
 

I The formalities States measurements and evolution

t.hefonkofguanhut ee.mg
tspaEtuotahon

State of Qr system
described by vectors in a complex

Hilbetspace N For the purpose of this lecture

and almost all of QI

Tl is a finite dimensional Hickt space

i e N Z Cid

Ketuatahry For a vector on H we write

107 EH

We also call In a leet vector or het

com zi be order to fix isomorphism

to Cid vector rotation
we define

a canonical basis the

computakhalfanstos
th n I d 17 i.e

ios µo les f Idt
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A general vector is thus of the form
Iv Volo well t t Ud il d 17

oil is

transpose conjugate of
The adjoint vector Iv the matrixfactor

is

Hoyt E T n Tat

We ante
Iv It of bra vector sa

Iv 2 vili cul E of cil

Jl is a vector space we write tens ee

Mus t plus c Tl
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Scalar product
For two vectors to Evili Ius Z uj j the

scalar product is gone by

Gw It Ius E wire a

bra het

alone Sesquiazear a 1st component dlus
t Isu1

Canonical Sars is orthonormal bans CONB

Lip dij

for lui Evil is to I ujfj
Lulu I wjvisjli Iwf vi

Tj
HIGH TF defines a eeonu lthe2u.nl

ps
M N Tl is a linear wrap

with n lo a M Ius

n lo talus Mla t d Mus
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The map I I likil satisfies that

for 1ns Evil
Ilo Eli Xi Eughjii j

vjlikiljs 2 vj.gs
Rj

I is the identity map

This can also be seen a matrix form

d I

I 2 Ii Kil i

f 0

it
co f i

To express a general map
M on matrix fame

we can write

M I M I

F.li iLMljXjMijElC
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ni

µ
oh

na i na

And similarly for recaps
M If Nz

The neap Mt is the recap with
entries MT

where My Lil Mlj It holds that

Mlwyt a coolMt and Cars
t etat

Unitaryneapsi
A map

U H Tl is unitary nff

Utu I

or equivalently
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cent I

Ula It Ulus swlutulos edu

U preserves angles

Hulu Ha Muska

U preserves worries

Tensor Product

For loss'E Ha Edda fuzz C Te E Ek

with comp Sam lisa 3 les SIE

lo a Ivi Iida lo Wj Ij is

we can define the
tensorproducthrae

fu7g C Tl RB Mars

by defray Flatters
as the space ask ONB

of tuples liz liz uh i g da e

j o do I
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denoted by

lisa Ij B or 1 1573 I i Jbs lij Ars
lissolj listen lip fiji

s.tn Gila g lo tha Ies

silky site Inhofe

and defray to a 103 through liberty

who 107 Emilia ujlj7

E viujlisa ljs.rs Evin hip

t
E i

c

A general vector ly E Ra Ng is of the 1am

Ig I jig hi
and not necessary

of the form 102 107

19



Similarly to neaps Ma NA Ha and Ng X Mrs

Fahey linear

reduce a heap

Ma Nos Ha Hrs Ratted byvirtueof

Ra No Iv Iws Matos Natus

and extended linearly to the full space

h matrix notation

Ma No 2 jl a Na exhiel
res of identity

I Cri j l Ma No Ik lijXkiel

I cilnn.lk ej INDIES hijXhiel

2 Malik B je lid'X4el

LMA NB i Che
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MooNoo NooNo n

MooNeo

Mason n no now
Neo No i

i
ti l

Examples see exercise sheet 1
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hun theory

Quan y
Framework for theories to

describe tests experiments games consisting of

preparation and creams

Another theory ofteens bend a probability theory
we will use it as an analogy but that's what it is

it sometimes works and sometimes misleads

848km

q T r

described

state

PIE Full setof instructions
has to prepare system

Deafen Determine some propertyofphys system

Example Analogy

Preparator Put corn in box w Po Pe

Put dice in box w Pai r Ps
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Measurement Open box to determine Leed tae2

or value of dice

outcome i with prob pi

TETE f
State After preparation we can describe the

complete knowledge of the system by assigning
a state the state of the system allows to

predict outcomes of measurements
as good

as possible given the preparation could be

probabilistic o

Racey de fpnperahanheuees can g.ve

identical result for all measurements

system described bysacerdotalThe state carries all info aboutpreparation

relevant for measurement
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EI B Ppi or f f is of conferee

Generally Aate m prob theory is deserted

by vector E RIO NBhi 21pA 1

Measurement outcome i w prob

Pi let.FI
i'k wer vector I

i

Cokepse After the measurement the new state

is ET the state collapse onto
the outcon

Notes the state describes our knowledge aint

the system

Enoch In addition we can do Keys with

the system tho preparator deceeakerement

i e Hfi

t.FI os TEs.frena0
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Note coevolution can k assorted Reto prep or

Mees

evolution can consist of a sequenceof
individual evolutions

EI

F H EH
I h

e

eng.io Shake box add randomness

put corn beads up
flip com permute die values

do one of the alcove of
certain probability

Rat junk
a cheek value of conflict i

a output j with prob Eje
Need Tg Ej I
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i e E as a stoat
D Evolution maps

TT E

This is the most general levear evolution

and that RENEis N EF NEL

Quautnatheory2

Like protatility theory Let
ask the N th won

instead ofthe Il th nom Aaronson

TEKTITE
seok he

Hak
ly's

States ly E Lcd dike of H space
property of system
I
the only property we

care about irrespective

of physical realisation
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such that fly Nz 1

Totten 2A m2 Mask
real

and where 147 and e 147 represent

the same Date

i.e more precisely dates are rage in
d

or

elements of the propectivespaceic

but we will stick to the convention afore

Notes Date is also often coked ieavefuuchra Cut
on QM

Qd N4NiyH 147

bmQ.Eery
Let Ibis be an oasis in Cid i.e Gilsjs dip

Then 1 33 defines a measurement

measurement on the basis Ibis

with the pm
qgmz

pi K bily T
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Note that

pi Z k bi ly T
I cylbiksily
cyl Elbixsil 147

II
4147
1114 HE L

I 1114742 1 total probability for some
outcome is 1

Collapse of the state

After rueas m Saas l Isis and outcome rn

the system is in the state 14,7 IBD

D Repeat meas reemediately

Pj kbil.fi l2 8ij osaue result

NIK The measurement can also be described through

orthogonal prefections E i sixsit Then the

state III 7 Ei ly gives i
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the outcome probability

pi H h

the post measurement
state

14is l4
HIEN

H

This can begeneralised to a complete set of orthogonal

propectins Ei Ei Ei Ei Ej FijEi 2 Ei Io

Ecm QM evokha is liked

he Uhh

It should preserve probabilities i e the total

proof for some outcome screens to 1

We thus require

A UHM UHM I

i e U es nom preserving
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U is unitary nut Utu I

And Any unitary
re is an allowed evolution

IEvolutms hpnsulyyuututua.IT

yokeus

what if we have two parties A RB who eece

control a quantum system subsystem

How should he describe their state

A B
system

s n

l 3
desertedty kith describedby
Space Kos H sp No
state hff state hers
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A B skald Je alle to describe their respective

system redep of the other party
the rest

of the world dates ya Hip

a font of ARB described by

HP C Hairs

What if Alice performs a measurement Cgner by

LEED or evolution given by Kat CwikXa foreker

should be independent of Bob's achms
or even existence

ANE gun by

14ms KEIL HAB

why is this a good correct choice

E.g Acre evolves her Date with Us
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evolvelya Malta

t t t
142 142 relays HB

of measure Eid Prohi

HEE I Iya His H

4aktyal Eisai 14ns Hip
Ei E

yalEi Ha Yrs His
I

HE.my IT
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dion Cf Str Ad B act ask Xa Yp the

total acha is I Yrs Xa I Xa Yoo

Notes By linearly this cause extended to all

dates on Harte i.e art of the form 14h Hgs

The post measurement state of a measure

went Eia LEI I es

ly Ei Io 147
Works the same for componha of crore systems

e.g molnchug

Analogy probability

2 cons ask PT Lhs Pri Ct E

total pot dish has 4 posts b 22ns

00 01 10 4 with

po f t.tt T Ee E te T ftp.ep
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Flipping the fist can i e X EI acts on

Potts as X I

Measuring the value of the est Con given by
d

projections EI to E Co amounts or

posts to Eo E I µ o ete

Quantum mechanical aarones pre stale versa

Systems are deserted by Hicks speces Tl I d

States are normalised creators

143 EH 111434 1 lys reid lys

Evolutions 143 Utep are unitary hty uutI.aeMeasurements are given by complete sets of

ohh propectors Ei Ei Eet Ei Ej dig Ei
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2 Ei I by virtue of

III Eily
ask prob pi HER
and post wees Bek lynn

1

WITH

Composite systems are deserted by tensor

products Hap HyeRpg Independent Reks

14 7,1 3 give a shek Hap Ha His Eka

and molep operations evoe weeas XA Jp act

as Xa Yp whee doing nothing I

Notes h traditional physics teaching

measurementsare described by Lehman observers

0 a Ot where the measurement Cheng an

expectation value 410147
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If we write On its spectral decomposition

O I d ET non degenerate

then Holy I diailEily

piti

i.e outcome i beg the value di assigned and

we measure theater ageveGee canal weather

e ohh of a measurement

In physics evolution are generated by a

Hamiltonian i.e by a Genuine operator H Ht

by virtue of
a expfittt

where E is true i.e evolums are continuous

Schreidiyer equator 147 IHH's
END R2 10.2020
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CURES

Qutb 2 02

computational Seas
107,1173

147 a lost pH 14k 12 I

HI i e

Eo loxol L Erkki C

corresponds e.g
to observe 2 II

Hecht
Info Eo 147 2103

prob po a Halo H 412

2415147 612

also 1431 142

Post wees state 1 7 1 2 a lo
11145711
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Outcomes 1447 E ly s Ble

Pe Il Hist list
14,7 117

Measurement on X Seas i e y osservelle

x EI Ith l X I with

Its 107 117 l s t ios Ies

It It Xtly Its TeKol 1 Glo tph

It fth atp

p I l pl prob

1417 II c post wees
state

Note Outcomes
can also be Gkked Sy eigenvalues

e.g outcomes th and 1 for X R Z
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Important Paulineahic
I

x l y C E is

often also worker 5 X og y E Z

or O a X R y 63 2 Sometimes

also Oo I

satisfy Xy iz cyclic y 2 IX
EX iy

diff Paules anti Coram Xy re

yxek.inaddition X y E I

summarised as Gop Espy y 8apI
T
fully anti symmetrictensor

The Pauli matrices are hermitian and

Unitary i e can describe Loth creature crab

and evokhal
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Edm
Consider U H tf I Hadamard

jate

ahh tf 4 do titles

at lost 117

Reasurement m Z Sens 2107 leaf

outcome 0 w po Ktp
2

outcome e al p a 12

D corresponds to areas outcome or X Jass

TETE
X wees

equals
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iE
Ian Le regarded as
a specific way to

realik X meat

In fact It transforms three a X and Z

effectasis back and forth

H HH l XM IHH text Ht

Ies H X H Z H 2 H X note HII

Measurement on a tripartite Bates

147 Ion Ho

Alice and Bob creature Ze

project onto 1007 1013 Kes He
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D Po Pro Lz Poo Pu _0

Alice and Bob remeasure X

project onto Lifts It 7 1 7 I fi

use tho CHI C 102 YE C le Ye

Kitty 12 1 wtf o

1st Liesl I Er Irl s

K H 4712 I

k I y o

p perfect anti come 6ha

In fact outcomes anti correlated for same

measurement in Aef Sans
homework

But the outcomes of A or B atone are

completely random
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And Alice wearers X Bob 2

1 01431 I If tf

lately I It Il t

K 01431 I

K 11471 4

Outcomes of AIB are compleklymolependah

d The Koch sphere

Consider state of megaton

147 x to TAIN

I al't Ipf s

Define 0 Elo a cos KI j m Ipl

Let a em l al p ei Htt Ip
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Then 147 ei as 02103 te
tsmote 117

T
irrelevant

z
globephase

depict asphere
e

I t
meteor 7 like

Y with angle 0 to 2 axis

angle of meg plane

I g
for axis

1 to 1 correspondence Lehr Paks of quest and

points of Bloch vector on the sphere Black
sphere

Powerful visualization for qetiteleks
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RW justHated proof of Hunk

Habs
2

107

I 7 Hy lo till
1 yr y a eigenstateof

Its i f
107 ill i y

alfley ofOyl in

General hermitran matrix w eigenvalues
It is of

the form M E Fu C IRS IT 1 1

Denotes her G t leezzt clegg

m 5 they Ry t Mz Oz

Create I o fy Oz is a ban ofGem matrices

over R and all cute over a of Kwok

D eigenstates IL of M leave Black vectors teens
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Orthogonal slates are anti parallel or BCal sphere

For a state 143 w Blah vector ft

ykily ri

i e ly can be interpreted as a spm I poachy
m direction 7 note that I E as the

Spr operator

quhti
Observable w eigenvalues L west free up to sleep

rescaling is of four R in I with

ajarspace protectors
E
e

I E_

Prof for outcome It is then

Pte 241 Et ly
1EzF_

abhi Tu is protector of 7 onto axes in
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E.g.measih2 bet.si
r rz

Result Is af prob p ZZ
projection onto E IF

probability changes It
leheady along

axis
Y

for 1 too or 0 to 1

das p HEI

Eholutmilluitaries

or gusts are of the form

a eixexpL iE.sk

Proof idea Go from U to generator G Gt A e
G

and write 9 as G E F t c I
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Oh

BCodspherill
rotates Blore vector by angle IF I alert

the axis IE l

t.gg Uz ez exp i Iz Elz

Z

IT yi

This is a macefebohas of the dank cover

8u 2 Zz
E fo s

The TZI comes from the fact that a 26

own gives apt 2 EYE III s
Esha what rokhm is H I f
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e A fundamental consequence The ceo cloudy theorem

Given an unknown quantum shek 143 C N can we

build a device clerk does

14 171477 he

i e a transformation

V X Teen

It 1430147

Hou to huld V alike y N and N H

are different

Add an auxiliary system
aaaalle

of same dimension

Ui Han HER

hes 107 143 143

any suitable fiducial state
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y

Aoki Vi U Ia 1 is an isometry

Vtv coli Ea ht IA lots
IAB

cold IAB 107,3 Ia

Ato cloudy Theorem

Quantum Information caceceof be copied i e e

Te ly do in 145 143

Cannot exist

Proofi U 103 107 107 103

U 117 107 IN In

1070 07 113 113 too the
D U 107117

o E E

But from G

ul r lost
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P
oo f od lo this

L

Contradiche

a U cannot exert note he only used 6kg3
Be

Quantum Lefonna fm cannot be copied

Buts A classical is consistent w

quantum theory
i e a device

re lis lot
i lis

for the comp basis or any
other ONB i

Roofi Homework
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