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Foundational Problems of Quantum Theory
• Collapse of the wave function and absence of macroscopic superpositions. 

• Randomness of measurement outcomes and origin of Born probability rule. 

• The puzzle of quantum non-locality. 

• Super-quantum non-local correlations allowed by special relativity. 

• The problem of time in quantum theory:  

       one can assume classical spacetime in quantum theory only if the universe is   

       dominated by macroscopic classical objects. 

               Addressing these problems also guides us to a theory of quantum gravity, and of unification.
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Plan of the Talk

• I. Dynamical model for collapse of the wave function 

• II. A theory underlying dynamical collapse : Trace Dynamics 

• III. Incorporating quantum gravity : Generalised Trace Dynamics 

• IV. Removing classical time:  Octonions, and Unification of Forces
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I.  Collapse of the Wave Function
• Assume that lifetime of a superposition is not infinite, but finite. 

• A superposition of position states of a particle spontaneously localises to a width rc  

once in   = 1/   sec 

• Collapse models:  

• For a quantum system with N entangled particles, collapse rate is  

                                                         

• A stochastic, non-linear, non-unitary but norm-preserving modification of the 
Schrodinger equation. 

• Being tested by experiments. 

• Collapse models are non-relativistic. Relativistic model must include collapse in time. 

• What is the fundamental origin of spontaneous collapse?

T λ

λ ∼ 10−17 s−1, rc ∼ 10−5 cm

Nλ ∼ 106 for N ∼ 1023
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Consider a generalisation of Schrodinger evolution

• Such that the generalised evolution is deterministic, non-unitary, but norm-
preserving: 

                                                                     

•  is not self-adjoint; evolution of state-vector  is non-unitary and does not 
preserve norm. 

• Insist on norm-preservation of physical state   obeying 

                                                     

                                                     

H = ℏωH0 + iγA

H |ϕ⟩

|ψ⟩ = |ϕ⟩/ ⟨ϕ |ϕ⟩
d |ψ⟩

dt
= [−iωH0 + γ (A − ⟨A⟩)] |ψ⟩

dρ
dt

= − iω[H0, ρ] + γ{A, ρ} − 2γTr(ρA)ρ 5/34



What is the nature of such evolution?
• Consider a two-level qubit system, with    as  matrices. 

• Write these matrices in the eigenbasis of , having real eigenvalues      

H0, ρ, A 2 × 2

A λ0, λ1 with λ0 > λ1

H0 = ( a0 b0r + ib0i

b0r − ib0i d0 ) ρ =
1
2 ( 1 + z x − iy

x + iy 1 − z ) A = (λ0 0
0 λ1)

• Here,       is the Bloch vector.⃗v = (x, y, z)
·x = − ω [(a0 − d0)y + 2b0iz +

γ
ω

(λ0 − λ1)xz]
·y = ω [(a0 − d0)x − 2b0rz −

γ
ω

(λ0 − λ1)yz]
·z = ω [2b0ix + 2b0ry −

γ
ω

(λ0 − λ1)(z2 − 1)] 6/34



Breakdown of superposition for large coupling

• Consider              

          ,          ,         

                                               Solution:      

•               system is driven to eigenstate  

•       system is driven to eigenstate   

• Deterministic, non-unitary, norm-preserving  evolution can lead to breakdown of 
superposition when non-unitarity is significant.

γ/ω ≫ 1, γ/ω ≪ − 1
·x = −

γ
ω

(λ0 − λ1)xz ·y = −
γ
ω

(λ0 − λ1)yz ·z = −
γ
ω

(λ0 − λ1)(z2 − 1)

z =
1 − exp[−2γ(λ0 − λ1)t/ω]
1 + exp[−2γ(λ0 − λ1)t/ω]

γ/ω ≫ 1, z → 1, x, y → 0 |0⟩ of A

γ/ω ≪ − 1, z → − 1, x, y → 0 |1⟩ of A
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The origin of randomness is coarse-graining

• Assume the non-unitary deterministic theory to hold at some time resolution  at  

    which quantum theory has not yet been tested. 

• We ask what is the emergent theory when coarse-graining is done to  

• If the anti-self-adjoint coupling  is negligible, the emergent theory is quantum mech 

• If the anti-self-adjoint coupling  is significant, interpret  as a measure of coupling with 
measuring apparatus. 

• Randomness in  arises because time-of-arrival is not measured to resolution  

• Therefore, because of coarse-graining in time, outcomes appear random, even though 
the outcomes are deterministic in the underlying theory. 

• How to derive Continuous Spontaneous Localisation (CSL) ?

τ

t ≫ τ

γ

γ γ

γ τ
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CSL from coarse-graining a deterministic non-unitary dynamics

• Recall:    

• Let    and let   and assume 

                                     : leads to CSL 

•  

• The corresponding master equation is of the Lindblad form. 

• Spontaneous localisation: role of measuring apparatus played by `noise field’. 

• Noise field = `atoms of space-time-matter’: interaction with system is deterministic 

    but it appears random because of coarse-graining.

d |ψ⟩
dt

= [−iωH0 + γ (A − ⟨A⟩)] |ψ⟩

γ → ΓW(t) X = A − ⟨A⟩

X → ΓXW(t) − Γ (X2 − ⟨X2⟩)
d |ψt⟩ = [−iωH0dt −

Γ
2

(A − ⟨A⟩)2dt + Γ(A − ⟨A⟩)dW] |ψt⟩
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Conclusion

Quantum theory is an emergent approximation to  
an underlying deterministic theory which is non-
unitary but norm-preserving. 

Randomness is because of coarse-graining over 
the time-of-arrival.
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II. Adler’s theory of Trace Dynamics

• Conventional quantisation in the Heisenberg picture: given a Hamiltonian dynamics, 
raise classical dynamical variables to the status of matrices/operators. 

• Replace Poisson brackets by Heisenberg commutation relations. 

• Replace Hamilton’s equations of motion by Heisenberg equations of motion. 

————— 

• Adler’s trace dynamics: do raise classical dynamical variables to matrices, but do not 
impose Heisenberg commutation relations on these matrices. Instead: 

• Construct  Lagrangian / Hamiltonian dynamics with matrix-valued dynamical 
variables.
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Trace dynamics

S = ∑
i

∫ dτ
1
2

mi ( dqi

dτ )
2

From real numbered dynamical variables to matrices: q → q

S = ∑
i

∫ dτ Tr [ 1
2

L2
p

L2 ( dqi

dτ )
2

]
Novel conserved charge:         :  Pre-quantum theoryC̃ = ∑

i

[qBi, pBi] − {qFi, pFi}
(Adler-Millard charge) 12/34



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

   It is deterministic, non-unitary but norm-preserving.  

•Assume trace dynamics to hold at some time resolution 

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

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

• 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

(i)  In the approximation that  H is self-adjoint and evolution is unitary:
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Trace dynamics
• (ii) Second possibility: 

• If the anti-self-adjoint part of the Hamiltonian is significant, evolution  
   breaks quantum linear superposition. 

• Coarse-graining the dynamics introduces an apparent randomness in the  
    evolution, while obeying Born rule : spontaneous localisation. 

• The underlying theory of trace dynamics is deterministic and non-unitary. 

• If non-unitarity is significant, linear superposition is broken. 

• Upon coarse-graining, the emergent theory is either quantum theory, or 
    it is classical dynamics. 14/34



Trace dynamics admits super-quantum nonlocal correlations 

i.e. violates the Tsirelson bound in CHSH inequality

2 2 2 4

⏟
Quantum 

Correlations ⏟
Super-Quantum 

Correlations

Trace Dynamics when novel 
charge is not equipartitioned

Suggests that quantum mechanics is approximate, not exact

Popescu-Rohrlich Bound

⏟
Classical 

Correlations

0
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Trace Dynamics
• Trace dynamics does not specify any fundamental Lagrangian. 

• Also, it is a pre-quantum theory, not a pre-spacetime theory. 

• Spacetime is assumed classical, and flat (no gravitation). But this is an  
    intermediate step towards developing a pre-spacetime, pre-quantum theory. 

• We now propose to include matrix-valued gravitation, and a non-commutative 
     pre-spacetime, and also propose a fundamental Lagrangian. 

• This leads to a candidate theory for quantum gravity, and for  
     unification of fundamental forces. 

• Generalised trace dynamics. 16/34



III.  Generalised trace dynamics, and a Lagrangian

• The eigenvalues of the Dirac operator D on a curved space-time manifold: 
<latexit sha1_base64="0Zc7f3o2Kj7rAXzTSdJo7gKRzPQ="></latexit>

Tr[L2
PD

2] ⇠ L�2
P

Z
d4x

p
g R+O(L0

P ) =
X

i

�2
i

•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  [Spectral action principle of Chamseddine and Connes]

<latexit sha1_base64="4woyXHfANa9lPdCmhaIb3Ltv1M0="></latexit>

S

~ =

Z
d⌧

⌧Pl
Tr

⇢
L2
P

L2


q̇†B +

L2
P

L2
�1q̇

†
F

�
⇥

q̇B +

L2
P

L2
�2q̇F

��

<latexit sha1_base64="Qsiid/aQlR0tRXEJ4s8s5LIHO8Y="></latexit>

S

~ =

Z
d⌧

⌧Pl
Tr

⇢
L2
P

L2

⇣
q̇†B + i

↵

L
q†B

⌘
+

L2
P

L2
�1

⇣
q̇†F + i

↵

L
q†F

⌘�
⇥

⇣
q̇B + i

↵

L
q†B

⌘
+

L2
P

L2
�2

⇣
q̇F + i

↵

L
qF

⌘��

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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Generalised trace dynamics: Equations of Motion

• Define:
<latexit sha1_base64="a5HBpxXVQZ9rrNxsaEFVEGu1AL4="></latexit>

Q̇B =
1

L
(i↵qB + Lq̇B); Q̇F =

1

L
(i↵qF + Lq̇F );

<latexit sha1_base64="2a1A9skIM47QJMyavf43a2gnbtE="></latexit>

Q̇†
1 = Q̇†

B +
L2
p

L2
�1Q̇

†
F ; Q̇2 = Q̇B +

L2
p

L2
�2Q̇F

<latexit sha1_base64="lfqhFxoJkK4XGM1qcd6brE3UsjA="></latexit>

S

~ =
1

2

Z
d⌧

⌧Pl
Tr


L2
p

L2
Q̇†

1 Q̇2

�
• This is the form prior to  
left-right symmetry breaking

• Equations of Motion:
<latexit sha1_base64="TNHhH3HkdociK9O6GbPCxioHLE0="></latexit>

q1 = qB + �1
L2
P

L2
qF ; q2 = qB + �2

L2
P

L2
qF

<latexit sha1_base64="CVSTO8tLI4oDkU/qe81y85EKUNs="></latexit>

q̈1 = �↵2

L2
q1 ; q̈2 = �↵2

L2
q2

18/34Spontaneous localisation gives rise to the classical world.



IV.  Pre-spacetime and Octonions 

What do numbers have to do with 
elementary particles? 

Making physical space with numbers 
other than real numbers.
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There are only four 
kinds of number 

systems 

Which permit 

Addition, Subtraction, 
Multiplication, Division
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Real Numbers

Natural Numbers 0, 1, 2, 3, … 

Integers …, -3, -2, -1, 0, 1, 2, 3, … 

Rational numbers .., -1, .., -1/2,.. 0, ..,1/2,.., 1,..  

Real numbers = rationals + irrationals (e.g. 

<latexit sha1_base64="9LXdIgFAArxvLizNXY1cqzBsHc4=">AAAB7nicdVDLSgNBEOz1GeMr6tHLYBA8LbshGHMLevEYwTwgWcLsZDYZMvtwplcIIR/hxYMiXv0eb/6Nk80KKlrQUFR1093lJ1JodJwPa2V1bX1js7BV3N7Z3dsvHRy2dZwqxlsslrHq+lRzKSLeQoGSdxPFaehL3vEnVwu/c8+VFnF0i9OEeyEdRSIQjKKROn19p5BUBqWyY9czkCWpVXNSd4lrOxnKkKM5KL33hzFLQx4hk1Trnusk6M2oQsEknxf7qeYJZRM64j1DIxpy7c2yc+fk1ChDEsTKVIQkU79PzGio9TT0TWdIcax/ewvxL6+XYnDhzUSUpMgjtlwUpJJgTBa/k6FQnKGcGkKZEuZWwsZUUYYmoaIJ4etT8j9pV2z33K7eVMuNyzyOAhzDCZyBCzVowDU0oQUMJvAAT/BsJdaj9WK9LltXrHzmCH7AevsErJyP1A==</latexit> p
2

<latexit sha1_base64="9LXdIgFAArxvLizNXY1cqzBsHc4=">AAAB7nicdVDLSgNBEOz1GeMr6tHLYBA8LbshGHMLevEYwTwgWcLsZDYZMvtwplcIIR/hxYMiXv0eb/6Nk80KKlrQUFR1093lJ1JodJwPa2V1bX1js7BV3N7Z3dsvHRy2dZwqxlsslrHq+lRzKSLeQoGSdxPFaehL3vEnVwu/c8+VFnF0i9OEeyEdRSIQjKKROn19p5BUBqWyY9czkCWpVXNSd4lrOxnKkKM5KL33hzFLQx4hk1Trnusk6M2oQsEknxf7qeYJZRM64j1DIxpy7c2yc+fk1ChDEsTKVIQkU79PzGio9TT0TWdIcax/ewvxL6+XYnDhzUSUpMgjtlwUpJJgTBa/k6FQnKGcGkKZEuZWwsZUUYYmoaIJ4etT8j9pV2z33K7eVMuNyzyOAhzDCZyBCzVowDU0oQUMJvAAT/BsJdaj9WK9LltXrHzmCH7AevsErJyP1A==</latexit> p
2

<latexit sha1_base64="9LXdIgFAArxvLizNXY1cqzBsHc4=">AAAB7nicdVDLSgNBEOz1GeMr6tHLYBA8LbshGHMLevEYwTwgWcLsZDYZMvtwplcIIR/hxYMiXv0eb/6Nk80KKlrQUFR1093lJ1JodJwPa2V1bX1js7BV3N7Z3dsvHRy2dZwqxlsslrHq+lRzKSLeQoGSdxPFaehL3vEnVwu/c8+VFnF0i9OEeyEdRSIQjKKROn19p5BUBqWyY9czkCWpVXNSd4lrOxnKkKM5KL33hzFLQx4hk1Trnusk6M2oQsEknxf7qeYJZRM64j1DIxpy7c2yc+fk1ChDEsTKVIQkU79PzGio9TT0TWdIcax/ewvxL6+XYnDhzUSUpMgjtlwUpJJgTBa/k6FQnKGcGkKZEuZWwsZUUYYmoaIJ4etT8j9pV2z33K7eVMuNyzyOAhzDCZyBCzVowDU0oQUMJvAAT/BsJdaj9WK9LltXrHzmCH7AevsErJyP1A==</latexit> p
2

<latexit sha1_base64="hrU7Mo6WhfszzAPI2FNSV/5IvJs=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgadmEoB6DXjxGMA9IljA7mU2GzM6uM71CWPIRXjwo4tXv8ebfOHkgRlPQUFR1090VJFIY9LwvJ7e2vrG5ld8u7Ozu7R8UD4+aJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXJtRKzucZxwP6IDJULBKFqp1TUPGkmlVyyVXW8G8kM8t7qslGCBeq/42e3HLI24QiapMZ2yl6CfUY2CST4pdFPDE8pGdMA7lioaceNns3Mn5MwqfRLG2pZCMlN/T2Q0MmYcBbYzojg0f72puMrrpBhe+ZlQSYpcsfmiMJUEYzL9nfSF5gzl2BLKtLC3EjakmjK0CRVWhvCPNCtu+cKt3lVLtetFHHk4gVM4hzJcQg1uoQ4NYDCCJ3iBVydxnp03533emnMWM8ewBOfjG+AJj0c=</latexit>p
2)
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Complex Numbers
Which is the number whose square is -1? 

Define the imaginary number (i) such that
<latexit sha1_base64="b68NGTb11Tz2Kk27fd74wbfDBRw=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBC8uOyGoF6EoBePEcwDkjXMTmaTITOz68ysEJb8hBcPinj1d7z5N04eiNEUNBRV3XR3hQln2njel7O0vLK6tp7byG9ube/sFvb26zpOFaE1EvNYNUOsKWeS1gwznDYTRbEIOW2Eg+ux33ikSrNY3plhQgOBe5JFjGBjpSa7L6FLdOp3CkXf9SZAP8Rzy/NKEWaodgqf7W5MUkGlIRxr3fK9xAQZVoYRTkf5dqppgskA92jLUokF1UE2uXeEjq3SRVGsbEmDJurviQwLrYcitJ0Cm77+643FRV4rNdFFkDGZpIZKMl0UpRyZGI2fR12mKDF8aAkmitlbEeljhYmxEeUXhvCP1Euuf+aWb8vFytUsjhwcwhGcgA/nUIEbqEINCHB4ghd4dR6cZ+fNeZ+2LjmzmQOYg/PxDQuRjq0=</latexit>

i2 = �1

• Complex Numbers: <latexit sha1_base64="r0kBOZX0tw3ucPD9QVNjrmXJ4dI=">AAACBXicbZBNS8MwHMbT+TbnW9WjHoJDEAal1aE7Dr14nOBeYC0jTdMtLE27JBVG2cWLX8WLB0W8+h28+W3MuiFOfSDw43n+f5I8fsKoVLb9aRSWlldW14rrpY3Nre0dc3evJeNUYNLEMYtFx0eSMMpJU1HFSCcRBEU+I21/eDXN23dESBrzWzVOiBehPqchxUhpq2ceogr1oTsapSiAxOpbbk5nsAJrtGeWHcvOBb/BtqqLThnM1eiZH24Q4zQiXGGGpOw6dqK8DAlFMSOTkptKkiA8RH3S1chRRKSX5b+YwGPtBDCMhT5cwdz9uZGhSMpx5OvJCKmB/J1Nzf+ybqrCmpdRnqSKcDy7KEwZVDGcVgIDKghWbKwBYUH1WyEeIIGw0sWV/i3hD7ROLefcqt5Uy/XLeR1FcACOwAlwwAWog2vQAE2AwT14BM/gxXgwnoxX4202WjDmO/tgQcb7Fydblm8=</latexit>

a+ ib e.g. 3 + 8i

<latexit sha1_base64="+SQ0FyMSoAEO1P7FVwPb39OE54o=">AAAB+XicbZBLS8NAFIUn9VXrK+rSzWAR3BgSKeqy6MZlBfuAJpTJdNIOnUzSmZtCCf0nblwo4tZ/4s5/4/SBWO2BgcN37mUuJ0wF1+C6X1ZhbX1jc6u4XdrZ3ds/sA+PGjrJFGV1mohEtUKimeCS1YGDYK1UMRKHgjXDwd00b46Y0jyRjzBOWRCTnuQRpwQM6tg299kw4yNfDxXkF96kY5c9x50J/xjXqSyTMlqo1rE//W5Cs5hJoIJo3fbcFIKcKOBUsEnJzzRLCR2QHmsbK0nMdJDPLp/gM0O6OEqUeRLwjP7eyEms9TgOzWRMoK//ZlO4KmtnEN0EOZdpBkzS+UdRJjAkeFoD7nLFKIixMYQqbm7FtE8UoWDKKq0s4Z9pXDrelVN5qJSrt4s6iugEnaJz5KFrVEX3qIbqiKIRekIv6NXKrWfrzXqfjxasxc4xWpL18Q3KZJPF</latexit>

i ⌘
p
�1

• Rotation of a vector in a plane 

The vector can be expressed as a complex number.
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Complex numbers 
and vectors in a plane

<latexit sha1_base64="021MRjHo8y0B8KU3j1p18jz+oiM=">AAAB+HicbVDLSsNAFL3xWeujUZduBosgCCEpRd0IRTcuK9gHtCFMppN26GQSZiZCDf0SNy4UceunuPNvnD4Qqz1wL4dz7uVeTphyprTrflkrq2vrG5uFreL2zu5eyd4/aKokk4Q2SMIT2Q6xopwJ2tBMc9pOJcVxyGkrHN5M/NYDlYol4l6PUurHuC9YxAjWRgrsEkZXCAceOjO9glhglz3HnQL9ENepLiplmKMe2J/dXkKymApNOFaq47mp9nMsNSOcjovdTNEUkyHu046hAsdU+fn08TE6MUoPRYk0JTSaqr83chwrNYpDMxljPVB/vYm4zOtkOrr0cybSTFNBZoeijCOdoEkKqMckJZqPDMFEMvMrIgMsMdEmq+LSEP6RZsXxzp3qXbVcu57HUYAjOIZT8OACanALdWgAgQye4AVerUfr2Xqz3mejK9Z85xAWYH18A3EXkQU=</latexit>

a = a1 + a2i

Rotate a clockwise by  
thirty degrees:

<latexit sha1_base64="t2xiKWrR4UHcToB1k4ngRb0bxdo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgadmVoB6DXjwmYB6QLGF20puMmZ1dZmaFEPIFXjwo4tVP8ubfOHkgRlPQUFR1090VpoJr43lfTm5tfWNzK79d2Nnd2z8oHh41dJIphnWWiES1QqpRcIl1w43AVqqQxqHAZji8nfrNR1SaJ/LejFIMYtqXPOKMGivVeLdY8l1vBvJDPLe8rJRggWq3+NnpJSyLURomqNZt30tNMKbKcCZwUuhkGlPKhrSPbUsljVEH49mhE3JmlR6JEmVLGjJTf0+Maaz1KA5tZ0zNQP/1puIqr52Z6DoYc5lmBiWbL4oyQUxCpl+THlfIjBhZQpni9lbCBlRRZmw2hZUh/CONC9e/dMu1cqlys4gjDydwCufgwxVU4A6qUAcGCE/wAq/Og/PsvDnv89acs5g5hiU4H9/bEoz8</latexit>

i

Real part
<latexit sha1_base64="9C9khENU5puZywxHCbIm+bo4kLw=">AAACNXicfVDLSgMxFM3Ud31VXboJFqFFKDO1qBtBdOPChYKtQmcc7qRpG5pJhiQjlMGfcuN/uNKFC0Xc+gumtYiP4oELJ+fcy809UcKZNq776OQmJqemZ2bn8vMLi0vLhZXVhpapIrROJJfqMgJNORO0bpjh9DJRFOKI04uodzTwL66p0kyKc9NPaBBDR7A2I2CsFBZOov2ST6TG2+6VxFuYYV8zMXyVMfzj+YbFVOMShJ61IKxiVg4LRa/iDoG/iFup/VSKaITTsHDvtyRJYyoM4aB103MTE2SgDCOc3uT9VNMESA86tGmpALsyyIZX3+BNq7RwWypbwuCh+n0ig1jrfhzZzhhMV//2BuI4r5ma9l6QMZGkhgryuaidcmwkHkSIW0xRYnjfEiCK2b9i0gUFxNig82ND+EMa1Yq3U6md1YoHh6M4ZtE62kAl5KFddICO0SmqI4Ju0QN6Ri/OnfPkvDpvn605ZzSzhn7Aef8AlfulTQ==</latexit>

b = (cos 30o + i sin 30o)a = (cos 30o + i sin 30o)⇥ (a1 + a2i)

How to describe rotations in  
three dimensions? 23/34



Quaternions
<latexit sha1_base64="l9uT/XiqBz3ANrGOr7NEwVn0Vfg=">AAACFnicbVDLSgMxFM3UV62vqks3wSIIxWGmFnUjFN24rGAf0A7DnTRtYzMPk4xQhn6FG3/FjQtF3Io7/8Z0WsRqDySce8693OR4EWdSWdaXkVlYXFpeya7m1tY3Nrfy2zt1GcaC0BoJeSiaHkjKWUBriilOm5Gg4HucNrzB5dhv3FMhWRjcqGFEHR96AesyAkpLbv7oDp9jcC1c1LeN231QmKVFaVLc4iK4xxM+cPMF27RS4B9imeVZpYCmqLr5z3YnJLFPA0U4SNmyrUg5CQjFCKejXDuWNAIygB5taRqAT6WTpN8a4QOtdHA3FPoECqfq74kEfCmHvqc7fVB9+dcbi/O8Vqy6Z07CgihWNCCTRd2YYxXicUa4wwQlig81ASKYfismfRBAlE4yNzeEf6ReMu0Ts3xdLlQupnFk0R7aR4fIRqeogq5QFdUQQQ/oCb2gV+PReDbejPdJa8aYzuyiGRgf30AFmxo=</latexit>

q = a0 + a1î+ a2ĵ + a3k̂
<latexit sha1_base64="Kw5iVW52yA6kRyalpYotqb1xD6k=">AAACEXicbZDLSgMxFIYz9VbrbdSlm2ARunGYSlE3haIblxXsBdqhZNJMG5u5kJwRytBXcOOruHGhiFt37nwb0+koVnsg5OP/z+EkvxsJrsC2P43c0vLK6lp+vbCxubW9Y+7uNVUYS8oaNBShbLtEMcED1gAOgrUjyYjvCtZyR5dTv3XHpOJhcAPjiDk+GQTc45SAlnpmqTskgDlOr1tcxcffmBnVGYx6ZrFs2WnhH7CtyrxSRFnVe+ZHtx/S2GcBUEGU6pTtCJyESOBUsEmhGysWEToiA9bRGBCfKSdJfzTBR1rpYy+U+gSAU/X3REJ8pca+qzt9AkP115uKi7xODN65k/AgioEFdLbIiwWGEE/jwX0uGQUx1kCo5PqtmA6JJBR0iIWFIfyD5olVPrUq15Vi7SKLI48O0CEqoTI6QzV0heqogSi6R4/oGb0YD8aT8Wq8zVpzRjazj+bKeP8CzPCafw==</latexit>

îĵ = �ĵ î = k̂
<latexit sha1_base64="nn6+H/sKYI1ASfhJzbkmwpy5+Uk=">AAACEXicbZDLSgMxFIYz9VbrbdSlm2ARunGYSlE3haIblxXsBdqhZNJMG5u5kJwRytBXcOOruHGhiFt37nwb0+koVnsg5OP/z+EkvxsJrsC2P43c0vLK6lp+vbCxubW9Y+7uNVUYS8oaNBShbLtEMcED1gAOgrUjyYjvCtZyR5dTv3XHpOJhcAPjiDk+GQTc45SAlnpmqTskgG9xeo1wFR9/Y2ZUZ8B7ZrFs2WnhH7CtyrxSRFnVe+ZHtx/S2GcBUEGU6pTtCJyESOBUsEmhGysWEToiA9bRGBCfKSdJfzTBR1rpYy+U+gSAU/X3REJ8pca+qzt9AkP115uKi7xODN65k/AgioEFdLbIiwWGEE/jwX0uGQUx1kCo5PqtmA6JJBR0iIWFIfyD5olVPrUq15Vi7SKLI48O0CEqoTI6QzV0heqogSi6R4/oGb0YD8aT8Wq8zVpzRjazj+bKeP8C0E6agQ==</latexit>

ĵk̂ = �k̂ĵ = î
<latexit sha1_base64="Iqx8+mlSWzDnenw8drIyHKYz1Cw=">AAACEXicbZDLSgMxFIYz9VbrbdSlm2ARunGYSlE3haIblxXsBdqhZNJMG5u5kJwRytBXcOOruHGhiFt37nwb0+koVnsg5OP/z+EkvxsJrsC2P43c0vLK6lp+vbCxubW9Y+7uNVUYS8oaNBShbLtEMcED1gAOgrUjyYjvCtZyR5dTv3XHpOJhcAPjiDk+GQTc45SAlnpmqTskgEc4vTiu4uNvzIzqDG57ZrFs2WnhH7CtyrxSRFnVe+ZHtx/S2GcBUEGU6pTtCJyESOBUsEmhGysWEToiA9bRGBCfKSdJfzTBR1rpYy+U+gSAU/X3REJ8pca+qzt9AkP115uKi7xODN65k/AgioEFdLbIiwWGEE/jwX0uGQUx1kCo5PqtmA6JJBR0iIWFIfyD5olVPrUq15Vi7SKLI48O0CEqoTI6QzV0heqogSi6R4/oGb0YD8aT8Wq8zVpzRjazj+bKeP8Czp+agA==</latexit>

k̂î = �îk̂ = ĵ

Rotation in three dimensions
<latexit sha1_base64="m8l5ZX4NWJwaGoa8FnW8h/9joZI=">AAACCXicbZBLSwMxFIXv1Fetr1GXboJFEIRhptbHRii6cVnBPqAdSibNtLGZB0lGKEO3bvwrblwo4tZ/4M5/YzotYrUHAh/n3EuS48WcSWXbX0ZuYXFpeSW/Wlhb39jcMrd36jJKBKE1EvFIND0sKWchrSmmOG3GguLA47ThDa7GeeOeCsmi8FYNY+oGuBcynxGstNUxURVdoFK7jxVi6AgdZ3Sn6QRlOOiYRceyM6EfsK3yrFOEqaod87PdjUgS0FARjqVsOXas3BQLxQino0I7kTTGZIB7tKUxxAGVbpr9ZIQOtNNFfiT0CRXK3N8bKQ6kHAaengyw6su/2dicl7US5Z+7KQvjRNGQTC7yE45UhMa1oC4TlCg+1ICJYPqtiPSxwETp8gpzS/gH9ZLlnFrlm3KxcjmtIw97sA+H4MAZVOAaqlADAg/wBC/wajwaz8ab8T4ZzRnTnV2YkfHxDQGelsA=</latexit>

P = 2̂i+ 3ĵ + 5k̂

Rotate by thirty degrees 
around 

<latexit sha1_base64="rS/4cSGR4HhJlt/CUW0ttnCsKAw=">AAAB9XicbZBLSwMxFIXv+Kz1VXXpJlhENw4zUtSNUHTjcgr2Ae20ZNJMG5rJDElGKUP/hxsXirj1v7jz35g+EKs9EDh8515yOUHCmdKO82UtLa+srq3nNvKbW9s7u4W9/ZqKU0lolcQ8lo0AK8qZoFXNNKeNRFIcBZzWg8HtOK8/UKlYLO71MKF+hHuChYxgbVDbO7lGFeShSjs7c0edQtG1nYnQj3Hs0jwpwkxep/DZ6sYkjajQhGOlmq6TaD/DUjPC6SjfShVNMBngHm0aK3BElZ9Nrh6hY0O6KIyleUKjCf29keFIqWEUmMkI6776m43hoqyZ6vDKz5hIUk0FmX4UphzpGI0rQF0mKdF8aAwmkplbEeljiYk2ReUXlvDP1M5t98IuVUrF8s2sjhwcwhGcgguXUIY78KAKBCQ8wQu8Wo/Ws/VmvU9Hl6zZzgHMyfr4BtgEkM8=</latexit>

P 0 = QPQ�1

<latexit sha1_base64="a/nzyL2Yj2DJLILDKD/32ra6lwU=">AAACDXicbZBNS8MwHMZTX+d8q3r0EpyCIJRWh3oRhl48buBeYK0jTdMtLE1qkgqj7At48at48aCIV+/e/DZ23RCneyDw8Hv+f5I8fsyo0rb9ZczNLywuLRdWiqtr6xub5tZ2Q4lEYlLHggnZ8pEijHJS11Qz0oolQZHPSNPvX43y5j2Rigp+owcx8SLU5TSkGOkMdcz9GryALhYKnti3Ah5BV1MWkPRuCF1FeU6LHbPkWHYu+GNsqzxNSmCiasf8dAOBk4hwjRlSqu3YsfZSJDXFjAyLbqJIjHAfdUk7sxxFRHlp/pshPMhIAEMhs8M1zOnvjRRFSg0iP5uMkO6pv9kIzsraiQ7PvZTyONGE4/FFYcKgFnBUDQyoJFizQWYQljR7K8Q9JBHWWYGzS/hnGseWc2qVa+VS5XJSRwHsgj1wCBxwBirgGlRBHWDwAJ7AC3g1Ho1n4814H4/OGZOdHTAl4+MbYu+ZQw==</latexit>

Q = cos 30o + q̃ sin 30o

<latexit sha1_base64="bPkY30WnFcEHgRyqyDbScerpXHY=">AAACF3icbVDLSgMxFM3UV62vUZdugkUQhGGmFnUjFN24rGAf0JbhTpq2sZmHyR2hDP0LN/6KGxeKuNWdf+P0gVjtgcB53EuS40VSaLTtLyOzsLi0vJJdza2tb2xumds7VR3GivEKC2Wo6h5oLkXAKyhQ8nqkOPie5DWvfznKa/dcaREGNziIeMuHbiA6ggGmlmtaTRSyzZO74Tm4Dm32AKmgRxTcwkTcjsXxRPRdM+9Y9hj0h9hWcdbJkynKrvnZbIcs9nmATILWDceOsJWAQsEkH+aaseYRsD50eSOlAfhct5Lxv4b0IHXatBOq9ARIx+7vjQR8rQe+l076gD39NxuZ87JGjJ2zViKCKEYesMlFnVhSDOmoJNoWijOUg5QAUyJ9K2U9UMAwrTI3t4R/pFqwnBOreF3Mly6mdWTJHtknh8Qhp6RErkiZVAgjD+SJvJBX49F4Nt6M98loxpju7JIZGB/fn8edDw==</latexit>

q̃ = a1î+ a2ĵ + a3k̂

<latexit sha1_base64="9DVjDz1xjqnu+wlMu9453JX5amw=">AAACDHicbZDLSgMxGIX/8VrrrerSTbAIbhxmSqluhKIblxXsBdpaMmmmjc1khiQjlKEP4MZXceNCEbc+gDvfxnRa1GoPBD7O+X+SHC/iTGnH+bQWFpeWV1Yza9n1jc2t7dzObk2FsSS0SkIeyoaHFeVM0KpmmtNGJCkOPE7r3uBinNfvqFQsFNd6GNF2gHuC+YxgbaxOLt/qY43YTQGdoRRvf3CQ4rFrplzbSYW+wbGLs04epqp0ch+tbkjigApNOFaq6TqRbidYakY4HWVbsaIRJgPco02DAgdUtZP0MyN0aJwu8kNpjtAodX9vJDhQahh4ZjLAuq/+ZmNzXtaMtX/aTpiIYk0FmVzkxxzpEI2bQV0mKdF8aAATycxbEeljiYk2/WXnlvAPagXbLdmlq2K+fD6tIwP7cABH4MIJlOESKlAFAvfwCM/wYj1YT9ar9TYZXbCmO3swI+v9C2QqmAg=</latexit>

î2 = ĵ2 = k̂2 = →1
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Quaternionic multiplication and 3-vectors
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Octonions
<latexit sha1_base64="eROzeHQ2qBP1GSM4u9XU08X8s18=">AAACM3icbdBNS8MwGAfwdL7N+Vb16CU4BEEo7dZtXoShF/HiBPcCWylplm1h6QtJKoyy7+TFL+JBEA+KePU7mHZDnPpA4Mf/SUjyeBGjQprms5ZbWl5ZXcuvFzY2t7Z39N29lghjjkkThyzkHQ8JwmhAmpJKRjoRJ8j3GGl744u0374jXNAwuJWTiDg+GgZ0QDGSKnL1q+sz5JonELkWJGqlKimVMpWVyplsJTtTRamSqapUzVRTqrl60TLMrOA3TMNeTIpgXg1Xf+z1Qxz7JJCYISG6lhlJJ0FcUszItNCLBYkQHqMh6SoGyCfCSbI/T+GRSvpwEHK1Agmz9OeJBPlCTHxP7fSRHInfvTT8r9eN5eDUSWgQxZIEeHbRIGZQhjAdIOxTTrBkEwWEOVVvhXiEOMJSjbnw7xD+oFUyrKph39jF+vl8HHlwAA7BMbBADdTBJWiAJsDgHjyBV/CmPWgv2rv2Mdua0+Zn9sFCaZ9fNcqiOw==</latexit>

O = a0 + a1e1 + a2e2 + a3e3 + a4e4 + a5e5 + a6e6 + a7e7
<latexit sha1_base64="8/cxJ76q8Fuxdc8diaSX+z+vSms=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBiyEpRb0IRS8eK9gPbGPZbCft0s0m7G6EEvovvHhQxKv/xpv/xvQDseqDgcd7M8zM82PBtXGcTyu3tLyyupZfL2xsbm3vFHf3GjpKFMM6i0SkWj7VKLjEuuFGYCtWSENfYNMfXk385gMqzSN5a0YxeiHtSx5wRk0m3WGX35fJBTlxu8WSaztTkG/i2JVFpQRz1LrFj04vYkmI0jBBtW67Tmy8lCrDmcBxoZNojCkb0j62MyppiNpLpxePyVGm9EgQqaykIVP150RKQ61HoZ91htQM9G9vIv7ntRMTnHspl3FiULLZoiARxERk8j7pcYXMiFFGKFM8u5WwAVWUmSykwr8h/CGNsu2e2pWbSql6OY8jDwdwCMfgwhlU4RpqUAcGEh7hGV4sbT1Zr9bbrDVnzWf2YQHW+xeFG4+F</latexit>

e2i = �1

Multiplication: Fano Plane

Multiplication 
Is 

Non-commutative 
And 

Non-associative

<latexit sha1_base64="vCWck/tOoWn+e/MhC378BXahFDk=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBHcGBIp6kYounFZwT6gDWEyvWnHTh7MTIQQ6q+4caGIWz/EnX/jNC1itQeGOfece7mX4yecSWXbX8bS8srq2nppo7y5tb2za+7tt2ScCgpNGvNYdHwigbMImoopDp1EAAl9Dm1/dD3x2w8gJIujO5Ul4IZkELGAUaK05JkV8BgG7x5f4pPi17VnVh3LLoB/iG3V5pUqmqHhmZ+9fkzTECJFOZGy69iJcnMiFKMcxuVeKiEhdEQG0NU0IiFINy+OH+MjrfRxEAv9IoUL9fdETkIps9DXnSFRQ/nXm4iLvG6qggs3Z1GSKojodFGQcqxiPEkC95kAqnimCaGC6VsxHRJBqNJ5lReG8I+0Ti3nzKrd1qr1q1kcJXSADtExctA5qqMb1EBNRFGGntALejUejWfjzXifti4Zs5kKmoPx8Q04y5M4</latexit>eiej = �ejei

<latexit sha1_base64="9hcIDT9k4EtAi5yczZdrDiwV4Lo=">AAAB/XicbZBLSwMxFIUzPmt91cfOTbAIroaZUtRl0Y27VrAPaIchk95pQzOZMckIdSj+FTcuFHHr/3DnvzF9IFZ7IHD4zr3kcoKEM6Ud58taWl5ZXVvPbeQ3t7Z3dgt7+w0Vp5JCncY8lq2AKOBMQF0zzaGVSCBRwKEZDK7GefMepGKxuNXDBLyI9AQLGSXaIL9wWPVdXPVLuCPgbmIM8AtF13Ymwj/GscvzpIhmqvmFz043pmkEQlNOlGq7TqK9jEjNKIdRvpMqSAgdkB60jRUkAuVlk+tH+MSQLg5jaZ7QeEJ/b2QkUmoYBWYyIrqv/mZjuChrpzq88DImklSDoNOPwpRjHeNxFbjLJFDNh8YQKpm5FdM+kYRqU1h+YQn/TKNku2d2+aZcrFzO6sihI3SMTpGLzlEFXaMaqiOKHtATekGv1qP1bL1Z79PRJWu2c4DmZH18AyxkkyA=</latexit>

O1O2 6= O2O1
<latexit sha1_base64="am+GHhZ3/nql/MxaEOKBqZPe0L8=">AAACCHicbZBNS8MwGMdTX+d8q3r0YHAI26W0c6jHoRdvm+BeYCslzdItLE1rkgqj7OjFr+LFgyJe/Qje/Dam2xCn+0Pg//ye5yHJ348Zlcq2v4yl5ZXVtfXcRn5za3tn19zbb8ooEZg0cMQi0faRJIxy0lBUMdKOBUGhz0jLH15l/dY9EZJG/FaNYuKGqM9pQDFSGnnmUc1zYLHmlWHNOy3BLid3WenoslzSyDMLjmVPBH+MbVXmSQHMVPfMz24vwklIuMIMSdlx7Fi5KRKKYkbG+W4iSYzwEPVJR1uOQiLddPKRMTzRpAeDSOjDFZzQ3xspCqUchb6eDJEayL+9DC7qdRIVXLgp5XGiCMfTi4KEQRXBLBXYo4JgxUbaICyofivEAyQQVjq7/MIQ/plm2XLOrMpNpVC9nMWRA4fgGBSBA85BFVyDOmgADB7AE3gBr8aj8Wy8Ge/T0SVjtnMA5mR8fAPZD5YS</latexit>

O1(O2O3) 6= (O1O2)O3 26/34



Numbers describe  
Physical Space

Real Line

• Three-dimensional 
space 

• Particles move in 
   this space.
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Quaternions describe 
4-D spacetime

• The space-time of 
Special Relativity 

Is 
Quaternionic 

• But no restriction 
  On properties such 
  As charge and mass.    
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Octonions describe unified `spacetime and 
internal gauge symmetry space’ 

The symmetry groups of the octonions

The five exceptional Lie groups denoted: 
<latexit sha1_base64="fj5VnyabMfLSnMwcnkoPGOVJaLI=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL4KKEtIS2y6L4WFawD2hDmEwn7dDJJMxMhBK68VfcuFDErZ/hzr9x0hax6oF7OZxzLzP3+DGjUtn2p5FbWV1b38hvFra2d3b3zP2DtowSgUkLRywSXR9JwignLUUVI91YEBT6jHT88UXmd+6JkDTid2oSEzdEQ04DipHSkmceXXuVErzynBK89KpZq2Wt7pnFsmXPAL+JbTnLShEs0PTMj/4gwklIuMIMSdkr27FyUyQUxYxMC/1EkhjhMRqSnqYchUS66eyAKTzVygAGkdDFFZypPzdSFEo5CX09GSI1kr+9TPzP6yUqqLsp5XGiCMfzh4KEQRXBLA04oIJgxSaaICyo/ivEIyQQVjqzwr8h/CHtilWuWs6tU2ycL+LIg2NwAs5AGdRAA9yAJmgBDKbgETyDF+PBeDJejbf5aM5Y7ByCJRjvX1+akxI=</latexit>

G2, F4, E6, E7, E8

• G2   is a 14-dim group : automorphism

    group of the octonions.


• Clifford algebras made from

    complex octonions are used to

    construct spinors.

Dirac Operator 

 D = ̂i
∂i
∂x

+ ̂j
∂
∂y

+ ̂j
∂
∂z

D2 = − ∇2
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Generalised Trace Dynamics

• For an atom of space-time-matter, e.g. : 

                                               

                                                       … 

                                                          

• Assume the Lagrangian to have an  symmetry and 

                                            

  reveals the standard model, general relativity, and two new forces.

S = ∫ dτ Tr [ ·qB + qB]2

·qB ≡ D = ·qBx
̂i
∂
∂x

+

qB = qBx
̂i + . . .

E8 × E8

E8 → SU(3) × E6 → SU(3) × SU(3) × SU(3) × SU(3)

Matrix dynamics over non-commuting coordinates
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Our 4D spacetime 
 

GR=geometry of 1st spacetime
SU(2)R ⊗ U(1)YDEM brokenSecond 4D (anti-)spacetime 

 

Weak force = geometry of 
 2nd (anti-)spacetime

SU(2)L ⊗ U(1)Y broken

Two Higgs
SU(3)grav ⊗ U(1)DEM

SU(3)c ⊗ U(1)em

( − , + , + , + )

( − , − , − , + ) ⏟Our Universe

Big Bang ——>  Atoms of space-time-matter 
E8 ⊗ E8 symmetry

Electro-weak symmetry          breaking … also a         chiral symmetry breaking

Space-time from 

Collapse of the wave function

6D spacetime (3, 3)  

         Locality
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Are there any testable predictions?
• No smoking gun prediction yet. 

• Pre-gravitation is mediated by spin one gauge bosons. Spin-2 graviton? 

• Insight into values of dimensionless fundamental constants, e.g. mass ratios.

• There are three right-handed sterile neutrinos.

• There is an additional, charged, Higgs boson.

• Electron and positron repel under U(1)DEM

• Holographic length uncertainty relations.

•Superquantum nonlocal correlations.

• An explanation for strong CP problem, and origin of matter-antimatter asymmetry.

• General relativity modified by . MOND?U(1)DEM 32/34



Foundational Problems of Quantum Theory
• Collapse of the wave function and absence of macroscopic superpositions. 

• Randomness of measurement outcomes and origin of Born probability rule. 

• The puzzle of quantum non-locality. 

• Super-quantum non-local correlations allowed by special relativity. 

• The problem of time in quantum theory:  

       one can assume classical spacetime in quantum theory only if the universe is   

       dominated by macroscopic classical objects. 

       Addressing these problems guides us to a theory of quantum gravity, and of unification.
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CONCLUSION : Gravitation and quantum theory are emergent phenomena

• Newtonian mechanics ——> Special Relativity ——->  General Relativity 

• Newtonian mechanics ——-> Special Relativity ——-> Quantum Theory 

• Merger ? 

• Newtonian mechanics ———> Special Relativity ———> `Matrix dynamics on 

                                                                                                        non-commuting pre-spacetime’ 

    Dirac operator:  D = Octonionic gradient operator ——-> unification 

    Lagrangian = Trace D2 

•  Spontaneous collapse gives rise to classical spacetime and to classical fields  

•  Uncollapsed degrees of freedom obey quantum theory  / Gen. Trace Dynamics 34/34


