THE BORDER BETWEEN
RELATIVITY AND
QUANTUM THEORY

0SU




Abstract

Many efforts have been made to fulfill Einstein’s dream
of unifying general relativity and quantum theory,
including the study of quantum field theory in curved
space, supergravity, string theory, twistors, and loop
quantum gravity. While all of these approaches have
had notable successes, unification has not yet been
achieved. After a brief tour of the progress which has
been made, this talk will focus on the fundamental role
played by spinors in several of these approaches,
suggesting that spinors are the key to combining
classical relativity with quantum physics.
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All Roads Lead to Quantum Gravity

QFT in curved space
Canonical Quantum Gravity
Loop Quantum Gravity
Supergravity

String Theory

T'wistors
Other
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Quantum Field Theory in Curved Space

Tevian Dray, Jirgen Renn, and Donald C. Salisbury, Particle
Creation with Finite Energy Density, Lett. Math. Phys. 7,
145-153 (1983).

e Fulling, Davies, Unruh, Ashtekar/Magnon:
Particles are observer-dependent

e black hole thermodynamics

e Wald: Essential ideas of QFT better identified in
curved space than in Minkowski space!

e Answer: algebraic approach

Index



Canonical Quantum Gravity

Bergmann, Dirac: constraint algebra

Arnowitt, Deser, Misner: new variables (hgp, %)

Ashtekar: New Variables (A,°, €%;)
polynomial constraints
Wheeler, DeWitt: formal field equation (WDW)

(Kuchaf: time map)

Salisbury: time-dependent gauge (Bergmann-Komar)

Index



Loop Quantum Gravity

Jacobson, Smolin: Loop-like solutions of WDW
spatial discreteness natural

background independent!

no ultraviolet divergences

possible control of singularities

explains black hole entropy

(Rovelli: “partial observables”)

Index



Supergravity

Kaluza-Klein theory for gravity: 11-dimensional
covariant: QFT of metric fluctuations

DeWitt, Feynman: Feynman rules for GR

supergravity: renormalizable extension?

Index



String Theory

M, =0  II*9,0 =0

covariant: natural successor to supergravity
supersymmetry: 3, 4, 6, 10 dimensions
explains black hole entropy

“GR at low energies”

Index



Twistors

7% = (w?, mar) (Z%, Z 5] = hd%g

combinatorics of null angular momentum
complex numbers crucial to quantum mechanics
complex numbers describe null directions

non-locality: local info encoded in global fields

Index



Other

Finkelstein: chronons; Clifford statistics

Sorkin: causal sets

Connes: noncommutative geometry

Hawking: sum over histories; wave function of universe

Penrose: gravity-induced quantum state reduction

Index



Status

e Are there any observable consequences to a quantum
theory of gravity?

Major: Some constraints, primarily from particle
production rates at astrophysical energy scales,
which are sensitive to Planck scale modifications
in dispersion relations.

e Burgess: no crisis: details of QG open, but effective

theory of gravity known.



What’s Missing?

o Gravity really is different.
e The essence of relativity is the lightcone structure.

e We need a revolutionary idea.



Vectors

XT=X"=X
—det(X) = —t2 + 22 + 3% + 22

X =tl + xo, + yo, + zo, (Pauli matrices)

SO(3,1) ~ SL(2,C)

Start



Clifford Algebras

Baylis: Classical relativistic physics in Clifford’s geometric
algebra has a spinorial formulation that is closely
related to the standard quantum formalism. The
algebraic use of spinors and projectors, together with
the bilinear relations of spinors to observed currents,
gives quantum-mechanical form to many classical
results, and the clear geometric content of the algebra
makes 1t an lluminating probe of the
quantum/classical interface.



Division Algebras

R C=R+Rs

H=C + Cj O =H + H/



More Vectors

SO(5,1) =~ SL(2,H)
SO(9,1) = SL(2,0)
K=R,C H,QO+——
P a
X—( ) (p,m € R;a € K)
a m

dimK + 2 = 3,4, 6, 10 spacetime dimensions

supersymmetry




Spinors

(Penrose, not Dirac)
<b>
(R
c
T b]*  be
v =
cb |c|?

det(vvT) = 0

(spinor)? = null vector




Spinors

e |'wistors:

w?, w4 are complex spinors.

e String Theory:
6 is a division algebra spinor;

I =007 —070.

e Loop Quantum Gravity:

A," is spin connection

Projections of higher-dimensional

null vectors are null or timelike!

3 generations of leptons?



Jordan Algebras

D a b
X=|a m c

b ¢ n

1
Xoy:§(?fy+y?f)

Exceptional quantum mechanics:
(XoY)oX?*=Xo (po2)

P. Jordan, J. von Neumann, and E. Wigner, On an Algebraic
Generalization of the Quantum Mechanical Formalism, Ann.

Math. 35, 29-64 (1934).
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“Superspinors”

II 6
X =
(o o)

Cayley /Moufang plane:

OP’ = {X’=X,trX =1}
(X =gyt 9Ty =1,9 € B’}

det(MXMT) = det ¥ = M € Fj
SO(3,1) x U(1) x SU(2) x SU(3) C Es

“Jordan” Spin Foam?
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