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Towards a Pre-geometric Quantum Gravity
Spacetime from Spontaneous Gauge Symmetry Breaking 



Quantum Gravity
“!e Sanctum Graal ” of !eoretical Physics 



Quantum
Mechanics

𝜙𝜙, 𝜓𝜓𝑎𝑎, 𝐴𝐴𝜇𝜇𝑎𝑎

General
Relativity

�𝑎𝑎, �𝑎𝑎† = 𝕀𝕀
𝑆𝑆 = 𝕀𝕀+ 𝑖𝑖𝑖𝑖

𝑑𝑑
𝑑𝑑𝑑𝑑

�𝑂𝑂 =
1
𝑖𝑖𝑖

�𝑂𝑂, �𝐻𝐻 +
𝜕𝜕
𝜕𝜕𝑑𝑑

�𝑂𝑂

𝑔𝑔𝜇𝜇𝜇𝜇 , 𝑒𝑒𝜇𝜇𝑎𝑎 , 𝜔𝜔𝜇𝜇𝑎𝑎𝑎𝑎

𝑔𝑔𝜇𝜇𝜇𝜇 = 𝑒𝑒𝜇𝜇𝑎𝑎𝑒𝑒𝜇𝜇𝑎𝑎𝜂𝜂𝑎𝑎𝑎𝑎
∇𝜆𝜆𝑔𝑔𝜇𝜇𝜇𝜇 = 0

𝑑𝑑𝑠𝑠2 = 𝑔𝑔𝜇𝜇𝜇𝜇𝑑𝑑𝑥𝑥𝜇𝜇𝑑𝑑𝑥𝑥𝜇𝜇



https://quantumcosmos.org/quantum-gravity-and-quantum-cosmology/

… See “Quantum gravity phenomenology at the dawn  
of the multi-messenger era—A review”, A. Addazi et al,  

European COST Action,  
Prog.Part.Nucl.Phys. 125 (2022) 103948 • e-Print: 2111.05659… 



Classical gravity

ℒEH =
𝑀𝑀𝑃𝑃
2

2 𝑒𝑒𝑒𝑒𝑎𝑎
𝜇𝜇𝑒𝑒𝑎𝑎𝜇𝜇𝑅𝑅𝜇𝜇𝜇𝜇𝑎𝑎𝑎𝑎

𝑅𝑅𝜇𝜇𝜇𝜇𝑎𝑎𝑎𝑎 = 2 𝜕𝜕[𝜇𝜇𝜔𝜔𝜇𝜇]
𝑎𝑎𝑎𝑎 + 𝜔𝜔𝑐𝑐[𝜇𝜇

𝑎𝑎 𝜔𝜔𝜇𝜇]
𝑐𝑐𝑎𝑎

𝒢𝒢 = 𝑅𝑅2 − 4𝑅𝑅𝜇𝜇𝜇𝜇𝑅𝑅𝜇𝜇𝜇𝜇 + 𝑅𝑅𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝑅𝑅𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇 = 𝑒𝑒𝑎𝑎
𝜇𝜇𝑒𝑒𝑎𝑎𝜇𝜇𝑒𝑒𝑐𝑐

𝜇𝜇𝑒𝑒𝑐𝑐𝜇𝜇 − 4𝑒𝑒𝑎𝑎
𝜇𝜇𝑒𝑒𝑐𝑐𝜇𝜇𝑒𝑒𝑐𝑐

𝜇𝜇𝑒𝑒𝑎𝑎𝜇𝜇 + 𝑒𝑒𝑐𝑐
𝜇𝜇𝑒𝑒𝑐𝑐𝜇𝜇𝑒𝑒𝑎𝑎

𝜇𝜇𝑒𝑒𝑎𝑎𝜇𝜇 𝑅𝑅𝜇𝜇𝜇𝜇𝑎𝑎𝑎𝑎𝑅𝑅𝜇𝜇𝜇𝜇𝑐𝑐𝑐𝑐

𝑔𝑔𝜇𝜇𝜇𝜇 = 𝑒𝑒𝜇𝜇𝑎𝑎𝑒𝑒𝜇𝜇𝑎𝑎𝜂𝜂𝑎𝑎𝑎𝑎

𝑒𝑒 ≡ det 𝑒𝑒𝜇𝜇𝑎𝑎



Quantum
Mechanics

gauge theory

General
Relativity

metric structure

spontaneous symmetry breaking



𝜔𝜔𝜇𝜇𝑎𝑎𝑎𝑎 → Λ𝑐𝑐𝑎𝑎𝜔𝜔𝜇𝜇𝑐𝑐𝑐𝑐 Λ−1 𝑐𝑐
𝑎𝑎 + 𝜂𝜂𝑐𝑐𝑐𝑐Λ𝑐𝑐𝑎𝑎𝜕𝜕𝜇𝜇 Λ−1 𝑐𝑐

𝑎𝑎 𝑒𝑒𝜇𝜇𝑎𝑎 → Λ𝑎𝑎𝑎𝑎𝑒𝑒𝜇𝜇𝑎𝑎

local Lorentz transformation Λ𝑎𝑎𝑎𝑎 𝑥𝑥

gauge theory metric structure

quantise gravity

gravitationalise the quantum



𝜔𝜔𝜇𝜇𝑎𝑎𝑎𝑎 𝑒𝑒𝜇𝜇𝑎𝑎

gauge field 𝐴𝐴𝜇𝜇𝐴𝐴𝐴𝐴

24 (4 𝜇𝜇 ⋅ 6 𝑎𝑎,𝑏𝑏) 16 (4 𝜇𝜇 ⋅ 4 𝑎𝑎)

𝑆𝑆𝑂𝑂 1,3  (6 generators)

40 (4 𝜇𝜇 ⋅ 10 𝐴𝐴,𝐵𝐵)

𝑆𝑆𝑂𝑂 1,4  or 𝑆𝑆𝑂𝑂 3,2  (10 generators)



𝑆𝑆𝑂𝑂 1,4  or 𝑆𝑆𝑂𝑂 3,2  (10 generators) 𝑆𝑆𝑂𝑂 1,3  (6 generators)

internal-space generalised
Minkowski metric 𝜂𝜂𝐴𝐴𝐴𝐴

tangent-space
Minkowski metric 𝜂𝜂𝑎𝑎𝑎𝑎

SSB

no metric structure 𝑔𝑔𝜇𝜇𝜇𝜇 Levi-Civita symbol 𝜖𝜖𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇

Einstein equivalence principle



Higgs-like field 𝜙𝜙𝐴𝐴 𝜙𝜙𝐴𝐴 𝑆𝑆𝑆𝑆𝐴𝐴
𝑣𝑣𝛿𝛿5𝐴𝐴

SSB

𝐴𝐴𝜇𝜇𝑎𝑎𝑎𝑎 ≡ 𝜔𝜔𝜇𝜇𝑎𝑎𝑎𝑎 𝑚𝑚−1𝐴𝐴𝜇𝜇𝑎𝑎5 ≡ 𝑒𝑒𝜇𝜇𝑎𝑎

gauge field 𝐴𝐴𝜇𝜇𝐴𝐴𝐴𝐴

24 (4 𝜇𝜇 ⋅ 6 𝑎𝑎,𝑏𝑏) 16 (4 𝜇𝜇 ⋅ 4 𝑎𝑎)

40 (4 𝜇𝜇 ⋅ 10 𝐴𝐴,𝐵𝐵)



Constructing the theory

𝜖𝜖𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇
𝜖𝜖𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝐹𝐹𝜇𝜇𝜇𝜇𝐴𝐴𝐴𝐴

𝜖𝜖𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝜖𝜖𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝐹𝐹𝜇𝜇𝜇𝜇𝐴𝐴𝐴𝐴

𝜖𝜖𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝜖𝜖𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝐹𝐹𝜇𝜇𝜇𝜇𝐴𝐴𝐴𝐴𝐹𝐹𝜇𝜇𝜇𝜇𝐴𝐴𝐴𝐴

𝜖𝜖𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝜖𝜖𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝐹𝐹𝜇𝜇𝜇𝜇𝐴𝐴𝐴𝐴𝐹𝐹𝜇𝜇𝜇𝜇𝐴𝐴𝐴𝐴𝜙𝜙𝐴𝐴

∇𝜇𝜇𝜙𝜙𝐴𝐴 = 𝜕𝜕𝜇𝜇𝜙𝜙𝐴𝐴 + 𝐴𝐴𝐴𝐴𝜇𝜇𝐴𝐴 𝜙𝜙𝐴𝐴, 𝐴𝐴𝐴𝐴𝜇𝜇𝐴𝐴 ≡ 𝜂𝜂𝐴𝐴𝐴𝐴𝐴𝐴𝜇𝜇𝐴𝐴𝐴𝐴

𝜖𝜖𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝜖𝜖𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝐹𝐹𝜇𝜇𝜇𝜇𝐴𝐴𝐴𝐴∇𝜇𝜇𝜙𝜙𝐴𝐴∇𝜇𝜇𝜙𝜙𝐴𝐴

𝜖𝜖𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝜖𝜖𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝐹𝐹𝜇𝜇𝜇𝜇𝐴𝐴𝐴𝐴∇𝜇𝜇𝜙𝜙𝐴𝐴∇𝜇𝜇𝜙𝜙𝐴𝐴𝜙𝜙𝐴𝐴



Two possible Lagrangians
ℒMM = 𝑘𝑘MM𝜖𝜖𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝜖𝜖𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝐹𝐹𝜇𝜇𝜇𝜇𝐴𝐴𝐴𝐴𝐹𝐹𝜇𝜇𝜇𝜇𝐴𝐴𝐴𝐴𝜙𝜙𝐴𝐴ℒW = 𝑘𝑘W𝜖𝜖𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝜖𝜖𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝐹𝐹𝜇𝜇𝜇𝜇𝐴𝐴𝐴𝐴∇𝜇𝜇𝜙𝜙𝐴𝐴∇𝜇𝜇𝜙𝜙𝐴𝐴𝜙𝜙𝐴𝐴

ℒW
𝑆𝑆𝑆𝑆𝐴𝐴

ℒEH −𝑀𝑀P
2Λ𝑒𝑒 ℒMM

𝑆𝑆𝑆𝑆𝐴𝐴
ℒEH −𝑀𝑀P

2Λ𝑒𝑒 + 𝜆𝜆𝑒𝑒𝒢𝒢

𝑀𝑀P
2 ≡ −8𝑘𝑘W𝑣𝑣3𝑚𝑚2

Λ ≡ ±6𝑚𝑚2 = ∓
3𝑀𝑀P

2

4𝑘𝑘W𝑣𝑣3

𝑀𝑀P
2 ≡ ±32𝑘𝑘MM𝑣𝑣𝑚𝑚2

Λ ≡ ±3𝑚𝑚2 =
3𝑀𝑀P

2

32𝑘𝑘MM𝑣𝑣
𝜆𝜆 ≡ −4𝑘𝑘MM𝑣𝑣

𝑘𝑘W ∼ −1 𝜙𝜙 −3 ⇒ 𝑣𝑣 ∼ 1040 𝜙𝜙 𝑘𝑘MM ∼ ±1 𝜙𝜙 −1 ⇒ 𝑣𝑣 ∼ 10119 𝜙𝜙

Note:  + or - for SO(1,4) or SO(2,3) 



Spontaneous symmetry breaking

symmetry-breaking potential unitary gauge

ℒSSB = −𝑘𝑘SSB𝑣𝑣−4 𝐽𝐽 𝜂𝜂𝐴𝐴𝐴𝐴𝜙𝜙𝐴𝐴𝜙𝜙𝐴𝐴 ∓ 𝑣𝑣2 2

𝜙𝜙𝐴𝐴 = 𝑣𝑣𝛿𝛿5𝐴𝐴

𝜙𝜙𝐴𝐴 𝑆𝑆𝑆𝑆𝐴𝐴
𝑣𝑣 + 𝜌𝜌 𝛿𝛿5𝐴𝐴

Pre-geometric form, after SSB will become the det(e)



Hamiltonian formulation
conjugate momenta

Π𝐴𝐴 =
𝛿𝛿 ℒW + ℒSSB

𝛿𝛿𝜙̇𝜙𝐴𝐴 = 2𝜖𝜖𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝜖𝜖0𝑖𝑖𝑖𝑖𝑖𝑖∇𝑖𝑖𝜙𝜙𝐴𝐴𝜙𝜙𝐴𝐴 𝑘𝑘W𝐹𝐹𝑖𝑖𝑖𝑖𝐴𝐴𝐴𝐴 −
2𝑘𝑘SSB
𝑣𝑣4 𝐽𝐽

𝐽𝐽∇𝑖𝑖𝜙𝜙𝐴𝐴∇𝑖𝑖𝜙𝜙𝐴𝐴 𝜂𝜂𝐹𝐹𝐺𝐺𝜙𝜙𝐹𝐹𝜙𝜙𝐺𝐺 ∓ 𝑣𝑣2 2 ,

Π𝐴𝐴𝐴𝐴𝑖𝑖 =
𝛿𝛿 ℒW+ℒSSB

𝛿𝛿𝐴̇𝐴𝑖𝑖𝐴𝐴𝐴𝐴
= 2𝑘𝑘W𝜖𝜖𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝜖𝜖0𝑖𝑖𝑖𝑖𝑖𝑖∇𝑖𝑖𝜙𝜙𝐴𝐴∇𝑖𝑖𝜙𝜙𝐴𝐴𝜙𝜙𝐴𝐴 , Π𝐴𝐴𝐴𝐴0 =

𝛿𝛿 ℒW+ℒSSB
𝛿𝛿𝐴̇𝐴0𝐴𝐴𝐴𝐴

= 0

Lagrangian density

ℒW + ℒSSB = Π𝐴𝐴𝐴𝐴𝑖𝑖 𝐹𝐹0𝑖𝑖𝐴𝐴𝐴𝐴 + Π𝐴𝐴∇0𝜙𝜙𝐴𝐴

Hamiltonian density

ℋW = Π𝐴𝐴𝐴𝐴𝑖𝑖 𝐴̇𝐴𝑖𝑖𝐴𝐴𝐴𝐴 + Π𝐴𝐴𝜙̇𝜙𝐴𝐴 − ℒW − ℒSSB = Π𝐴𝐴𝐴𝐴𝑖𝑖 𝜕𝜕𝑖𝑖𝐴𝐴0𝐴𝐴𝐴𝐴 − 2𝐴𝐴𝐴𝐴[0𝐴𝐴 𝐴𝐴𝑖𝑖]
𝐴𝐴𝐴𝐴 − Π𝐴𝐴𝐴𝐴𝐴𝐴0𝐴𝐴 𝜙𝜙𝐴𝐴



Hamiltonian

𝐻𝐻W = −�𝐴𝐴0𝐴𝐴𝐴𝐴 𝜕𝜕𝑖𝑖Π𝐴𝐴𝐴𝐴𝑖𝑖 + 2Π𝐴𝐴𝐴𝐴𝑖𝑖 𝐴𝐴𝐴𝐴𝑖𝑖𝐴𝐴 + 𝜂𝜂𝐴𝐴𝐴𝐴Π𝐴𝐴𝜙𝜙𝐴𝐴 𝑑𝑑3𝑥𝑥 +�𝜕𝜕𝑖𝑖 Π𝐴𝐴𝐴𝐴𝑖𝑖 𝐴𝐴0𝐴𝐴𝐴𝐴 𝑑𝑑3𝑥𝑥

𝐻𝐻W
𝑆𝑆𝑆𝑆𝐴𝐴𝑀𝑀P

2

4 𝜖𝜖𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝜖𝜖0𝑖𝑖𝑖𝑖𝑖𝑖 �� 𝜔𝜔0
𝑎𝑎𝑎𝑎𝜕𝜕𝑖𝑖 𝑒𝑒𝑖𝑖𝑐𝑐𝑒𝑒𝑖𝑖𝑐𝑐 + 2𝜔𝜔𝑒𝑒0

𝑎𝑎 𝜔𝜔𝑖𝑖
𝑒𝑒𝑎𝑎𝑒𝑒𝑖𝑖𝑐𝑐𝑒𝑒𝑖𝑖𝑐𝑐 𝑑𝑑3𝑥𝑥

+ �� ∓4𝑚𝑚2𝑒𝑒0𝑎𝑎𝑒𝑒𝑖𝑖𝑎𝑎𝑒𝑒𝑖𝑖𝑐𝑐𝑒𝑒𝑖𝑖𝑐𝑐 + 𝑒𝑒0𝑎𝑎𝑒𝑒𝑖𝑖𝑎𝑎𝑅𝑅𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐 − 𝜕𝜕𝑖𝑖 𝜔𝜔0
𝑎𝑎𝑎𝑎𝑒𝑒𝑖𝑖𝑐𝑐𝑒𝑒𝑖𝑖𝑐𝑐 𝑑𝑑3𝑥𝑥

Π𝐴𝐴
𝑆𝑆𝑆𝑆𝐴𝐴

Π𝑎𝑎 = ±2𝑘𝑘W𝑣𝑣2𝑚𝑚𝜖𝜖𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝜖𝜖0𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒𝑖𝑖𝑐𝑐 𝑅𝑅𝑖𝑖𝑖𝑖𝑎𝑎𝑐𝑐 ∓ 2𝑚𝑚2𝑒𝑒𝑖𝑖𝑎𝑎𝑒𝑒𝑖𝑖𝑐𝑐 ,

Π𝐴𝐴𝐴𝐴𝑖𝑖
𝑆𝑆𝑆𝑆𝐴𝐴

Π𝑎𝑎𝑎𝑎𝑖𝑖 = 2𝑘𝑘W𝑣𝑣3𝑚𝑚2𝜖𝜖𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝜖𝜖0𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒𝑖𝑖𝑐𝑐𝑒𝑒𝑖𝑖𝑐𝑐 , Π𝐴𝐴𝐴𝐴0
𝑆𝑆𝑆𝑆𝐴𝐴

0



Π𝐴𝐴𝐴𝐴𝑖𝑖 𝐴̇𝐴𝑖𝑖𝐴𝐴𝐴𝐴 + Π𝐴𝐴𝜙̇𝜙𝐴𝐴 = Π𝑎𝑎𝑎𝑎𝑖𝑖 𝐴̇𝐴𝑖𝑖𝑎𝑎𝑎𝑎 + 2𝑚𝑚Π𝑎𝑎5𝑖𝑖 𝐴̇𝐴𝑖𝑖𝑎𝑎5 + Π𝐴𝐴𝜙̇𝜙𝐴𝐴

𝑆𝑆𝑆𝑆𝐴𝐴
Π𝑎𝑎𝑎𝑎𝑖𝑖 𝜔̇𝜔𝑖𝑖

𝑎𝑎𝑎𝑎+2𝑚𝑚Π𝑎𝑎5𝑖𝑖 𝑒̇𝑒𝑖𝑖𝑎𝑎 +𝑣̇𝑣Π𝐴𝐴𝛿𝛿5𝐴𝐴
ℒW

𝑆𝑆𝑆𝑆𝐴𝐴
ℒEH + ℒΛ

ℒSSB
𝑆𝑆𝑆𝑆𝐴𝐴

0

ℋW
𝑆𝑆𝑆𝑆𝐴𝐴

Π𝑎𝑎𝑎𝑎𝑖𝑖 𝜔̇𝜔𝑖𝑖
𝑎𝑎𝑎𝑎 − ℒEH − ℒΛ

ADM formalism

ℋADM = 𝜋𝜋𝑎𝑎𝑎𝑎𝑖𝑖 𝜔̇𝜔𝑖𝑖
𝑎𝑎𝑎𝑎 − ℒEH − ℒΛ

recovery of the canonical formulation of General Relativity after SSB

Π𝑎𝑎𝑎𝑎𝑖𝑖 = 𝜋𝜋𝑎𝑎𝑎𝑎𝑖𝑖 ⇔ time gauge



𝐻𝐻W
𝑆𝑆𝑆𝑆𝐴𝐴𝑀𝑀P

2

4 𝜖𝜖𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝜖𝜖0𝑖𝑖𝑖𝑖𝑖𝑖 �� 𝜔𝜔0
𝑎𝑎𝑎𝑎𝜕𝜕𝑖𝑖 𝑒𝑒𝑖𝑖𝑐𝑐𝑒𝑒𝑖𝑖𝑐𝑐 + 2𝜔𝜔𝑒𝑒0

𝑎𝑎 𝜔𝜔𝑖𝑖
𝑒𝑒𝑎𝑎𝑒𝑒𝑖𝑖𝑐𝑐𝑒𝑒𝑖𝑖𝑐𝑐 𝑑𝑑3𝑥𝑥

+ �� ∓4𝑚𝑚2𝑒𝑒0𝑎𝑎𝑒𝑒𝑖𝑖𝑎𝑎𝑒𝑒𝑖𝑖𝑐𝑐𝑒𝑒𝑖𝑖𝑐𝑐 + 𝑒𝑒0𝑎𝑎𝑒𝑒𝑖𝑖𝑎𝑎𝑅𝑅𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐 − 𝜕𝜕𝑖𝑖 𝜔𝜔0
𝑎𝑎𝑎𝑎𝑒𝑒𝑖𝑖𝑐𝑐𝑒𝑒𝑖𝑖𝑐𝑐 𝑑𝑑3𝑥𝑥

recovery of the canonical formulation of General Relativity after SSB

𝜔𝜔0
𝑎𝑎𝑎𝑎𝒥𝒥𝑎𝑎𝑎𝑎

𝑁𝑁ℋ⊥ + 𝑁𝑁𝑖𝑖ℋ𝑖𝑖
𝜕𝜕𝑖𝑖 𝜋𝜋𝑎𝑎𝑎𝑎𝑖𝑖 𝜔𝜔0

𝑎𝑎𝑎𝑎
ℋΛ = 𝑀𝑀P

2Λ𝑒𝑒

𝐻𝐻ADM = � 𝑁𝑁ℋ⊥ +𝑁𝑁𝑖𝑖ℋ𝑖𝑖 + 𝜔𝜔0
𝑎𝑎𝑎𝑎𝒥𝒥𝑎𝑎𝑎𝑎 +ℋΛ + 𝜕𝜕𝑖𝑖 𝜋𝜋𝑎𝑎𝑎𝑎𝑖𝑖 𝜔𝜔0

𝑎𝑎𝑎𝑎 𝑑𝑑3𝑥𝑥



𝐻𝐻W
𝑆𝑆𝑆𝑆𝐴𝐴

𝐻𝐻ADM ⇔ time gauge

𝑆𝑆EH =
𝑀𝑀P
2

2 �tr 𝐵𝐵 ∧ 𝐹𝐹 =
𝑀𝑀P
2

4 �𝜖𝜖𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑒𝑒𝑐𝑐 ∧ 𝑒𝑒𝑐𝑐 ∧ 𝑅𝑅𝑎𝑎𝑎𝑎

⇔ 𝐵𝐵𝑎𝑎𝑎𝑎
EH = 𝑀𝑀P

2

4
𝜖𝜖𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑒𝑒𝑐𝑐 ∧ 𝑒𝑒𝑐𝑐  simplicity constraint

𝑆𝑆W = �tr 𝐵𝐵 ∧ 𝐹𝐹 = −2𝑘𝑘W�𝜖𝜖𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴∇𝜙𝜙𝐴𝐴 ∧ ∇𝜙𝜙𝐴𝐴𝜙𝜙𝐴𝐴 ∧ 𝐹𝐹𝐴𝐴𝐴𝐴

⇔ 𝐵𝐵𝐴𝐴𝐴𝐴
W = −2𝑘𝑘W𝜖𝜖𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴∇𝜙𝜙𝐴𝐴 ∧ ∇𝜙𝜙𝐴𝐴𝜙𝜙𝐴𝐴 𝑆𝑆𝑆𝑆𝐴𝐴

𝐵𝐵𝑎𝑎𝑎𝑎
W = 𝐵𝐵𝑎𝑎𝑎𝑎

EH

Loop Quantum Gravity
and BF theories

Π𝐴𝐴0𝑖𝑖
𝑆𝑆𝑆𝑆𝐴𝐴

Π𝑎𝑎0𝑖𝑖 = 𝑀𝑀P
2

4
𝜖𝜖0𝑎𝑎𝑎𝑎𝑐𝑐𝜖𝜖0𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒𝑖𝑖𝑎𝑎𝑒𝑒𝑖𝑖𝑐𝑐 =

𝑀𝑀P
2

2
�𝐸𝐸𝑎𝑎𝑖𝑖 =

𝑀𝑀P
2

2
ℎ𝐸𝐸𝑎𝑎𝑖𝑖  Ashtekar’s “electric field”



Algebra of constraints
extended Hamiltonian density

ℋW
𝑒𝑒𝑒𝑒𝑒𝑒 = −𝐴𝐴0𝐴𝐴𝐴𝐴 𝜕𝜕𝑖𝑖Π𝐴𝐴𝐴𝐴𝑖𝑖 + 2Π𝐴𝐴𝐴𝐴𝑖𝑖 𝐴𝐴𝐴𝐴𝑖𝑖𝐴𝐴 + 𝜂𝜂𝐴𝐴𝐴𝐴Π𝐴𝐴𝜙𝜙𝐴𝐴 + 𝜆𝜆𝐴𝐴𝑍𝑍𝐴𝐴 + 𝜆𝜆𝑖𝑖𝐴𝐴𝐴𝐴𝑍𝑍𝐴𝐴𝐴𝐴𝑖𝑖 + 𝜆𝜆0𝐴𝐴𝐴𝐴𝑍𝑍𝐴𝐴𝐴𝐴0

= 𝜆𝜆𝐴𝐴𝑍𝑍𝐴𝐴 + 𝜆𝜆𝑖𝑖𝐴𝐴𝐴𝐴𝑍𝑍𝐴𝐴𝐴𝐴𝑖𝑖 + 𝜆𝜆0𝐴𝐴𝐴𝐴𝑍𝑍𝐴𝐴𝐴𝐴0 + 𝜆̃𝜆0𝐴𝐴𝐴𝐴𝑍̇𝑍𝐴𝐴𝐴𝐴0

𝐴𝐴0𝐴𝐴𝐴𝐴 is a gauge degree of freedom (𝜆𝜆0𝐴𝐴𝐴𝐴 is undetermined)

constraint first-class second-class
primary 𝑍𝑍𝐴𝐴𝐴𝐴0 𝑍𝑍𝐴𝐴, 𝑍𝑍𝐴𝐴𝐴𝐴𝑖𝑖

secondary 𝑍̇𝑍𝐴𝐴𝐴𝐴0



Degrees of freedom

▶ 90 dynamical variables: 10 𝐴𝐴0𝐴𝐴𝐴𝐴, 30 𝐴𝐴𝑖𝑖𝐴𝐴𝐴𝐴, 5 𝜙𝜙𝐴𝐴, 10 Π𝐴𝐴𝐴𝐴0 , 30 Π𝐴𝐴𝐴𝐴𝑖𝑖  and 5 Π𝐴𝐴

▶ 20 gauge choices: -10 𝐴𝐴0𝐴𝐴𝐴𝐴 and -10 Π𝐴𝐴𝐴𝐴0

▶ 10 independent first-class constraints: 10 𝑍𝑍𝐴𝐴𝐴𝐴0

▶ 44 independent second-class constraints: 30 𝑍𝑍𝐴𝐴𝐴𝐴𝑖𝑖 , 5 𝑍𝑍𝐴𝐴, 10 𝑍̇𝑍𝐴𝐴𝐴𝐴0 and -1 𝐻𝐻W𝑒𝑒𝑒𝑒𝑒𝑒

2#degrees of freedom
= #variables − 2#first class constraints − #second class constraints

= 90 − 20 − 20 − 44 = 6
3 degrees of freedom: ℎ𝜇𝜇𝜇𝜇  and 𝜌𝜌 (like in scalar-tensor metric theories)



Main Idea of The Meta-Geometric Gravity Program

Topological Quantization, Not Only A Gauge Phase Transitions but 
also a Topological Phase transitions Berezinskii-Kosterlitz-Thouless, Haldane, Wu



Part I: Conclusions and Remarks
I) We start from a 1+3 Topological Space-Time, without any background metric, not even 
Minkowski. Equipped only with Levi-Civita Symbol  
— Axi-Topological Manifold.  
In this sense, Space-time coordinates are just “labels” in Pre-geometric phase.  

II)  We consider a Gauge-Higgs Theory SO(1,4) — or SO(2,3) —  
as Higher Dimensional Gauged Lorentz Group.  
The Pre-geometric Gravitational Fields are Gauge Potentials and “Gravi-Higgs”  

III) After SSB down to SO(1,3) — gauged Lorentz Group. We obtain: 
i) emergent metric tensor (emergent space distances and “clocks”) 
and emergent Diffeormorphism Symmetries 
In this sense, the Graviton is not a Fundamental Field  
ii) emergent Scales: Planck Scales and Cosmological Constants are not fundamental,  
they are re-combination of fundamental couplings of the theory. 
iii) Hamiltonian Analysis: 3 degrees of freedom! After SSB 2 for gravitons, 1 for a massive 
scalaron field, the “Planckion”. 



FRONTIERS



Implications in Cosmology
- Big Bang Singularity Problem,  
NON-SINGULAR EMERGENT QUANTUM COSMOLOGY 
A. Addazi et al CQG (2025), G. Meluccio PRD (2025),  
A. Addazi et al PRD (2025) 
A. Addazi et al in preparation (2026) 

- New Scalar Higgs Field as Inflaton.  
Or Einstein-Cartan Hybrid Composite Inflation A.Addazi, P. Chen, A. Marciano EPJC 2017 
Bounce or Cyclic Cosmology, CPT Mirror Universe? See P. Chen talk —PRD 2026 
Ultra High Energy Phase Transitions 
A. Addazi et al CQG (2025) 

- Topological Phase Transitions and Relic Defects:  
Gravitational Monopoles, Strings, Domain Walls, New Exotic Compact Objects 
Rich Dark Matter Spectrum 
A. Addazi et al in Preparation (2026) 

- Cosmological Constant: Topological Protection mechanisms, Naturalness, Relaxation and Dynamical Dark 
Energy, DESI data 
A. Addazi, G. Meluccio, S.Capozziello MDPI (2025) 
A. Addazi, Y. Aldabergonov, Y. Cai et al (2026) on arXiv



See-Saw for CC and GB

Prediction: GB coupling proportional to VEV 
Inverse proportional to CC, proportional to dS Entropy!

Hints of  Deep Relations of Information, Entropy and Topology

Analogy with Electric-Magnetic Dualities Dirac, Keith-Olive, Seidberg-Witten,…



Large Transformation Group,  
Theta-angle, CC quantization,  

Infinite vacua in topological sectors, 
Periodic Potential with Large Barriers 

Similarities with the Axion 
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FIG. 1. Quantized cosmological constant ⇤k ⇠ 1/k as a func-
tion of the topological quantum number k. The gray shaded
region (k < 1) corresponds to the pre-geometric phase where
spacetime has not yet emerged. The continuous curve inter-
polates the k-sectors which corresponds to the only physical
VeV scales. The physical spectrum starts at k = 1. The
observed value ⇤obs ⇠ 10�120 (in Planck units) corresponds
to k ⇠ 10120, far beyond the range shown.

The Higgs VEV is not arbitrarily large; it is quantized
and equal to the same integer that labels the vacuum. The
VEV periodicity allows to fix a class of Higgs potential
as follows:

V = YSSB|J |
⇥
1� cos

�
128⇡2

YMM(|�|� v)
�⇤p

, (26)

where YSSB is a new constant controlling the potential
and YMM is the MM coupling; p � 0 is a power-law
index. This potential resembles the axion-like case, with
several minima separated by large barriers (See Fig.2).
In our scenario, each minimum corresponds to a di↵erent
cosmological constant.

F. Quantization of de Sitter Entropy

From the Gibbons–Hawking computation, the de Sitter
entropy of our Universe is given by [16]

SdS =
3⇡

⇤
. (27)

Using the quantized values of ⇤, we find

S
(k)
dS

=
3⇡

⇤k
⇠ k ⇠ vk. (28)

The de Sitter entropy is therefore quantized as well, and
its observed value SdS ⇠ 10120 is precisely the topological
quantum number k. Since the dS entropy is proportional
to the vacuum expectation value of the pre-geometric
Higgs, it can be dubbed an entropy field.
This quantization of de Sitter entropy suggests a fas-

cinating reinterpretation of the cosmological horizon as
a topological quantum memory. Each unit of entropy

corresponds to a topological qubit labeled by the wind-
ing number of the pre-geometric gauge fields. The total
storage capacity of the Universe is then fixed by the topo-
logical index k, with the horizon encoding k ⇠ 10120

qubits. In this picture, the cosmological constant is not
merely an energy density but a measure of the informa-
tion density stored on the de Sitter horizon: a smaller ⇤
implies a larger horizon area and a correspondingly larger
quantum memory. The discrete spectrum ⇤k ⇠ 1/k then
acquires an information-theoretic meaning: each vacuum
sector corresponds to a Universe with a di↵erent maxi-
mum storage capacity. This connects our framework to
the broader program of understanding spacetime as an
emergent quantum information structure, with topology
providing the fundamental substrate for qubit encoding.

G. Quantum Tunneling Transitions

An essential question is why the vacuum does not decay
to a sector with a smaller k (and hence a larger cosmo-
logical constant). The periodic Higgs potential in Eq. (4)
provides the answer. For the case p = 1, the potential
takes the form

V = YSSB |J | [1� cos (cYMM (|�|� v))] , (29)

where J is the pre-geometric volume form factor, which
after SSB yields |J | ! v

5
m

4
e. Expanding the potential

around the minimum �
5 = v+⇢, the quadratic mass term

for the radial fluctuation ⇢ scales as

µ
2

⇢ ⇠ YSSBY
2

MMm
4
v
5
. (30)

The potential barrier height scales as

�V ⇠ YSSB |J | ⇠ YSSBv
5
m

4
e ⇠ µ

2

⇢/Y
2

MM · e, (31)

which is naturally of order the 4th power of the Planck
scale. The WKB tunneling amplitude from the observed
vacuum sector |Ni (with N ⇠ 10120) to a neighboring
sector is exponentially suppressed. A transition from the
observed sector k ⇠ N to a sector with k ⇠ 1 would
require crossing N barriers, leading to a total suppression

|hN |1i|2 ⇠ e
�N ⇠ e

�10
120

. (32)

This exponential suppression has a deep thermody-
namic interpretation. The de Sitter entropy of the ob-
served vacuum is SdS ⇠ N ⇠ 10120. Moving from the
observed vacuum with large entropy N to a Planckian
vacuum with entropy O(1) would constitute a sponta-
neous violation of the second law of thermodynamics on
cosmological scales. The probability for such a transition
is therefore

|hN |1i|2 ⇠ e
�SdS ⇠ e

�1/↵G(⇤) ⇠ e
�10

120

, (33)

where ↵G(⇤) = ⇤/M2

P . This scaling is characteristic of
instantonic contributions and is fully compatible with the
pre-geometric potential suppression mechanism.
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Quantum Levels of ⇤

FIG. 1. Quantum levels of the cosmological constant ⇤k ⇠ 1/k

as a function of the topological quantum number k. Each

horizontal line represents a discrete allowed value of ⇤. The

physical spectrum starts at k = 1. The observed value ⇤obs ⇠
10

�120
corresponds to k ⇠ 10

120
, far beyond the range shown.

⇤k =
3

8(✓(0)GB + 2⇡k)
.

For large k, ⇤k ⇠ 1/k. The observed cosmological
constant ⇤obs ⇠ 10�120 (in Planck units) therefore selects:

kobs ⇠ 10120.

This result reinterprets the cosmological hierarchy num-
ber, 10120, as a large topological quantum number that
labels the vacuum of the pre-geometric theory.

C. Quantum Levels of de Sitter Entropy

From the Gibbons-Hawking computation, the de Sitter
entropy of our Universe is [10]:

SdS =
3⇡

⇤
.

Using the quantized values of ⇤, we find:

S
(k)
dS =

3⇡

⇤k
= 8⇡(✓(0)GB + 2⇡k) ⇠ k.

The de Sitter entropy is therefore quantized as well, and
its observed value SdS ⇠ 10120 is precisely the topological
quantum number k. Since the dS entropy is proportional
to the vacuum expectation value of the pre-geometric
Higgs, it can be understood as an “entropy field.”

k

S
(k)
dS

S1

S2

S3

S4

S5

1 2 3 4 5

k ⇠ 10
120

S
(k)
dS ⇠ k

Quantum Levels of SdS

FIG. 2. Quantum levels of the de Sitter entropy S
(k)
dS ⇠ k.

Each horizontal line represents a discrete allowed value of the

entropy, labeled by the topological quantum number k.

D. Periodic Higgs Potential and Quantized VEV

The Higgs VEV v is also determined by ⇤. Using
M

2
P = 24kPGvm

2 and m
2 = ⇤/3, we obtain:

v =
3

8kPG⇤
.

With ⇤k ⇠ 1/k, we obtain vk ⇠ k. The Higgs VEV
is not arbitrarily large; it is quantized and equal to the
same integer that labels the vacuum.
This suggests a periodic Higgs potential:

V = YSSB|J |
⇥
1� cos

�
128⇡2

YMM(|�|� v)
�⇤p

,

which resembles the axion-like case, with several min-
ima separated by large barriers. Each minimum corre-
sponds to a di↵erent cosmological constant.

E. Vacuum Stability and Discretization

The potential barrier height scales as �V ⇠ M
4
P. The

WKB tunneling amplitude from the observed vacuum
sector |Ni (with N ⇠ 10120) to a neighboring sector is
exponentially suppressed. A transition from k ⇠ N to
k ⇠ 1 would require crossing N barriers, leading to:

|hN |1i|2 ⇠ e
�N

⇠ e
�10120

.

This exponential suppression has a deep thermody-
namic interpretation. The de Sitter entropy of the ob-
served vacuum is SdS ⇠ N ⇠ 10120. Moving from the
observed vacuum with large entropy N to a Planckian
vacuum with entropy O(1) would constitute a sponta-
neous violation of the second law of thermodynamics on
cosmological scales.
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|�|

Ṽ (|�|)

v0 v1 v2 vk

barrier ⇠ MP · · ·

FIG. 2. The periodic Higgs potential Ṽ (|�|) = V (|�|)/|J |
from Eq. (4). Multiple degenerate minima labeled by the
topological quantum number k are separated by barriers of
height ⇠ MP. The observed vacuum resides in the sector
k ⇠ 10120.

This concretely realizes the HN proposal [7, 17–20]:
moving from a state with large entropy (SdS ⇠ 10120) to
a state with Planckian entropy (SdS ⇠ 1) would violate
the second law of thermodynamics on cosmological scales.
The probability for such a transition is e↵ectively zero.
Moreover, radiative corrections from Standard Model
fields cannot change the topological sector because do-
ing so would require restoring the SO(1, 4) symmetry,
an event that costs Planckian or super-Planckian energy.
The radial mode of the Higgs field after symmetry break-
ing has a mass of order the Planck scale, ensuring that
quantum corrections do not destabilize the chosen vacuum.
Indeed, this also suggests the existence of a related class
of instantons mediating the transitions among di↵erent
vacua, which Euclidean action should scale accordingly
to reconstruct the Eq.32 amplitude.

III. CONCLUSIONS

We have shown that pre-geometric gravity à la
MacDowell–Mansouri provides a novel perspective on
the cosmological constant problem. Our central re-
sult is that combining the two Golden Equations yields
⇤ = 3/(8|↵GB |), and since ↵GB is a topological angle with
discrete shifts, ⇤ is necessarily quantized. The addition
of a gravitational ✓-term ties the cosmological constant
to a periodic topological angle, and the discrete period-
icity ✓ ⇠ ✓ + 2⇡ forces ⇤ to take only discrete values
⇤k ⇠ 1/k. The observed dark energy density selects a vac-
uum with topological index k ⇠ 10120, o↵ering a possible
re-interpretation for the famous cosmological hierarchy.

We have derived a network of Golden Equations inter-
linking the cosmological constant, Planck mass, Gauss–
Bonnet coupling, Immirzi parameter, and gravitational
✓-angle. These relations reveal that the Immirzi parameter

is not a fundamental ambiguity but emerges as the ratio
between the Gauss–Bonnet and Pontryagin topological
couplings, and that the cosmological constant is inversely
proportional to the product of the ✓-angle and the Im-
mirzi parameter. The quantization of ⇤ follows from the
topological nature of the Gauss–Bonnet coupling, with
� naturally interpreted as a fixed O(1) constant relating
the two topological angles.

The pre-geometric Higgs potential is periodic, possess-
ing an infinite tower of minima separated by Planck-scale
barriers. Transitions between di↵erent cosmological con-
stant sectors are suppressed by factors of order e

�10
120

,
suggesting a mechanism for vacuum stability. This is
reinforced thermodynamically: the de Sitter entropy is
quantized and equal to the topological index, so any transi-
tion to a smaller k would be disfavored by the generalized
second law. Remarkably, both the pre-geometric Higgs
expectation value and the de Sitter entropy coincide with
the topological index, hinting that the Higgs may act as
an entropy field counting horizon degrees of freedom.

While many open questions remain – including the ex-
plicit construction of tunneling instantons, the inclusion
of Standard Model matter, and possible observational sig-
natures – the pre-geometric framework o↵ers a promising
step toward reinterpreting the cosmological constant prob-
lem. In this picture, the vacuum energy is not a radiative
accident but a topological label, suggesting that the long-
standing puzzle of dark energy may find its resolution in
the topology of emergent spacetime.
Finally, let us remark that quantum corrections can

induce a running of the CC in this model; ✓ plays the
role of a gravi-axion, giving rise to dynamical dark energy
that fits DESI data [21, 22]. The phenomenological im-
plications of this model in cosmology may be of interest,
as they predict testable deviations from ⇤CDM in the
gravitational slip parameter and growth of structure, of-
fering a concrete link between pre-geometric gravity and
upcoming large-scale structure surveys.

Acknowledgments. I am grateful to the Institute for
Advanced Study in Mathematics (IASM) in Hangzhou,
China, and the Ban↵ International Research Station for
Mathematical Innovation and Discovery (BIRS) in Ban↵,
Canada, for their warm hospitality during the preparation
of this work, and to Ronggen Cai, Kristina Giesel, Leila
Graef, and Anzhong Wang for organizing the stimulat-
ing 2026 workshop “Recent Developments in Quantum
Gravity and Applications to Cosmology and Black Hole
Physics”. My work was supported by Program for Innova-
tive Research Team in Anqing Normal University and the
National Science Foundation of China (NSFC) through
the grant No. 12350410358.

[1] S. Weinberg, Rev. Mod. Phys. 61, 1 (1989).
[2] S. W. MacDowell and F. Mansouri, Phys. Rev. Lett. 38,

739 (1977).
[3] F. Wilczek, Phys. Rev. Lett. 80, 4851-4854 (1998).



The Theta-angle becomes a Dynamical Field, 
Gravi-Axion;  

Adding Corrections Which Preserve 
 The Pre-geometric Volume Structure  

and Covariance; 
DE becomes Dynamical!  

Dualities with Horndeski and Galileons



Quadratic Corrections fit DESI 
 with Bare GB-CC Relation!

Andrea Addazi
* rd=147 Mpc It is the physical scale (in megaparsecs, Mpc) that the baryon–photon acoustic oscillations could travel before the universe cooled enough for baryons to decouple from photons (the drag epoch).

Andrea Addazi
** f\sigma8 is a combined observable that measures the growth rate of cosmic structure, weighted by the amplitude of matter fluctuations.



Andrea Addazi
* parameters with “bar” are normalized by the 
Hubble H0, \alpha, M are GB and new energy scale in quadratic
corrections respectively.  u0 scalar field velocity



After Spontaneous Symmetry Breaking

Unification: Theta-angle, Immirzi Parameter and Cosmological Constant

A. Addazi, G. Meluccio (2026)



Topological Defects: the example of Cosmic Strings

(Winding Number)/(Topological Vacuum Number)

String TensionDeficit Angle

Winding Number

Topological  
Quantum number



Domain Walls

Vilenkin PLB ‘83





Gravitational Instantons and Gravitational Monopoles 
Euclidean Taub/NUT Solutions

NUT MONOPOLE CHARGE



Top-Star
Topological Gravastar

Exotic Compact Objects Predicted by the theory, Stabilized by Topological Conserved 
Numbers, Remnants, Natural Dark Matter candidates with “Topological Memory Burden”  



Top-Wormhole

Morris-Thorne solution ’88

Topological Charge Conservation Stabilizes the Object against perturbations,   
no need for exotic matter like “ghosts”, NEC is not violated but “saturated”, 

But Topological Burden does not stabilize Close Time Curves (CTC)



Gravitational Waves, Supermassive BH merging, Tidal Love Number, 
LISA, TianQing, TAIJI projects



A. Addazi, A. Marciano, N. Yunes, PRL highlights selection 2018



Mirror Twin Entangled Universes



4

curvature density parameter saturating the observational
bound ⌦K,0 ' �0.0012 [23], Rc = 1/(

p
|⌦K,0|H0) '

128.5 Gpc. From kRc =
p
n2 � 1, the longest observ-

able perturbation in CMB today then corresponds to
n ⇠ 29. Typically, this perturbation only indicates
that inflation should last at least ⇠ 60 e-folds, so it
is possible that this perturbation did not exit the hori-
zon during the early inflation but at a later time. One
may then question whether quantum gravity e↵ects per-
sist if the perturbation did not exit the horizon early
enough? In fact, the e↵ect can persist and be observ-
able today if the wormhole (��) is not too small. For
example, for q = 0.015, the spectrum at n ⇠ 29, i.e.,
l ⇠ 3 today, is enhanced by a factor of 1.15 based on
Eq. (24) (exact value is 1.43 based on Eqs. (21) and
(22)) and the e↵ect diminishes before reaching n ⇠ 100,
i.e., l ⇠ 11, which are compatible with the observed
CMB data C

TT
l�2 [23] (see Fig. 2). By taking the infla-

tion scale as ⇢inf = ⇤/8⇡l2P ⇠ (1016 GeV)4, q = 0.015
infers the physical throat radius Rc/� ⇠ 5 ⇥ 105lP and
length Rc(⌧I�⌧II) ⇠ 1.5⇥104lP of a Euclidean wormhole.

Finally, for smaller wormholes, the enhancement is car-
ried by even longer perturbations (smaller n’s) that may
exit the horizon during the early inflation. Hence, their
e↵ects may not be observable today, but in the future.

FIG. 2. Modification of normalized temperature anisotropy
spectrum due to the entanglement between the twin uni-
verses based on Eq. (22). Here, we assume that the universe
was initially nucleated as dS, and after the horizon cross-
ing (y ⌧ 1), it transitioned to power-law expansion. Since
the entanglement originated before inflation, � in Eq. (21)
should be determined by the cosmological constant before
the transition, while PBD acquires time-dependence due to
the power-law expansion after the transition. (For n � 1,
l ⇠ kdLSS ⇠ (dLSS/Rc)n ⇠ 0.1n.) We used CAMB [24] for
the calculation.

Entanglement and the size of wormhole— Although
the entanglement entropy associated with the pair-
universe may not be as relevant as the power spectrum
observation-wise, the theoretical framework that we have
developed here may play a significant role in the study
of the black hole information paradox, which we leave

for future work. Figure 3 illustrates the entanglement
entropy between pair-created inflaton perturbations in
each universe according to Eq. (7):

SEE =
1X

n`m

SEE(n, `,m) =
1X

n=2

SEE(n). (25)

Figure 3 shows that perturbations with larger n are
less entangled than those with smaller ones, since the re-
duced state in each universe is approximately the Bunch-
Davies vacuum, i.e., |⌦ni ⇠ |0n; BDiI|0n; BDiII for large
n. In addition, the wider and shorter the wormhole is, the
stronger the entanglement. If the wormhole has a zero
throat, i.e., (�� = 0), then Universe I and Universe II re-
duce to two disconnected Hartle-Hawking no-boundary
instantons, which are not entangled.

λδ=1
λδ=1.1
λδ=1.2

4 6 8 10
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SEE[n]

FIG. 3. Entanglement entropy between perturbations across
a Euclidean wormhole. The larger �� is, the shorter the worm-
hole’s length (⌧I � ⌧II), the more the entanglement.

Conclusions— We have investigated the role of Eu-
clidean wormholes that create paired universes. Inflaton
perturbations in these Euclidean wormholes will propa-
gate in both universes. If one traces the Bunch-Davies
mode in one universe backward, then it will penetrate
the Euclidean wormhole and propagate into the partner
universe. Here, the Bunch-Davies mode of one universe
[25] corresponds to a non-Bunch-Davies mode in its part-
ner universe, and the relative amplitude |�n/↵n| depends
on the radius and the length of the Euclidean wormhole,
which in turn depends on {�, �}. By imposing the bound-
ary condition that the wave function of the perturbation
behaves as a SHO, Eq. (4) vs. Eq. (20), we show that
our universe begins as a mixed state, where the power
spectrum and the entanglement entropy between the two
universes are computed in the usual way.
The most striking result of this work is the implication

of the wormhole in the power spectrum: the enhance-
ment of long-wavelength modes due to pair-universe en-
tanglement, while the standard scale-invariance for short-
wavelength modes is preserved. The magnitude of the
enhancement is determined by the feature of the worm-



Aspects of Meta-Geometric Quantization
New Meta-Geometric Wheeler-de Witt (WdW) Equation 
A. Addazi et al PRD 2025 and work in progress 

Gradient Flow and Stochastic Quantization à là Parisi-Wu or alternative Schwinger-
Keldysh 
A. Addazi et al PLB 2026 and work in progresses 

Spin/String Network Correspondence (H-duality) 
 E. Bianchi CQG 09’, A. Addazi SCPMA and IJGGMP et al 17’ and work in progress 

Embedding Matter as “Emergent”: Larger Meta-GUT groups such as SO(1,2N)  
— and Special Supersymmetric Gauge Group OsP(32|R) 
can include Emergent Supergravity and M-theory 
A. Addazi, In preparation  

Topological Protection of Vacuum Energy  
A. Addazi, G. Meluccio 2026 on arXiv and works in preparation



Pre-geometric Wheeler deWitt

TIME HERE IS PRESENT, CONTRARY TO ADM WdW, WHAT DOES IT MEAN WITH RESPECT TO THE PROBLEM OF TIME?

A. Addazi et al PRD 2025 



Meta-QG and BF with constraint

SSB

Topological Phase:  
No propagating d.o.f,  
Exact Quantization

Meta-Geometric Wilczek

Geometric Phase

From <Higgs>=0 to <Higgs> Non-Zero, There is the interpolation between  
the Topological Phase and Geometric Phase: Topological Phase Transition!



“Emergent” Ashtekar-Barbero Variables 

MM/W + Theta-term

Space-like Spin connections 

Sympletic Form

An Time Gauge Emergent From matching  
ADM in SSB phase

Andrea Addazi

Andrea Addazi



Hamiltonian and Simplicity Constraints: 
From Meta-QG to LQG

Simplicity Constraints: before SSB not a “grasping”,  
Acting on connecting two vertices and Higgs dependent

Hamiltonian Constraints: polynomial in variables

Meta-Geometric Networks? Holonomies on all towers of Topological 
Spaces Summing on Genus A. Addazi 2026 in preparation
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String/Spin Duality

 String Networks 
Winding number

Holonomy

String 
Defect

Spin Networks 
Quantum Spin 

Aharonov-Bohm Effect

I) Classical General Relativity from flat connections closing on a “solenoid defect”  
II) Our Strings are not Fundamental (No String Theory) but Composite Topological States) 
iii) One-to-One Correspondence of the Moduli Space of Strings with LQG Hilbert space  
E. Bianchi CQG ’09’, A. Addazi et al SCPMA and IJGMMP 2017, A.Addazi 2026 in preparation 



Parisi-Wu Stochastic Quantization: Langevin System

Drift Terms 
+ 

Stochastic Noise

IN DEEP UV, QUANTUM NOISE DOMINATES: APPROXIMATED SOLUTION LEADS TO TOPOLOGICAL UV FIXED POINT

A. Addazi et al (2026) accepted in PLB



Part II. Frontiers. Conclusions 
Re-interpretation and attempt of solution of the Cosmological Constant Problem:  
I) CC as manifestation of Topological Complexity in vacuo 
II) CC is quantized, our Universe “trapped” in a large topological number  
— 120th digits 
III) Natural “See-Saw” mechanism with the VEV scale of the new Gravi-Higgs; 
The Large Higgs barrier stabilizes the CC to “flow” towards UV — tunneling suppression. 
And also Entropic Barrier: “Entropic Naturalness” rather than “Anthropic Principle” .  
Dynamical Dark Energy Vs DESI. 

Exploration of New “Exotica” predicted: Gravitational Cosmic Strings, Gravitational 
Monopoles, Gravitational Domain Walls,… 
Dark Matter and Gravitational Waves  
  
Aspects of Quantization: LQG as low energy limit of a Meta-QG which UV fixed point 
“lives” on a Topological Quantum Phase; 
Ideas: Meta-Networks, Spin/String Duality, Larger Unifying Groups, Parisi-Wu Stochastic 
Gradient Flow, Emergent Supergravity and M-theory from Osp(R |32)L × Osp(R |32)R



And… !e journey just began

"anks for !e a#en$on!


