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eral Relativity

nifold obeys Einstein’s Field
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General Relativity

a (generally curved) 4-manifold

with no net force
hat equivalent exists for objects in curved space-



(reodesics

= Geodesic - path of minimum distance joining
two points on a surface (manifold)

= Principle of least action implies objects follow

geodesics

o



sodesics 1n GR

ng between two points in curved
/ the geodesics between those
external forces



Riemann Curvature Tensor

= In flat space-time, continuous parallel transport
1s an identity transformation.

= But not in curved space-time!
= How much parallel
transport fails to be
identical: Riemann
curvature tensor




urvature Tensor

ature tensor is given by

B
-, B
:? L

6 6mponets, out only 20 distinct

cular, contains Ricci tensor and scalar
re (trace of Ricci tensor):



lar and Ricci Tensor

urvature at given point implies

int has greater volume than in Euclidean






Special Relativity...

metries, need different metrics



versus QM

oncile theories:
a smooth (differentiable pseudo-









, holes

i: The Schwarzschild metric

rular



Nonrenormalizability

of gravity can be constructed
ndamental forces

low energies (good EFT)

the valid, (very) small quantum mechanical
tion to Newtonian gravity



Nonrenormalizability

nental forces take into account
rections via renormalization

erators+H.O.T. re-normalized
V. able

: oop contribution causes divergent action
al (at higher energies, spacetime is a point)

adaed

is nonrenorm

ensional regularization unable to yield a finite
al

ity




supergravity (SUGRA)

= “Five String Theories Problem”

= Strings 1995 conference: Ed Witten proposes M-
Theory

= Candidate for
unified theory of
everything

E« % E« heterotic SO32) heterotc




ravity (SUGRA)

B string theories require 10
e Heterotic-O and Heterotic-E

ry captures imensional supergravity
unifying supersymmetry with gravity



ensional SUGRA

ensionality for a single graviton
, implies particles with spin > 2
d =12 if two are light-like



Jeven- {imensional SUGRA

mensionality for a single graviton
implies particles with spin > 2
1mu | dimensior ality to contain SU(3)

ng) and SU(2)xU(1) (EW)

exists a classical action for 11-

nsional supergravity such that all others
a 1ssically (even if not QM) equivalent

'@ Canco pactity 7 (or 4) dimensions



shiortcomings of Supergravity

7 dimensions, but remaining 4
ter space (attractive A)

"/

ited number anifolds; none

vatible with SUSY or quarks/leptons
sested SO(8) or SO(5)xSU(2)
- SUGRA theories make A lar
ning to solve

= Quant ation led to QFT anoma



;oop Quantum Gravity

es of the gravitational field are

rise to a spin foam
lan path integral becomes
| ' er all geometries

' Researc" 1S ongoing



,00p Quantum Gravity

anonical position/ momentum
ket relations

y many ( constraints from
rdi mg GR as SU(2) Yang-Mills theory

onstramts from Hamlltoman and
2d diffeomorphisms

'zing of constraints yields Quantum GR
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