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Intro to Groupoids

objects a

arrows between objects

ygpgytgyyyay.ingr sy yg
every arrow has an inverse ly

Eets X base

arcs G groupoid
each arrow has a source and target object

i e G X maps

Identity id G
x Idx

Inverse G G

composition G G
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Rydberg Ritz combination principle

if 2mn and Nek are observed frequencies

corresp to the_the and tea

and if n l then 2mn 2ns 2mk
is observed almost always true

Henberg what we actually observe are virtual oscillation

corresponding to En En differences

Rydberg Ritz composition in groupoid

arrows n m Il tl
are composable only if
S n m m

n m Fk coincides with

e kl e
compose

and comp is

a n k
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EI objets points in

arrows paths in X up to homotopy fixing
endpoints
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Heisenberg's main idea observable quantities f of state
have Fourier representation involving
frequencies Vip TXT IR

Uki Nik

i e homomorphism Pair M R

i e given k j Ij ki
in Pair T

have Dej Dji Tri

i e a f of state observable

has form of
Pair T Foley

sit q i j q j q

i e.li q Eq 9
matrix version selfadjoint

To get dynamics specify an observable

For theatoms above
Vi freq ofH i j 40

5 5 ith state
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Pair T a

Elation c f 19 H q

df H q 9 4

9T
9 92 i i q j k 9,1k i

convolution product of f on a groupoid

automatically associative dueto fact groupoid is

matrix multiplicati

H g j i Σ Hlik q ki
k

hnjq j
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In this way Heisenberg identified quantum
analogue of f's on state space

Hamilton's evol of such fus

What are the states themselves

Borne states nonzero vectors in v spare
spanned by objects

C functions

if T x pan a state a x t anxa are

a an 0

In
the coefficients A an are probabilityamplitude

for finding system in corresponding basic state M

prob amplitude determine prob via a

Deals Equiv relo on quantum states f n f in

when X If f2



True QM state space Complex 1 d subsp of Ct

IP Cr projective
space

Born rule given a state

ape t tansen died

normalize
y aqtf.IE 1412 1

prob amplitude for finding system in basic state Xi

is

ftp.t

Rob for finding system in Sci is

probabilisti ideas derive from wave nature of
light sol to wave equation in which

waves can be added venton in a v space



amplitudes add

intensity a 9212

kee

l1

interference pattern the EM wave

has intensity prediting probability of detecting photon

Borns we can only predict probabilities sometimes



there are probabilityamplitudes

beyond standard prob theory

can be added govern observables

evolution equation controls then

we solve for them

Main conceptual difficulty

Measurement problem when we observe a

system we always

get a basic state

KIET

Kinematics states vertors

observables f on statespace matrices

dynamics det.by HE st.LI H

via evol eg
Heisenberg eq
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G
f off 2 variables

this

T c f of one variable

4 e ΣK e k 4 k
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KY K 54

If H Hamiltonian is given

we can evolve states

4 4.4

and can evolve observable

1 q H q


