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Trace dynamics, octonions, and unification
- From quantum foundations to the  octonionic theory of unification - E8 × ωE8



Motivation behind this unification program
• In quantum theory, classical spacetime is an extrinsic concept, possible only when the 

universe is dominated by macroscopic, classical bodies. 


• This makes quantum theory depend on its own limit, and a more general formulation 
will remove classical time from quantum theory [at all energy scales]


•  We develop such a generalized formalism in the following steps : 


1. Raise classical dynamical degrees to the status of matrices/operators [Trace Dynamics]


2. Replace every spacetime point by the 16D split-bioctonion.


3.  Describe evolution by the so-called Connes time - unique to a non-commutative geometry and 
absent in Riemannian geometry.


4.  Use the Chamseddine-Connes spectral action principle to prescribe a trace dynamics 
 Lagrangian for the theory.


5. Prescribe a gauge symmetry group for the Lagrangian, which we choose to be .E8 × ωE8     2/14



This leads to a falsifiable pre-spacetime, pre-quantum theory of unification of the  fundamental forces. 

• Spontaneous symmetry breaking at the electroweak scale leads to the emergence 
of the standard model of particle physics,  and of general relativity. 


• Quantum theory and general relativity are emergent phenomena, with classical 
spacetime emerging only when the universe becomes dominated by classical 
bodies. 


• The formalism, based on the exceptional Jordan algebra of the octonions, permits 
us to derive mass ratios of quarks and charged leptons from first principles. 


                            -  We now briefly explain the aforesaid steps - 
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Some references
• Trace dynamics, octonions, and unification, TPS,   arXiv:2501.18139 (2025)


• An  unification of the standard model and pre-gravitation, on an exceptional Lie-algebra valued space, Priyank 
Kaushik, Vatsalya Vaibhav, TPS, arXiv:2206.06911 (2022)


• Fermion mass ratios from the exceptional Jordan algebra, TPS,   arXiv:2508.10131 (2025)


• Spacetime and internal symmetry space from split bioctonions and the two extra SU(3)’s of  , TPS,   https://
www.preprints.org/manuscript/202510.0437/v1 (2025) 

• Gravi-weak unification in 6D spacetime SO(3,3), Torsten-Asselmeyer Maluga, Niels Gresnigt, Jose M. Isidro, Antonino 
Marciano, Claudio F. Paganini, TPS, P Samuel Wesley [in preparation]  

• Causal fermion systems, trace dynamics and the spectral action principle, Felix Finster, Shane Farnsworth, Claudio F. 
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Novel conserved charge:  :      Pre-quantum theoryC̃ = ∑

i

[qBi, pBi] − ∑
j

{qFj, pFj}
(Adler-Millard charge)

1. Raise classical dynamical degrees to the status of matrices/operators [Trace Dynamics] 

- From Newtonian dynamics to trace dynamics -

    5/14



1. Trace dynamics —> Quantum (field) theory  
as an emergent phenomenon

• Assume trace dynamics to hold at some time resolution 

• It is a Lorentz-invariant matrix-valued Lagrangian / Hamiltonian dynamics. 

• Ask: what is the emergent dynamics at time resolution                  ? 

• Statistical thermodynamics is used to show that the novel charge is equipartitioned. 

                                                   [qB, pB] = iℏ ; {qF, pF} = iℏ

• Heisenberg equations of motion, and QFT, emerge at thermodynamic equilibrium.

<latexit sha1_base64="Sq47BoQfHjv7R5Bo7bf17Orvz/Y=">AAAB73icbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ae0Q8mkmTY0kxmTO0IZ+hNuXCji1t9x59+YtrPQ1gOBwznnkntPkEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilDiE9pGm/0S9X3Ko7B1klXk4qkMPmv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a6miETd+Nt93Ss6sMiBhrO1TSObq74mMRsZMosAmI4ojs+zNxP+8borhtZ8JlaTIFVt8FKaSYExmx5OB0JyhnFhCmRZ2V8JGVFOGtqKSLcFbPnmVtC6q3mW1dl+r1G/yOopwAqdwDh5cQR3uoAFNYCDhGV7hzXl0Xpx352MRLTj5zDH8gfP5Ayd0j2g=</latexit>⌧P

<latexit sha1_base64="i9Slm/z3f/KcIgK0YG10uHYFodk=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVRIp6rLoxmUF+4AmlMl0kg6dTMLMTaGE/okbF4q49U/c+TdO0yy09cAwh3POZe6cIBVcg+N8W5WNza3tnepubW//4PDIPj7p6iRTlHVoIhLVD4hmgkvWAQ6C9VPFSBwI1gsm9wu/N2VK80Q+wSxlfkwiyUNOCRhpaNsYe0AyL4qKe9ge2nWn4RTA68QtSR2VMPkvb5TQLGYSqCBaD1wnBT8nCjgVbF7zMs1SQickYgNDJYmZ9vNi8zm+MMoIh4kyRwIu1N8TOYm1nsWBScYExnrVW4j/eYMMwls/5zLNgEm6fCjMBIYEL2rAI64YBTEzhFDFza6YjokiFExZNVOCu/rlddK9arjXjeZjs966K+uoojN0ji6Ri25QCz2gNuogiqboGb2iNyu3Xqx362MZrVjlzCn6A+vzB1oIktk=</latexit>

⌧ � ⌧P (Assuming H is self-adjoint)
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2. Replace every spacetime point by the 16D split-bioctonion 
- Octonions as coordinate systems: a non-commutative manifold -

•  Internal space + spacetime  ——> Octonionic Space

•Algebra automorphisms and unification: no change in energy scale.

•  Normed division algebras: reals, complex numbers, quaternions, octonions.
<latexit sha1_base64="K7JjiPrr4MM8JQ9CjCOFPoaaC5E=">AAACF3icbZDLSsNAFIYn9VbrLerSzWARXEhIpKjLYjfdWcVeoA1lMp20QyeTMDMRSshbuPFV3LhQxK3ufBsnbYTa+sPAx3/OYc75vYhRqWz72yisrK6tbxQ3S1vbO7t75v5BS4axwKSJQxaKjockYZSTpqKKkU4kCAo8RtreuJbV2w9ESBryezWJiBugIac+xUhpq29avQCpkecld+kZ/OXaHNfn+Cbtm2XbsqeCy+DkUAa5Gn3zqzcIcRwQrjBDUnYdO1JugoSimJG01IsliRAeoyHpauQoINJNpnel8EQ7A+iHQj+u4NSdn0hQIOUk8HRntqFcrGXmf7VurPwrN6E8ihXhePaRHzOoQpiFBAdUEKzYRAPCgupdIR4hgbDSUZZ0CM7iycvQOrecC6tyWylXr/M4iuAIHINT4IBLUAV10ABNgMEjeAav4M14Ml6Md+Nj1low8plD8EfG5w+cr5+Y</latexit>

R,C,H,O

• Quaternions: 
<latexit sha1_base64="TAFeuN77wl53Qch7TGqD4qYtqgA=">AAACF3icbVBNS8MwGE79nPOr6tFLcAiCUNo51Isw9OJxgvuArZQ0S7e4NK1JKoyyf+HFv+LFgyJe9ea/MWt70M0HEp7ned+X5H38mFGpbPvbWFhcWl5ZLa2V1zc2t7bNnd2WjBKBSRNHLBIdH0nCKCdNRRUjnVgQFPqMtP3R1bTefiBC0ojfqnFM3BANOA0oRkpbnmndwwuIPBse69uBvSFSkGaimou7TJzkYuSZFduyM8B54hSkAgo0PPOr149wEhKuMENSdh07Vm6KhKKYkUm5l0gSIzxCA9LVlKOQSDfN9prAQ+30YRAJfbiCmft7IkWhlOPQ150hUkM5W5ua/9W6iQrO3ZTyOFGE4/yhIGFQRXAaEuxTQbBiY00QFlT/FeIhEggrHWVZh+DMrjxPWlXLObVqN7VK/bKIowT2wQE4Ag44A3VwDRqgCTB4BM/gFbwZT8aL8W585K0LRjGzB/7A+PwBl+CbPg==</latexit>

q = a0 + a1î+ a2ĵ + a3k̂

<latexit sha1_base64="1vvALWN2R8KUySp7AxcsKUPpvHo="></latexit>

O = a0 + a1e1 + a2e2 + a3e3 + a4e4 + a5e5 + a6e6 + a7e7•Octonions:

•Lorentz groups:  SL(2,ℂ) ∼ SO(1,3) ; SL(2,ℍ) ∼ SO(1,5) ; SL(2,𝕆) ∼ SO(1,9)

<latexit sha1_base64="6laAMX+syUYw+xo1rBiUaEBghzI="></latexit>

QB = Q0 +Q1e1 +Q2e2 +Q3e3 +Q4e4 +Q5e5 +Q6e6 +Q7e7

• Bosons and fermions live in octonionic space: ——-> Split bioctonionic space: chiral fermions

Dirac operator is `gradient operator’ 

∇ = ̂i
d
dx

+ ̂j
d
dy

+ ̂k
d
dz
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3. Describe evolution by the so-called Connes time - unique to a non-commutative geometry 

and absent in Riemannian geometry. 

- Choosing the Lagrangian: Spectral action principle -

• The eigenvalues of the Dirac operator D on a curved space-time manifold: 
<latexit sha1_base64="0Zc7f3o2Kj7rAXzTSdJo7gKRzPQ="></latexit>
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•An `atom’ of space-time:
<latexit sha1_base64="WEzi7ISL06jsj2lMswCPt16tMpc=">AAACI3icbVDLSgMxFM3UVx1fVZdugkVwVWZEVFyVunGpYFXolOFOmnZCM48mdyplmH9x46+4caGIGxf+i2mdha8DgcM55ya5J0il0Og471Zlbn5hcam6bK+srq1v1Da3rnWSKcbbLJGJug1Acyli3kaBkt+mikMUSH4TDM+m/s2YKy2S+AonKe9GMIhFXzBAI/m1U0+acA98QT0lBiGCUskd9ULAvLQKX3h8lIkx9XoJ5qPCz1uisG2/Vncazgz0L3FLUiclLvzaq7mAZRGPkUnQuuM6KXZzUCiY5IXtZZqnwIYw4B1DY4i47uazHQu6Z5Qe7SfKnBjpTP0+kUOk9SQKTDICDPVvbyr+53Uy7J90cxGnGfKYfT3UzyTFhE4Loz2hOEM5MQSYEuavlIWggKGpdVqC+3vlv+T6oOEeNQ4vD+vNVllHleyQXbJPXHJMmuScXJA2YeSePJJn8mI9WE/Wq/X2Fa1Y5cw2+QHr4xNAVKVA</latexit>

�i ! �̂i ⌘ q̇Bi

<latexit sha1_base64="cfiFkg4Xfpo5lLqEUoADN+tQzZo="></latexit>

�2
i !

Z
d⌧ Tr[q̇2Bi]

•An atom of space-time-matter (an `aikyon’) :

• Including Yang-Mills fields

<latexit sha1_base64="4woyXHfANa9lPdCmhaIb3Ltv1M0="></latexit>
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Connes Time 
<latexit sha1_base64="be5DDrs6sewzGaNCN+cbj60jw4I=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cKpi20oWy2m3bpZhN2J0Ip/Q1ePCji1R/kzX/jps1BWx8MPN6bYWZemEph0HW/ndLa+sbmVnm7srO7t39QPTxqmSTTjPsskYnuhNRwKRT3UaDknVRzGoeSt8PxXe63n7g2IlGPOEl5ENOhEpFgFK3k95BmlX615tbdOcgq8QpSgwLNfvWrN0hYFnOFTFJjup6bYjClGgWTfFbpZYanlI3pkHctVTTmJpjOj52RM6sMSJRoWwrJXP09MaWxMZM4tJ0xxZFZ9nLxP6+bYXQTTIVKM+SKLRZFmSSYkPxzMhCaM5QTSyjTwt5K2IhqytDmk4fgLb+8SloXde+qfvlwWWvcFnGU4QRO4Rw8uIYG3EMTfGAg4Ble4c1Rzovz7nwsWktOMXMMf+B8/gBZ045l</latexit>⌧
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4. A trace dynamics Lagrangian for the unified theory
<latexit sha1_base64="lfqhFxoJkK4XGM1qcd6brE3UsjA="></latexit>
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<latexit sha1_base64="2a1A9skIM47QJMyavf43a2gnbtE="></latexit>
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<latexit sha1_base64="a5HBpxXVQZ9rrNxsaEFVEGu1AL4="></latexit>
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L
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<latexit sha1_base64="TNHhH3HkdociK9O6GbPCxioHLE0="></latexit>
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Equations of Motion: 
<latexit sha1_base64="CVSTO8tLI4oDkU/qe81y85EKUNs="></latexit>

q̈1 = �↵2

L2
q1 ; q̈2 = �↵2

L2
q2

Bosons and fermions:

Define: 

Dotted & undotted variables:

Assume for the Lagrangian:  symmetryE8 × ωE8     9/14



5. Prescribe a gauge symmetry group for the Lagrangian, which we choose to be 
E8 × ωE8

• Spontaneous symmetry breaking at the electroweak scale leads to the emergence of 


    the standard model of particle physics,  and of general relativity. 


E8L → SU(3)geom
I × E6L

E6L SU(3)c × SU(3)F,L × SU(3)L
SU(3)L SU(2)L × U(1)Y

E8R → SU(3)geom
II × E6R

E6R SU(3)c′￼
× SU(3)F,R × SU(3)R

SU(3)R SU(2)R × U(1)Ydem

• The assumed decomposition of the unified gauge group:

• Here,  give rise to spacetime and internal symmetry space.


•  gives rise to the SM, GR, a new force , a 2nd Higgs, and sterile  

SU(3)geom
I × ωSU(3)geom

II

E6
L × E6

R U(1)Ydem ν

• Atoms of spacetime-matter ——-> spacetime + internal space + matter content
(https://www.preprints.org/manuscript/202510.0437/v1)
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SQUARE-ROOT  
MASS RATIO

THEORETICAL 
DERIVATION

THEORY VALUE 
(DECIMALS)

EXXPERIMENTAL 
 @ 

2 2.00  

(RG: 1.50 - 2.10)

3 3.00

4.159592

6.706811

4.159592

14.097486

23.557551

12.278775 (RG: 15.96-17.19) 

MZ

mu/me
1.59 ± 0.14

 Theoretically


  Derived: 


       
δ =
3
8

md /me 2.34 ± 0.08

ms/md
1 + δ
1 − δ 4.46 ± 0.25

mb/ms
1 + δ
1 − δ

. (1 + δ) 7.37 ± 0.34

mτ /mμ
1 + δ
1 − δ

4.11930 ± 0.00006

mμ/me
1 + δ
1 − δ

.
δ + 1/3
δ − 1/3

14.543 ± 0.000

mc/mu
2/3 + δ
2/3 − δ

22.43 ± 2.45

mt /mc
2/3

2/3 − δ
16.65 ± 1.14

We derive mass ratios of quarks and charged leptons: arXiv:2508.10131 [hep-ph]
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Left-Right symmetry breaking: emergence of 
classical spacetime and gravitation

• Critical entanglement amongst fermions leads to the 
  quantum - classical transition, and emergence of 
  4D classical curved space-time.   breaks. 

 

•  Only classical systems live in 4D spacetime  
   [compactification without  compactification]. 

• Quantum systems obey L-R symmetry (group  ). 

• The mechanism in the early universe is the same as 
    is in the laboratory today: quantum entanglement. 

SU(2)L × SU(2)R

∫ dτ Tr [D2
1 + D2

2 + D2
3 + . . . ] ⟶ ∫ dτ [λ2

1 + λ2
2 + λ2

3 + . . . ] = ∫ dτ Tr[D2] ∝ ∫ dτ ∫ d4x −g [R + ℒmatter]

E8 ⊗ E8

Why 4D? 

 Cl(7) → Cl(3)

 (Gravi-Weak  is 6D )

[This slide is work in progress!]
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Predictions, and Outlook 

1. Mass ratio prediction:   


2. The neutrino is Majorana.


3. There is a second, BSM Higgs.


4. There is a fifth force: dark electromagnetism (dark photon) : sourced by 


5. There is a deterministic, local theory underlying quantum mechanics (Bell OK).


6. We predict spontaneous collapse [collapse models].


7. Karolyhazy length uncertainty relation: 


8. Still to be understood: origin of neutrino masses, nature of dark matter and dark 
energy, universe before EW symmetry breaking; why only fermions localise?

mτ

mμ
=

ms

md

± m

(Δl)3 = L2
p l
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Summary
• There must exist, at all energy scales, a reformulation of quantum field theory which 

does not depend on classical time.


• We have constructed one such formulation, using Adler’s Trace Dynamics.


• Furthermore, spacetime points are replaced by the 16D split bioctonions.


• Connes time is used to describe evolution.


• The trace dynamics Lagrangian is motivated by the spectral action principle.


•  unification gauge symmetry is proposed - symmetry breaking.


• Spacetime, gravitation, and quantum theory, are emergent phenomena.


• We have a falsifiable candidate theory of unification [the octonionic / aikyon theory].

E8 × E8
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