantum gravity model. The parity vio-
lating CS interaction leads to di�erent intensities to polarization states of grav-
itational waves (GW) provided the source is symmetric. These waves may come
from times as early as before in�ation started, t ⪅ 10−35s.

This article proposes a scenario that unites the three points listed above.
We give arguments to support the Fayet conjecture "Matter ←→ Forces" [1].
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This article is organized as follows. Our preon model for visible matter and
the dark sector is summarized in section 2.1 In section 3 we brie�y review
the Hartle-Hawking no-boundary wave function and Wheeler-DeWitt equation.
Three-dimensional Chern-Simons gravity with calculational capability is intro-
duced in section 4 for the very early quantum universe. In section 5 , having
shown in previous sections the topological quantum origin of the gravity and
SM, we survey CS terms as corrections to General Relativity, and the SM.
Finally, concluding remarks are presented in section 6.

This note is intended as a brief phenomenological introduction to selected
concepts in particle models and (quantum) gravity. Readers interested in the
technical details are encouraged to consult the references.

2 Particle Model

2.1 Preons and Particles

The fundamental particles�preons�are organized into vector and chiral super-
multiplets [2]. Preons are free particles above the energy scale Λcr, numerically
about ∼ 1010−1016 GeV. It is close to the reheating scale TR and the grand uni-
�ed theory (GUT) scale. A binding mechanism for the preon bound states has
been constructed using the spontaneously broken 3D Chern-Simons theory [3]
in subsection 2.2. At Λcr preons form composite states by an attractive Chern-
Simons model interaction into of Standard Model quarks and leptons, with the
usual SM gauge interactions. Preons have undergone "second quarkization".

To make the preon scenario compatible with the SM we considered originally,
following [4], the following Lagrangians 2.1 and 2.2. To include charged matter
we de�ne the charged chiral �eld Lagrangian for fermion m−, complex scalar
s− and the electromagnetic �eld tensor Fµν

2

LQED = −1

2
m̄−γµ(∂µ + ieAµ)m

− − 1

2
(∂s−)2 − 1

4
FµνF

µν . (2.1)

We assign color to the neutral fermion m → m0
i (i = R,G,B). The color

sector Lagrangian is then

LQCD = −1

2

∑
i=R,G,B

[
m̄0

i γ
µ(∂µ + igGa

µta)m
0
i

]
− 1

4
Ga

µνG
µν
a . (2.2)

With the above Lagrangians LQED and LQCD in mind we now de�ne a
sample model for preons by the supermultiplets shown in table 1.3

The superpartners of standard model particles are formed of s− and σ0i com-
posites. They generate a rich spectroscopy with lowest composite state masses

1 Section 2 and subsection 3.3 are based on this authors work. Sections 2.2, 3, 4 and 5 are from
the authors cited.

2 The next two equations are in standard 4D form. They are not used quantitatively below.
3 The indices of particles in tables 1 and 2 are corrected from those in [2, 5].
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Multiplet Particle, Sparticle
chiral multiplets spins 1/2, 0 m−, s−; m0

i , σ0
i ; n, a

vector multiplets spins 1, 1/2 γ,m0; gi,m
0
i

Table 1: The particles m−,m0 are charged and neutral, respectively, Dirac
spinors. The particle s− is a charged scalar particle. The a is axion and n axino
[6, 7, 8]. m0 is color singlet particle and γ is the photon. mi and gi, σ

0
i (i = R,

G, B) are zero charge color triplet fermions and bosons, respectively. The s−

and σ0
i bound states are sleptons.

in the usual lepton/hadron mass scale. Therefore they should be detectable
with present accelerator experiments. This challenge remains unresolved, as in
the MSSM. The dark sector is obtained from the scalar σ0Rσ

0
Gσ

0
B and the axion

multiplet {a, n} in table 1 (if the axion(s) are found).

In the MSSM, baryon number and lepton number are no longer conserved
by all of the renormalizable couplings. But baryon number and lepton number
conservation have been tested very precisely. These couplings have to be very
small not to be in con�ict with experimental data. Denote baryon number by
B, lepton number by L and spin by s, then R-parity PR = (−1)(3B−L)+2s is a
symmetry that forbids these couplings. All SM particles have R-parity of +1
while superpartners have R-parity of -1.

In the preon model, B = L = 0. This leads to a situation where a group
of preons and antipreons can form either hydrogen or antihydrogen atoms in
the after preons have formed quarks and leptons. Statistical �uctuations cause
NH ̸= NH̄ . This creates the numerically small baryon asymmetry nB/nγ as
discussed in 3.3.

The matter-preon correspondence for the �rst two �avors (r = 1, 2; i.e., the
�rst generation) is indicated in table 2 for the left-handed particles.

After quarks are formed by the process described in [5] the SM octet of gluons
emerges. To make observable color neutral, integer charge states (baryons and
mesons) we proceed as follows. The local SU(3)color octet structure is formed
by quark-antiquark composite pairs as follows (with only the color charge indi-
cated):

Gluons : RḠ,RB̄,GR̄,GB̄,BR̄,BḠ,
1√
2
(RR̄−GḠ),

1√
6
(RR̄ + GḠ− 2BB̄) . (2.3)

Finally, we brie�y and heuristically introduce the weak interaction - the
scalar sector is rather complex. For simplicity, we append the Standard Model
electroweak interaction in our model as an SU(2)Y Higgs extension with the
weak bosons presented as composite pairs, such as gluons in (2.3).

The Standard Model and dark matter are formed by preon composites in
the very early universe at temperature of approximately the reheating value
TR. Because of spontaneous symmetry breaking in three-dimensional QED3

by a heavy Higgs-like particle the Chern-Simons action can provide by Möller
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SM Matter 1st gen. Preon state
νe m0

Rm
0
Gm

0
B

uR m+m+m0
R

uG m+m+m0
G

uB m+m+m0
B

dR m−m0
Gm

0
B

dG m−m0
Bm

0
R

dB m−m0
Rm

0
G

e− m−m−m−

Sfermions Preon state
ν̃ σ0

Rσ
0
Gσ

0
B

ũR s+s+σ0
R

ũG s+s+σ0
G

ũB s+s+σ0
B

d̃R s−σ0
Gσ

0
B

d̃G s−σ0
Bσ

0
R

d̃B s−σ0
Rσ

0
G

ẽ− s−s−s−

W-Z Dark Matter Particle
σ0
Rσ

0
Gσ

0
B dark scalar

boson (or BC) s, axion(s)
e′ axino n
meson, baryon o nn̄, 3n
nuclei (atoms with γ′) multi n
celestial bodies any dark stu�
black holes anything (neutral)

Table 2: Low energy visible and Dark Matter with corresponding particles and
preon composites. m0

i (i = R,G,B) is color triplet, m± are color singlets of
charge ±1/3. s− and σ0

i (i = R, G, B) are scalars. Sfermions are indicated by
S̃. e′ and γ′ refer to dark electron and dark photon, respectively. BC stands for
Bose condensate.
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scattering mediated by two particles (the Higgs scalar and the massive gauge
�eld) a binding force stronger than Coulomb repulsion between equal charge
preons. The details of preon binding and a mechanism for baryon asymmetry
in the universe are presented in subsection 2.2.

Chern-Simons theory with larger groups such as G = U(Nc) with fundamen-
tal matter and �avor symmetry group SU(Nf ) × SU(Nf ) have been studied,
for example [9], but they are beyond the scope of this article.

2.2 Preon Binding

An immediate question for table 2 particles is the Coulomb repulsion between
like charge preons. This problem has been solved for polarized electrons in [3]4

where the authors derived an interaction potential electrons in the framework of
a Maxwell-Chern-Simons QED3 with spontaneous breaking of local U(1) sym-
metry. An attractive electron-electron interaction potential was found whenever
the Higgs sector contribution is stronger than the repulsive contribution of the
gauge sector, provided appropriate �tting of the free parameters is made.

We generalize the results for e−e− binding energy in [10, 11] for preons.
One starts from a QED3 Lagrangian built up by two Dirac spinor polarizations,
ψ+, ψ−) with SSB. The authors evaluate the Möller scattering amplitudes in the
nonrelativistic approximation. The Higgs and the massive photon are the medi-
ators of the corresponding interaction in three di�erent polarization expressions:
V↑↑ , V↑↓ , V↓↓ .

The action for a QED3 model is built up by the fermionic �elds (ψ+, ψ−),
a gauge (Aµ) and a complex scalar �eld (φ) with spontaneous breaking of the
local U(1)-symmetry [12, 10] is

SQED3−MCS =

∫
d3x{−1

4
FµνFµν + iψ+γ

µDµψ+ + iψ−γ
µDµψ−+

θϵµvαAµ∂vAα −me(ψ+ψ+ − ψ−ψ−)+

− y(ψ+ψ+ − ψ−ψ−)φ
∗φ+Dµφ∗Dµφ− V (φ∗φ), (2.4)

where V (φ∗φ) is the sixth-power φ self-interaction potential

V (φ∗φ) = µ2φ∗φ+
ζ

2
(φ∗φ)2 +

λ

3
(φ∗φ)3, (2.5)

which is the most general one renormalizable in 1 + 2 dimensions [13].

In (1 + 2) dimensions, a fermionic �eld has its spin polarization �xed up by
the mass sign [14]. In the action (2.4) there are two spinor �elds of opposite
polarization. In this sense, there are two positive-energy spinors, or families,
each one with one polarization state according to the sign of the mass parameter.

4We take their low energy result as a �rst approximation.
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Considering ⟨φ⟩ = v, the vacuum expectation value for the scalar �eld
squared is given by

⟨φ∗φ⟩ = v2 = −ζ/ (2λ) +
[
(ζ/ (2λ))2 − µ2/λ

]1/2
,

The condition for minimum is µ2 + ζ
2v

2 + λv4 = 0. After the spontaneous
symmetry breaking, the scalar complex �eld can be parametrized by φ = v +
H+ iθ, where H represents the Higgs scalar �eld and θ the would-be Goldstone
boson. To preserve renormalizability of the model, one adds the gauge �xing

term
(
Sgt
Rξ

=
∫
d3x[− 1

2ξ (∂
µAµ −

√
2ξMAθ)

2]
)
to the broken action. By keeping

only the bilinear and the Yukawa interaction terms, one has �nally

SSSB
CS−QED3

=

∫
d3x

{
−1

4
FµνFµν +

1

2
M2

AA
µAµ

− 1

2ξ
(∂µAµ)

2 + ψ+(i�∂ −meff )ψ+

+ ψ−(i�∂ +meff )ψ− +
1

2
θϵµvαAµ∂vAα

+ ∂µH∂µH −M2
HH

2 + ∂µθ∂µθ −M2
θ θ

2

− 2yv(ψ+ψ+ − ψ−ψ−)H − e3
(
ψ+��Aψ+ + ψ−��Aψ−

)}
(2.6)

where the mass parameters,

M2
A = 2v2e23, meff = me + yv2, M2

H = 2v2(ζ + 2λv2), M2
θ = ξM2

A, (2.7)

depend on the SSB mechanism. The Proca mass, M2
A, represents the mass

acquired by the photon through the Higgs mechanism. The Higgs mass, M2
H , is

associated with the real scalar �eld. The Higgs mechanism causes an e�ective
mass, meff , to the electron. The would-be Goldstone mode, with mass (M2

θ ),
does not represent a physical excitation. One sees the presence of two photon
mass-terms in (2.6): the Proca and the topological one. The physical mass of
the gauge �eld will emerge as a function of two mass parameters.

Electron-electron scattering, the potential must exhibit the combination (l−
α2)2 for the sake of gauge invariance. In order to ensure the gauge invariance
one takes into account the two-photons diagrams, which amounts to adding up

to the tree-level potential the quartic order term
{

e2

2πθ [1− θrK1(θr)]
}2

. Now

one has the following gauge invariant e�ective potential [15, 16]

VMCS(r) =
e2

2π

[
1− θ

me

]
K0(θr) +

1

mer2

{
l − e2

2πθ
[1− θrK1(θr)]

}2

. (2.8)

In the expression above, the �rst term corresponds to the electromagnetic po-
tential, whereas the last one incorporates the centrifugal barrier

(
l/mr2

)
, the
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Aharonov-Bohm term and the two-photon exchange term. One observes that
this procedure becomes necessary when the model is analyzed or de�ned out of
the pertubative limit.

In search for applications to Condensed Matter Physics, one must require
θ ≪ me. The scattering potential (2.8) is then positive. In our preon scenario
we have rather θ ≫ me and the potential is negative leading to an attractive
force of Yukawa type.

The action in (2.4) is three-dimensional. In a rapidly expanding universe
four-dimensional general relativity begins to contribute at or before reheating.
Therefore the the Einstein-Hilbert action must be added to (2.4). The embed-
ding of the CS action into the four-dimensional action is described in section
5.

3 No-Boundary Wave Function

We recap �rst the ground state and, secondly, the dynamical equation of the
wave function of the universe.

3.1 Ground State of the Universe

A review of the Hartle-Hawking no-boundary concept [17] is Lehners' article
[18], which we follow closely in this section. See also the article by Alexander
[19]. In quantum theory, ground states can be de�ned by solving a proper quan-
tum di�erential equation or considering a Euclidean path integral. The latter
is integrated from con�gurations of vanishing action in the in�nite (Euclidean)
past,

ψ0(x, 0) = N

∫
Dx e−

1
ℏ IE [x(τ)] , (3.1)

where N is a normalization factor and where Euclidean time τ is related to
physical time via t = −iτ . The Euclidean and Lorentzian actions are related
via IE = −iS. An integral from the in�nite Euclidean past de�nes the ground
(vacuum) state of the system, which is taken as the initial state. Furthermore,
the replacement t = −iτ shifts one from quantum oscillatory behavior towards
semiclassical physics.

When gravity is switched on, according to Hartle and Hawking [17] there
are two natural choices (i) Euclidean �at space for scattering amplitudes, and
(ii) compact Euclidean metrics. In cosmology one only measures the universe
at late (�nite) times. More importantly, one does so from the inside of the
universe. Clearly, option (ii) is more appropriate for cosmology. One advantage
of option (ii) is that there is no need to insert an initial state explicitly. The
Euclidean integral takes care of the universe in its ground state.

As discussed in Lehners' review [18], the no-boundary proposal assumes a
fully quantum view of spacetime: the actual spacetime exists only in interaction

8



with either itself or matter. Our perception of classical spacetime comes from
interactions between di�erent constituents and bodies, including ourselves, in
the universe.

The arguments of wave function are now three-dimensional spatial slices.
The path integral is an amplitude from the initial slice with zero three-dimensional
volume, to a �nal slice with metric hij ,

ΨHH [hij ] = N

∫
C
Dgµν e−IE [gµν ] , (3.2)

where the integral is calculated over all (inequivalent) compact metrics C and
N is a normalization factor. The meaning of this amplitude is for the universe
to tunnel from nothing to the �nal state. The initial state "nothing" contains
no space, time or matter.

The wave function (3.2) is real valued but it can lead to the de�nition of
probabilities. The present Lorentzian universe will come out because the saddle
points of the path integral (3.2) are complex. The big bang singularity is avoided
because the initial geometry is Euclidean and the universe shrinks to zero size,
i.e. the point universe can be called the "South Pole" (see �gure 1). The energy
density there has its maximal value.

3.2 Wheeler-DeWitt Equation

The discussion of subsection 3.1 can also be done using the Hamiltonian form
of the action of General Relativity (GR), given by [20]

S =

∫
d3x dt

[
ḣijπ

ij −NH−N iHi

]
(3.3)

where πij = δL
δḣij

= −
√
h
2

(
Kij − hijK

)
are the momenta conjugate to hij . The

Hamiltonian is a sum of constraints, with lapse N and shift N i being Lagrange
multipliers. The momentum constraint is

Hi = −2Djπ
ij +Hi

matter = 0 , (3.4)

and the Hamiltonian constraint

H = 2Gijklπ
ijπkl − 1

2

√
h(3R− 2Λ) +Hmatter = 0 , (3.5)

Figure 1: Big Bang Universe and Hartle-Hawking Universe.
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where Gijkl is the DeWitt metric [21]

Gijkl =
1

2
√
h
(hikhjl + hilhjk − hijhkl) . (3.6)

Canonical quantization makes the constraints as operator equations with the
familiar substitution

πij → −i δ

δhij
(3.7)

and correspondingly for matter momenta. We get four equations: the momen-
tum constraint

HiΨ = 2iDj
δΨ

δhij
+Hi

matterΨ = 0 , (3.8)

and Wheeler-DeWitt equation [21, 22] for the wave function of the universe

HΨ(hij ,Φmatter) =

[
−Gijkl

δ

δhij

δ

δhkl
−
√
h(3R− 2Λ) +Hmatter

]
Ψ = 0 .

(3.9)

or

ĤΨ = 0→ ℏ2
∂2Ψ

∂q2
+ 12π4(Λq − 3)Ψ = 0 . (3.10)

In the early universe, time is treated as a complex number and it behaves like
a spatial dimension. This allows a smooth and �nite geometry in all directions
of the universe. Imaginary time wipes away the singular boundary of the big
bang.

When the South Pole tunnels into expanding phase, from a plaque around
the Pole 5 in�nitesimally thin slices of three-dimensional space are formed one
after the other transforming the quantum gravity model three-dimensional (to
be described in the next section 4). The slices expand, trace a 3D space and
reach the �nal, "current" slice occuring in (3.2). At the same time, preon-
antipreon pairs are created from the gravitational energy in the neighborhood
of the Pole. Preons form (s)fermions due to the spontaneously broken symmetry
created by the attractive Yukawa-like force described in subsection 2.2. After
in�ation comes reheating as in the concordance model. From reheating on, our
model will adapts to the standard models of cosmology and particles. Classi-
calization is obtained in a Wentzel-Kramers-Brillouin (WKB) process (see [18]
for details). Gravity has become classical GR.

In minisuperspace, with Friedmann-Lemaître-Robertson-Walker metric, a
potential V (ϕ) and a single scalar �eld ϕ the WDW equation reads[

ℏ2

2

(
∂2

∂a2
+

1

a

∂2

∂ϕ2

)
− a4V (ϕ) + a2

]
Ψ(a, ϕ) = 0. (3.11)

The connection of WDW equation to Chern-Simons theory is discussed in sub-
section 4.2 .

5This is where the topological phase may occur.
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3.3 Baryon asymmetry

We now examine the potential (2.8) in the early universe. Consider large number
of groups of twelve preons each group consisting of four m+, four m− and four
m0 particles. Any bunch of twelve preons (generally 12n, n=1,2, ...) may form
only electron and proton (hydrogen atoms H), or only positron and antiproton
(H̄), or some combination of both H and H̄ atoms (for larger n) [2]. This is
achieved by arranging the preons appropriately (mod 3) using table 1. This way
the transition from matter-antimatter symmetric universe to matter-antimatter
asymmetric one happens straightforwardly as a statistical e�ect.

Because the Yukawa force (2.8) is the strongest force the light e−, e+ and
the neutrinos are expected to form �rst at the very onset of in�ation. To obey
conditionB−L = 0 of baryon-lepton balance and to sustain charge conservation,
for one electron made of three preons, nine other preons have to be created
simultaneously, these form a proton. Accordingly for positrons. One neutrino
requires a neutron to be created. The m0 carries in addition color enhancing
neutrino formation. This makes neutrinos di�erent from other leptons and the
quarks.

Later, when the protons were formed, because preons had the freedom to
choose whether they are constituents of H or H̄ there are regions of space of
various sizes dominated by H or H̄ atoms. Since the universe is the largest
statistical system it is expected that there is only a very slight excesses of H
atoms (or H̄ atoms which only means a charge sign rede�nition) which remain
after the equal amounts of H and H̄ atoms have annihilated. The ratio nB/nγ
is thus predicted to be ≪ 1.

Fermionic dark matter has in this scenario no mechanism to become "baryon"
asymmetric like visible matter. Therefore we expect that part of fermionic dark
matter has annihilated into bosonic dark matter. Secondly, we predict there
should exist both dark matter and anti-dark matter clumps attracting visible
matter in the universe. Collisions of anti-dark matter and dark matter celes-
tial bodies would give us a new source for wide spectrum gravitational wave
production (the lunar mass alone is ∼ 1049 GeV).

4 Quantum Gravity

We �rst recap quantum gravity, which is expected to be in a major role in the
very early universe. We consider a three-dimensional model, which should align
with the considerations of the previous section 3.

4.1 Wilson Spool

The recent CS model of quantum gravity by Castro et al. [23, 24] is brie�y
summarized below. In Euclidean space, fermions ψα and ψ̄α are independent.
Their transformation properties go under the same representation of the Lorentz
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group [25]. We take the γµ matrices to be the hermitian Pauli matrices, and
γµν is de�ned

γµν =
1

2
[γµ, γν ] = iϵµνργ

ρ. (4.1)

The three-dimensional Euclidean N = 2 vector super�eld V includes the
following �elds (note that the charge and color indices in table 1 can be dropped
in case of gravity)

V : Aµ, σ, λ, λ̄, D, (4.2)

where Aµ is the gauge �eld, σ and D are auxiliary scalar �elds, and λ, λ̄ are
two-component complex Dirac spinors. The super�eld 4.2 is as described in [25]
"the dimensional reduction of the N = 1 vector multiplet in four dimensions,
and σ is the reduction of the fourth component of Aµ. All �elds are valued in
Lie algebra g of gauge group G. For G = U(N) our convention is that g is a
Hermitian matrix." The relevant gauge covariant derivative is then

∂µ + i[Aµ, ..]. (4.3)

The usual gauge �eld strength is

Fµν = ∂µAν − ∂νAµ + i[Aµ, Aν ]. (4.4)

The question of gravity-matter coupling was resolved in [26]. Further, the
major result of [23] is the expression for the partition function (technically, the
one-loop determinant) of a massive scalar �eld minimally coupled to a back-
ground metric gµν [26]

Zscalar[gµν ] = exp
1

4
W[AL, AR] . (4.5)

Conveniently, it is a gauge invariant object of the Chern-Simons connections
AL/R. The object W[AL, AR], coined the Wilson spool [24], is a collection of
Wilson loop operators W [26]

WR = TrRPexp
(
i

∫
γ
Aµdx

µ
)
. (4.6)

where γ is a closed loop in space-time and R is a representation of the gauge
group G, wrapped many times around cycles of the base geometry. Supersym-
metric localization in the evaluation of Wilson loop expectation values [25] with
the Wilson spool inserted into the path integral allows a precise and e�cient
calculation of the quantum gravitational corrections to Zscalar at any order of
perturbation theory of Newton's constant GN . � More detailed description of
Castro et al. [23, 24] is beyond the scope of this note.

Gravitational waves have two polarization states propagating with the speed
of light. Parity violation, due to Levi-Civita tensor ϵµνρ in (A.1), causes the
two polarization states to have di�erent intensities.6 As to the power spectrum,

6 For a discussion of new parity violating interactions, see [27]
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highest frequency GWs should have strongest intensity due to very early preon-
preon (Abelian) Möller scattering above energies Λcr ∼ 1010 − 1016 GeV when
preons formed a hot gas. All GWs from the time having energy scale 1014 GeV
are maximally redshifted by a factor is approximately z = 1

a − 1 ∼ 1027, which
pushes the GW wavelengths beyond the observable range. The NANOGrav
detector [28] has the low-frequency end at f ∼ 10−9Hz, corresponding the
wavelength of approximately λmax ∼ 3× 1017 m, or roughly 30�32 light years.
Wavelengths larger than λmax cause background noise in the detector. LISA
detectors [29] in turn are designed to measure GWs in the range of 0.1 mHz �
1 Hz.

In addition to direct detection of GWs, the next decade CMB data may
reveal them through the polarization pattern in the CMB B-modes [30, 31],
which are di�cult to detect. Detection and parametrization of GWs is a subject
of itself, see e.g. [32].

4.2 Mathematical Supplement

We have not yet discussed the possible compatibility of Chern-Simons theory
and the Hartle-Hawking no-boundary proposal. Quite promisingly, Kodama
showed [33] that the Ashtekar-Hamilton-Jacobi equation of General Relativity
has the Chern-Simons action as a solution with nonzero cosmological constant.
It was therefore expected that when the theory is canonically quantized the
quantum constraint equations would have a solution of the form exp(iSCS).

The Kodama state has been, however, a subject of debate. In 2003, Witten
published a paper arguing that the Kodama state is unphysical, e.g. it has
negative energies [34]. A few years later, Randono generalized the Kodama
state [35, 36]. He concluded that the Immirzi parameteris generalized to a real
value, the theory matches "with black hole entropy, describes parity violation
in quantum gravity, and is CPT invariant, and is normalizable, and chiral,
consistent with known observations of both gravity and quantum �eld theory" [35,
36]. The physical inner product resembles the MacDowell�Mansouri formulation
of gravity, which may include torsion [37, 38].

Some years after the Kodama paper, Louko [39] studied the CS and Hartle-
Hawking compatibility problem in more general spacetimes, namely in Bianchi
type IX (homogeneous but anisotropic) quantum cosmology with S3 spatial
surfaces. He showed that "among the classical solutions generated by SCS, there
is a two-parameter family of Euclidean space times that have a regular closing
of the NUT-type [40]. This implies that, in this model, a wave function of the
semiclassical form exp(iSCS) can be regarded as compatible with the no-boundary
proposal of Hartle and Hawking".

In 2022, Alexander et al. introduced Ashtekar formalism in their approach to
quantum gravity [41, 42]. In this formalism the dynamical variables are Yang-
Mills gauge �eld having the SU(2) gauge group. Now the Wheeler-DeWitt
equation can be solved exactly. The ground state is the Chern-Simons-Kodama
(CSK) state. They "seek to �nd a new CSK state that includes fermionic matter
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on the same footing as gravity (...). In this work, we explore a quantization of
gravity with the inclusion of fermionic matter by solving both the gravitational
and fermionic Hamiltonian constraint. We �nd an exact wave function that
has interesting connections to the CSK state with the inclusion of torsion. We
then seek to make contact with the Hartle-Hawking/Vilenkin wave functions of
quantum cosmology from this exact wave function." [43].

In 2003, Oda showed [44] that "the Kodama state has its origin in topological
quantum �eld theory so that this state has a large gauge symmetry which includes
both the usual gauge symmetry and di�eomorphisms. Accordingly, the Kodama
state automatically satis�es the quantum Ashtekar constraints." A related article
is [45].

Finally, we mention that Magueijo has shown [46] that Chern-Simons wave
function is the Fourier dual of the Hartle-Hawking and Vilenkin wave functions.

For now, we set aside the Kodama state, CS-HH compatibility, and other
interesting problems, treating sections 3 and 4 as phenomenological tools for
the present. In the next section 5 we recap the classical case.7

5 Modi�ed General Relativity

5.1 Chern-Simons Modi�ed General Relativity

In the following we reiterate subsection 4.1 for classical astronomical situations
including a 3D CS interaction (to be promoted to four dimensions) to General
Relativity. This has been studied by Jackiw and Pi [47] (and more extensively
by Alexander et al. in subsection 5.2).

The [47] modi�cation of GR is the the three-dimensional Chern-Simons term
CS(Γ)

CS(Γ) =
1

4π2

∫
d3x εijk (

1

2
3Γp

iq ∂j
3Γq

kp +
1

3
3Γ

p
iq

3Γ
q
jr

3Γr
kp). (5.1)

Latin letters range over three values, indexing coordinates on a three manifold.
Greek letters denote analogous quantities in four dimensions. The superscript
3 denotes three-dimensional objects.

The Chern-Simons topological current, a four-dimensional quantity, is

Kµ = 2εµαβγ
[
1

2
Γσ
ατ ∂β Γτ

γσ +
1

3
Γσ
ατ Γ

τ
βηΓ

η
γσ

]
, (5.2)

It satis�es the equation

∂µK
µ =

1

2
∗Rσ

τ
µν Rτ

σµν ≡
1

2
∗RR, (5.3)

where Rτ
σµν is the Riemann tensor

Rτ
σµν = ∂ν Γτ

µσ − ∂µ Γτ
νσ +Γτ

νηΓ
η
µσ − Γτ

µηΓ
η
νσ, (5.4)

7 It is possible that quantum gravitational waves are not found.
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and its dual is ∗Rτ µν
σ

∗Rτ µν
σ =

1

2
εµναβRτ

σαβ. (5.5)

Note that the zero component ofKµ, i.e. K0, is not related to the Chern-Simons
term (5.1).

We now choose the following Einstein-Hilbert-CS action [47]

I =
1

16πG

∫
d4x

(√
−gR+

1

4
θ∗RR

)
=

1

16πG

∫
d4x

(√
−gR− 1

2
vµK

µ

)
,

(5.6)
where θ is the CS coupling �eld, and vµ ≡ ∂µθ is the embedding coordinate.
The variation of the �rst term in the integrand with respect to gµν produces
the usual Einstein tensor Gµν ≡ Rµν − 1

2 g
µνR. The variation of the second,

topological term gives a traceless symmetric, second-rank tensor, which we call
the four-dimensional Cotton tensor Cµν

Cµν =
−1

2
√
−g

[
vσ

(
εσµαβDαR

ν
β + εσναβDαR

µ
β

)
+ vστ (

∗Rτµσν +∗ Rτνσµ)
]
.(5.7)

The above deformation of Einstein's equation �nally reads

Gµν + Cµν = −8πGTµν . (5.8)

For consistency, let us take the covariant divergence of (5.8). The Bianchi
identity enforces DµG

µν = 0. In the right hand side, di�eomorphism invari-
ance of matter degrees of freedom implies that DµT

µν = 0. But the covariant
divergence Cotton tensor is non-zero [47]

DµC
µν =

1

8
√
−g

vν∗RR. (5.9)

Thus the extended theory (5.8) possess solutions that are necessarily con-
�ned to spaces with vanishing ∗RR = 2∂µK

µ. The results of [47] indicate that
di�eomorphism symmetry breaking e�ects are barely visible. Parity violation
due to Levi-Civita tensor ϵµνρ causes again the two polarization states to have
di�erent intensities. This e�ect should occur in astronomical situations but
milder because of tensor modes of GR.

5.2 General Relativity, Dynamical Chern-Simons Term

and the SM

In this subsection we go to the current universe, which is well described by
GR and the SM (with the known de�ciencies). The topological CS action A.1
can be extended by introducing a metric gµν and new terms compatible with
symmetries. A suitable extension is dynamical CS (dCS) gravity, a candidate
for a classical scalar-tensor GR. This approach to dCS has been meritiously
reviewed by Alexander and Yunes [48].
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GR and Dynamical CS. The dCS action is [49]

SdCS[gµν , ϕ] =

∫
d4x
√
−g

(
1

2κ2
R− 1

2
∂µϕ∂

µϕ− λϕR̃µνρσR
µνρσ

)
, (5.10)

where gµν is the spacetime metric with g its determinant, ϕ is the dCS pseu-
doscalar, R is the Ricci scalar, Rµνρσ is the Riemann tensor with R̃µνρσ its
Hodge dual, and λ the dCS coupling constant.

Under the global symmetry ϕ(xµ)→ ϕ(xµ)+χ, (5.10) changes by a constant
shift. This is because the last term can be written as the derivative of the
gravitational CS current Kµ,

R̃µνρσR
µνρσ = 2ϵµνρσ∂µ

[
tr

(
ω[ν∂ρωσ] +

2

3
ω[νωρωσ]

)]
≡ ∇µK

µ, (5.11)

where ϵµνρσ are the contravariant components of the Levi-Civita tensor, and
the trace is taken over the indices of the Lorentz-algebra valued spin connection
ωµ

a
b. The equations of motion will be invariant under constant scalar shifts.

We will call this shift symmetry U(1)dCS. Its associated Noether current is

jµ
dCS

= −∂µϕ+ λKµ, (5.12)

which satisfy
∇µj

µ
dCS

= 0 (5.13)

upon using ϕ's equation of motion □ϕ− λR̃R = 0.
Introduce fermions. We add a single Dirac fermion ψ in addition to the

dCS action [49],

S[eµa , ϕ, ψ] =

∫
d4x
√
−g
[

1

2κ2
R− 1

2
∂µϕ∂

µϕ−

−λϕR̃µνρσR
µνρσ − ψ̄eµaγa

(
∂µ +

1

4
ωab
µ γab

)
ψ

]
, (5.14)

where eµa is the vierbein �eld and γab = γ[aγb] are the Lorentz group generators
for Dirac fermions. The global symmetry of (5.14) is the group U(1)dCS ×
U(1)V × U(1)A. The fermions do not transform under ϕ shifts. The Noether
currents are now the ordinary vector and axial currents,

jµ
V
= iψ̄γµψ, jµ

A
= iψ̄γµγ5ψ, (5.15)

which are classically conserved. At quantum level, the currents will satisfy

∇µ

(
⟨jµ
A
⟩ − 1

192π2
Kµ

)
= 0, (5.16a)

∇µ

(
⟨j̃µ
dCS
⟩+ λKµ

)
= 0, (5.16b)

∇µ⟨jµV⟩ = 0. (5.16c)
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One can consider the dCS pseudoscalar as a Goldstone boson associated
with the spontaneous breaking of a U(1) symmetry. The remaining constant
scalar shift is then a non-linear realization of the global symmetry below the
breaking scale. We study this picture in the following action as discussed in [50]

S =

∫
d4x
√
−g
[
−Ψ̄eµaγa

(
∂µ +

1

4
ωcd
µ γcd

)
Ψ− |∂Φ|2

−yΨ̄
(
ΦPR + Φ̄PL

)
Ψ− V (|Φ|)

]
, (5.17)

where PL,R = (1±γ5)/2 are the chiral projectors and V (|Φ|) is some symmetry-
breaking potential. The action in (5.17) is invariant under the global transfor-
mation

Ψ→ eiβγ5Ψ, Ψ̄→ Ψ̄eiβγ5 , Φ→ e−2iβΦ. (5.18)

The gravitational contribution to the chiral anomaly causes the associated path
integral not be invariant. This symmetry is spontaneously broken by the vacuum
expectation value of Φ. Writing Φ(xµ) = (1/

√
2)[v+ρ(xµ)] exp [iϕ(xµ)/v], with

v a constant, we obtain

S =

∫
d4x
√
−g
[
−Ψ̄eµaγa

(
∂µ +

1

4
ωcd
µ γcd

)
Ψ (5.19)

−1

2
(∂ρ)2 − 1

2
(1 + ρ/v)2(∂ϕ)2

− y√
2
(v + ρ)Ψ̄

(
eiϕ/vPR + e−iϕ/vPL

)
Ψ− V (ρ)

]
,

where ϕ is massless Goldstone mode. In order to obtain dCS gravity, we now
integrate out the fermion Ψ and massive scalar ρ. We obtain an e�ective �eld
theory (EFT) for the pseudoscalar ϕ below the symmetry-breaking scale,

Z[ϕ] =

∫
dΨ̄dΨdρ exp

{
i

∫
d4x
√
−g
[
− Ψ̄

(
eµaγ

a∇µ +
y√
2
(v + ρ)ei(ϕ/v)γ5

)
Ψ

− 1

2
(∂ρ)2 − 1

2
(1 + ρ/v)2(∂ϕ)2 − V (ρ)

]}
, (5.20)

where we simpli�ed the Yukawa coupling by rearranging the phases times chiral
projectors into exp [i(ϕ/v)γ5]. Using the �eld rede�nition

Ψ→ e−i ϕ
2v

γ5Ψ, Ψ̄→ Ψ̄e−i ϕ
2v

γ5 , (5.21)

we get

Z[ϕ] =

∫
dΨ̄dΨdρ exp

{
i

∫
d4x
√
−g
[
− Ψ̄

(
eµaγ

a∇µ +
y(v + ρ)√

2
− i

2v
∂µϕγ

µγ5

)
Ψ

− 1

2
(∂ρ)2 − 1

2
(1 + ρ/v)2(∂ϕ)2 − V (ρ) +

1

192π2
ϕ

2v
RR̃
]}
, (5.22)
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where the last term in the exponential appears due to the non-trivial Jaco-
bian of the path integral measure under the change of variables above and we
identi�ed the spinor-covariant derivative ∇µΨ = (∂µ + ωab

µ γab/4)Ψ. To leading
order, the path integral picks the classical saddle where Ψ = 0 = ρ, and we
obtain

Z[ϕ] ∝ exp

{
i

∫
d4x
√
−g
[
−1

2
(∂ϕ)2 +

ϕ

384π2v
RR̃+ . . .

]}
, (5.23)

where dots stand for higher-derivative corrections suppressed by the fermionic
and ρ masses. The dCS gravity term is now obtained: the λϕRR̃ coupling is a
genuine low-energy operator of the e�ective action in (5.23).

Standard model. Following [50], we build the Standard Model where the
neutrinos get a Majorana mass term at energies below the symmetry-breaking
scale, with ϕ appearing as a phase in such a mass term. Let the heavy fermion
Ψ play the role of a right-handed sterile neutrino that couples with the lepton
and Higgs doublets, L and H, respectively,

L =

(
Lν

Le

)
, H̃ =

(
ϕ0

∗

−ϕ+∗

)
, (5.24)

as

∆L = −ỹ(L̄H̃PRΨ+ Ψ̄PLH̃
†L), (5.25)

where Lν , Le, and Ψ are Majorana spinors

Lf =

(
fL

iσ2f∗L

)
, Ψ =

(
−iσ2ν∗R
νR

)
. (5.26)

Note that we need the conjugated H̃ instead of the Higgs doubletHT = (ϕ0 ϕ+)
in (5.25) to get a hypercharge neutral coupling. A single lepton �avor is con-
sidered for simplicity.

With the new Yukawa coupling (5.25) ∆L = −ỹ(L̄H̃PRΨ+ Ψ̄PLH̃
†L), and

the kinetic terms for L and H, the action becomes

S =

∫
d4x
√
−g
[
−1

2
Ψ̄ /∇Ψ− ∂µΦ∂µΦ̄−

1

2
L̄ /∇L−

−|∂H|2 − yΨ̄
(
ΦPR + Φ̄PL

)
Ψ−

−ỹ(L̄H̃PRΨ+ Ψ̄PLH̃
†L)− V (|Φ|)

]
. (5.27)

This action is invariant under (5.18) L→ eiβγ5L. provided L transforms as

L→ eiβγ5L. (5.28)

Note that since both L and ψ are four-component Majorana spinors, the global
chiral transformation acting on those is a phase rotation associated with their
fermionic number. We discuss further aspects of this symmetry in the discussion
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section. After performing the �eld rede�nition Ψ→ e−i ϕ
2v

γ5Ψ, Ψ̄→ Ψ̄e−i ϕ
2v

γ5

the path integral is now

Z =

∫
dψ̄dψda exp

{
i

∫
d4x
√
−g
[
− 1

2
Ψ̄
(
eµaγ

a∇µ +
y√
2
(v + ρ)− i

2v
∂µϕγ

µγ5

)
Ψ

− 1

2
(∂ρ)2 − |∂H|2 − L̄eµaγa∇µL−

1

2
(1 + ρ/v)2(∂ϕ)2 − V (ρ) +

1

192π2
ϕ

2v
RR̃

− ỹ
(
L̄H̃e−i ϕ

2v
γ5PRΨ+ Ψ̄PLe

−i ϕ
2v

γ5H̃†L
)]}

. (5.29)

We thus see that χ̄ = −ỹL̄H̃e−i ϕ
2v

γ5 acts like a source for the right-hand part of
Ψ. Moreover, using L̄ = Lc = LTC, where C is the charge conjugation matrix,
we have

Ψ̄PLe
−i ϕ

2v
γ5H̃†L = −ΨTPLe

−i ϕ
2v

γ5H̃†L̄T (5.30)

and so η = e−i ϕ
2v

γ5H̃†L acts like a source for the left-hand part of Ψ. But since
Ψ is a Majorana spinor, its left and right components are related, and both χ
and η contribute as sources to the path integral of Ψ. Hence, the coupling in
(5.25) will give the contribution

−1

2
χ̄( /D −M)−1PRχ−

1

2
η̄( /D −M)−1PLη

= − 1

2mΨ
(χ̄PRχ+ η̄PLη) + · · · (5.31)

to the e�ective Lagrangian. Note that the charge conjugation of the chiral
sources �xes χ and η,

χ ≡ Cχ̄T = −ỹe−i ϕ
2v

γ5H̃TL, (5.32)

η̄ ≡ ηTC = L̄H̃∗e−i ϕ
2v

γ5 . (5.33)

The e�ective action is given by

S =

∫
d4x
√
−g
[
−1

2
(∂ϕ)2 − |∂H|2 − 1

2
L̄eµaγ

a∇µL−

− ỹ2

2mΨ

(
ei

ϕ
v L̄H̃PRH̃

TL+ e−iϕ
v L̄H̃∗PLH̃

†L
)
−

− ϕ

384π2v
RR̃+ · · ·

]
, (5.34)

where the heavy fermion mass mΨ turns out
to be mΨ = yv/

√
2. The resulting e�ective action has a modi�ed Weinberg

operator [52] that includes a coupling with ϕ.
There are two observable e�ects to consider. First, an Earth-based mea-

surement of the dynamical �eld can constrain the value of the pseudoscalar,
which is predicted to be small due to the fact that the Pontryagin term is zero
in Minkowski space-time. Second, in compact binary systems strong gravity
can give a non-vanishing RR̃ which will in turn source gravitational waves and
non-vanishing pseudoscalar amplitude.
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6 Conclusions

Starting from the beginning of time without singularity we obtain an overview
of the early topological evolution of the universe from nothing to the present
state. Properties of the scenario include:

(1) the universe begins in a topological space with the Hartle-Hawking no-
boundary condition for the wave function. In�ationary solutions emerge from
the Wheeler-DeWitt equation as natural classical trajectories. The standard
model particles are formed of preon-antipreon pairs by the potential 2.8 before
reheating. Thereafter, the standard model of cosmology takes e�ect,

(2) sparticles have masses on the particle mass scale (this is a problem or they
may be "multi-squark" bosons [53]). Candidate particles are predicted for the
dark sector. The single-family �avor symmetry can be extended to three fami-
lies. SUSY breaking remains unsolved,

(3) non-perturbative and perturbatively all order calculable Wilson spool quan-
tum gravity is conjectured. Classicalization is explained by theWentzel-Kramers-
Brillouin (WKB) semiclassical phenomenon and decoherence due to interac-
tions,

(4) mechanism for baryon asymmetry has been constructed,

(5) polarization states of primordial gravitational waves have di�erent intensity.

The CS action (A.1) is a promising candidate for advancing physics beyond
the Standard Model. Remaining items to be studied in this tentative scenario
include: interactions and masses of SM particles, SUSY breaking, and in section
4 the tensor supermultiplet. The main di�erence between our scenario and the
MSSM is the topological CS action and compositeness of SM particles.
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A Chern-Simons Action

An instructive introduction to CS theory is found in [54].
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The Abelian CS action can be written in terms of Aµ as

SCS [A] =
k

4π

∫
M
d3xϵµνρAµ∂νAρ. (A.1)

In Euclidean de Sitter gravity, the theory can be expressed using a pair of
SU(2) Chern-Simons actions [23]

S = kL SCS [AL] + kR SCS [AR] , (A.2)

with

SCS [A] =
1

4π
Tr

∫ (
A ∧ dA +

2

3
A ∧A ∧A

)
, (A.3)

and the trace taken in the fundamental representation. This topological expres-
sion is a key element for uni�cation. The other is unbroken supersymmetry.

The gravitational Chern-Simons term IGCS is

IGCS =
1

2π
Tr

∫ (
ω ∧ dω +

2

3
ω ∧ ω ∧ ω

)
+

1

2πℓ2dS
Tr

∫
e ∧ T , (A.4)

with T the torsion two-form and ℓdS is deSitter radius.
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