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Twing and Von Neuman 24/03/2023 Lecture 1

La
First computer

↳
Developed Von Neumann architecture - PU + Memory

b
Showon -a father of logic circuts and information theory, commands

first introduced the word "BIT" inputs
and outputs

Feyumou -- simulation of Physics with computer - to simulate storaze
nature it is necessary to emply quantum mechanical computation.
Classical physics is good only for NON NATURAL events or objects .

Natural world con be

stused by proutur mechanics.

QUANTUM COMPUTING

When we talk about a bit we have simply a binary digit that cen be either o or 1

we con implement such a bit with ligh or low voltages.
I
-IThe Qu-BIT is a quautum bit of information .

We still talk about of -Ebits but they are not in a determined O or 1 state as before
We define a function : 14) = (10) + 12/27 we are both in a and

I states at the some true
. From a geometrical perspective it is like having a but in a 30 space

We can identify an coordinates also by mesus of polar ones(P and p).

X wel Bane complex numbers but not free" -> theymust abey to the constract KP + IBR = 2 (and B one

probabilities) .

Quoutum oscillation
, even of the bwest

levels of energy, con't stop !

C and B represent the probability-- if I

real the SPIN of the Qubit
,

I have a

certain probability I to be in state o and

B probability to be in state 1
.

X and i are defined as PROBABILITY AMPLITUDES
.

The plase abesn't represent any info - we wont to look af relative plase between 1 and B . It can be more convenient

to bok of B and relative plase .

2 and0 one orthonormal -> By making a scar product we get o

DOUBLE RUBIT

Product of the two wore functions gives the expression of the obuble pubit -a I an love 4 parameters

in this lase that describe the probabilities to lave the fan different states
.

100
,

02
,

20
,

11)

By incressing the number of pubits I stat to incresse exponentially my qubits number

I have mony complex quantities that I can manipulate (Co
,

<e
,
( ...)

QUANTUM PARALLELIST And INTERFERENCE

By imposing on RF of the right resource and dunction wa are able to operate quantum gates . By Glipping Just

one singlequibit ,
I'm speating and moving all the pubits combinations.

It -> ponting to the equator in the positive part 3 Hadaman

1- porting to the equator in the negative part

The interference crused by Hasbmar gote wokes
, in this example to push Is both to 112 and 110 - also Co

Cs andC become Mixed - Constructive and destructive interference.

ENTANGLEMENT

We sow that we can configure an qubit as superposition of mony pubits 100
,
02

,
20

,
221. We can , in a

double gubut system ,
the possibility to have the sore state is high .

I con get therefore 00 and 12 states.

Moshoppens when the two pubits are ENTANGLED - ore depends from the other and their superposition





Quantum SPEED UP - we can improve or algorithms by applying Lecture 2 - 19/09/23

a parallelism-> The quantum true in order to solve a problem of "search" WrT digital obmern is

i
i =N (while digital is N) - this is due to the fact that quantum algorithms are parallel.

RSA-2048 -> Number detarned by multiplying 2 prime numbers -o the task is the one

to find which are the prime numbers employed (very though task)
QUANTUM MECHANICS

Schrödinger's equation I(x
,
t) - unknown (worefunction)

↳ In such equation I describe a particle with a certain mass
,

a position and so on.

The electron is not described deterministically due to the uncertainity on position and
SPIN . We need the position but this element islst given by the Schrodinger equation ,

what we get is a worefunction .

That's why we ask anselves : is the electron a particle or a wove ?

We introduce Born's postulate that states the probability to love a particle in

a certain position in a certain interval
.

-- P(x
,
t)dx = 1 1(x

,
t)1dx = (

*

(x
, t) Y(x

, t)dx (P(x
,
t) is

real)
.

I is also called probability auplitude and it must hold the normalization
+D

(p([(x , t)12dx = 2 Mu worefunction su be both computed auditically or numerically (with
enos in this esse) but

, even if exactly computed ,
it gives Just a probabilistic information .

Hersenberg Uncertainity pruciple -- &PX = & Oxcessure incertainity Opx = prob .

to find particle
For X -o we have <px t in order to

preserve the relation
.

Mes relation talls us that

I may
be very precise in alcubting the position but I won't have the probability to

find the particle in that precise position.
For this resson we introduce the "Expectation value" -> the worefunction givesus the average position

of the particle. Yu order to estimate the momentum we rely on p ,
which is an operator

We connot use p(x) -1 it is against quantum mechanics principle : we can't know at the some

time both the position and the probability given a certain position to find a particle.
Px = -it it isust in function of X but in function of x variation.

Operators -> I use them inside equations in order to obtorn "estimated values :

Each Observable (physical quantity we want to messure) can be represented by on operator.
At the end ,

what we fund is that Schroding's equation con be recognized as a conservation

of energy equation.
PENDULum example : we have a mass effected to a wire of leught 1 . When the mess is ot the

highest point /on right or left) the speed is tero and therefore also the linetic anazy is wol(k = a)

But
,

the potential energy is MAX (because we have gravity) -- K = 0
,

V is Max
.

When the pendulum
posses through the center

,
in that pant we have V = 0 and K = Max .

(Conservation of energy
The equation behaviour can be observed by mesus of a "pendulum"
Each operator las its awn eigen vectors and eigen volues.

=Si Kroucher Delte
-

Scolar product of arthonormal eigenfunctions-

Commutetons -> (A
,
B] = -BA

ti d e

=
E

Y(x)



(t + Vext] It = it It Lecture 3 - 22/09/23

~- If V(X
,
+) = V(x) we can split the equation relatively to

#- Hamiltonou Nue and space.

↑ (x
,
t) = 1(x) - e-1 Wat

↳ is the quasi setorSto swete weber (2
,
2

,
3

...

)

Wh is linked to the eizenvalue of energy -> Wa = Er
-

A#Yu = En Yu (the highlighted relation is obtained from this equation.
C the homeltourou represents the

total energy of the system.
·

(x
,
t) = &In()e-

:Wat
SUPERPOSITION STATE (contains all the bass states at the

Some true)
.

This is No MORE STATIONARy
.

We defined p(x)dx = 1112dx -> Probability to find the particle in a portroua
↑

1412

probability to hove a
jeken te wavuMspestSeprobability to find a particle in a particle in the

certain interval is tiwe invariant
D Space (x ,

x + dx]

In the case of superposition this condition
-> it is due to te summation of all the different plasses that are time dependent.
FREE PARTICLE EXAMPLE

Not only the potential depends only space but it is constant -> no field applied to the

particle and therefore no gradient of the potential since no force isapplied
-

V(x ,
t) = V(x) = V = coust ↳ The momentum

-
h remains the some.=4

By using the Eulevian expression it results esen to compute .
(in other occasions we

I(x) = Anik + Be-ikx way opt for sive and

Y(x
,
t) = Ae

i(kx - wt)
+ Be

- peut azce

↳ We see that the worefunction busists of 2 moving woves.

S t t+At
⑧ · By toking the real part of the written expressionD

un we'll lave a cosine expressedof follows :~ C

x cos(kx -wt) = 0

I take or istant t and +at
.

The averall plase is (kx-w+)

If I want to see how the phose teo moves according to true / get :

kX- wt = 0 = t = UgEphase velocity .

So we le a liva dependente
on true for w conces the phase according to the found relation.

Me velocity is positive and therefore we have a variation in the direction highlighted
in blue. We cell this wave TRAVELING WAVE

.

Note : The particle remains a particle but

itan be described by means of waves and probabilistic relations .

The second term also represents a wave : I(x
,
t) = Ae

i(kx - wt)
Be

- i(kx + wt)

How do we retrieve information from a worefunction ?
D

-

*

This wore moresI take the passe modules : (by considering Just first term) we

notice that A e
i(kx -wt)

is a pure plassor with constant modules A in the opposite

Merefore by computing /41"= /A1 we obtain a constant -> constant probability direction WRT

density to find a particle -> No information about WHERE (position) the first wave.

we have that X = 0 + the uncertainity principle of Heisenberg tells that p0x = t > Op = 0
-

d
we get a very precise uomentum p = tuk - this comes from the fact that : If Ep-co the

-i = p -egenfunction of the momentum operato Sp= o in order to have fruste
result



-
momentum operator By substituting I in the Schrodunger equstion we an

-i PIstitute
a

ikx
take the expressions for E and K

I we obtain the previous result

- it ikx =

px Y

lePx = Ak E ↳
Definition of inctio every

EXPERIMENT : I essume to have a source

of electrous and I put a screen with Eizen-volue of
two small "slits". We cen observe zu interference. everzy is

Me electron remains a particle But its Kinetic ove

behaviou is described by mesus of waves.

is 3 ->
The interference pottern tells us the probability of the electron

e-
D

to list thecatrade in a certain position.
The worfunction describes the probability of the particles to

be in a certain position.

INFINITE WELL PROBLEM : We have a regen sufued in a space brze "a"where

S the potential is zero In this region the electron sees/

no force whole ,
at the boundowes

,
it sees on infinite force

V = V= ⑳ due to the infinite gradient.
⑧ 6 ⑧ 6

- t d + VY =

& &

At the boundary ,
in order to

satisfy the equation , if v = so

O ⑧ D
then I must be zero - Y = 0 in

X

- 2 V = 8 + Q order to get a finite expression.

2 2 Now the problem is the one to solve the

- T wey write 4 in Eulewon form differentol exuation by imposing au

h du = but in thus casa l'un vost expecting boundary conditions.

a traveling wave .
Instend

,
I'm expecting

a were cutiously reflected back and Since I expect a stationary
In the middle forth at the boundawes and stationary. wave , the green ots in the

may expect a cosive. The wave is expected to be confed Sketch ore expected to stay
in - o and a (blue dots). fixed (the pants in which

We introduce even and Fold agenfunctions : the worefunction is will
EVEN Y(-X) = Y(x) (COSINE)

A lo
with evage) .

Tu the previous cae se

have beenany volue but,

full wave, in this situation we have

d I sonce we get only bolf some boundary condition.

X is the worelenght but we wove we impose
ore interested in K that is n = opp = 2

,
3

,
5...

the wore number x = 2
-

We substitute and obten

the bourday condition of

K = I with u = odd = 2
,

3
,
5

...

-
ODD : I(-X) = - Y(x) (SINE) If I flip the axis I sae the some function but with a minus

Also in this case we have worefunc. equal to zero in and-e and we have on Even

number of half-waves.







STERN-GERLACH EXPERIMENT - > Over with a little hole to let heated Lecture 4 - 26/09/23
silver particles pass through .

Tese particles are sent towards a magnetic

Ag )3 field B
, ponting up with a gradient I more intense toward up direction

wat the bottom).

U =

M
. Bz If we have

any magnetic dipole pointing up ,
thus would like to

! expected bend down in order to stay parallel wat the field -> The lazer! the B field ,
the lazer the potential energy .

We have mony
M 1 -D DISTRIBUTO magnetic dipoles and scording to where they are porting at,

a DISTRIBUTION they will bend toward a certain direction
·
What was expected is

a goussion like distribution of the particles on the screen.

· The experiment revealed instead that the particles where distributed in two precise positions ,

thus revealing that the magnetic dipole is Quantized

We have a contraddiction : L is quantited and it is related to pe es follows : Mz=
->↳ is always ODD

,
↳ angular momentum

therefore we have that for The different orbitals : s(l= d) La = o so we have that the

quantization annot be due to angular uomentur p(l = 2)(z = 0
.

= 2

The reason is : looking of silver stous confy d (l =2)(z = 0,1
,

12

We have 47 electrons
.

46 of these complete the orbitals -> they complete s
, p ,

a levels and so we

have no angular momentum since for each electron with L = + 2 there's another with opposita spinthst

bolouces
.

Ten thres the est election that is at the level se le= 0 - No Angular Momentum-

- > Silver electross doesn't contribute to the onzul momentum .
It comes but that what is conterbuting

to the distribution seen on the screen is the SPIN of this best electron
.

The SPIN consists ofan
intrusic angule momentum given by the rotation of the electron on it self .

Mers spir follows the

some behavior of the angular momentum and it is quantized .

s2= t2s(e + 2)

St = Sz 27 = -5
,
-5 + 2 ... 5-2

,
s las angular momentum

↳ SPIN protected doug a axis
↳

As we see from the screen it must be equal to 2 -s therefores
can't be equal to au INTER number

.

We have to assume s as seur-integer.
We can define two familes :

Bosons-- characteured by an integer number of se s = 1 (Phoons)
,

s= 0 (a PARTICLe
,

He nucleous

FERMIANS -> See-inteze s -> s = 1 (for elections) -- St = - 1 ,
+ 1

12
Mus explains the STERN-GERLACH experiment result : Silver las a

---- s = trz Sud-E magnetic dipole woment which ce be starbuted to te SPo

o

h the electron in the sorbital . At this point we might ongue----- +
2

2

.. -- -
--

Y Mast Silver has a nucleous that also contributes to the magnetic dipole .

(Also protons and neutrous are Fermans with SPIN 11 .
The resson why the nucleous

↑
con be cousdered negligible is fond in the expression of Mr =& La (lt will be replaced with sel

As we see the magnetic dipale goesa the mass of the protous and neutrous is much

lazer wat the one of elections. Melectron = 9
,
1 . 10 kg In

neutron
,
proton

2831 meletron -> the magnetic
dipole moment related to the nuclears has a much lower impact wat the electron one.

Mz = gg-foto-20023 (for
the electron I te che of ter electron is ut uniformly distributed l e

S
,
the -factor accounts for such distribution of the electron drage

La Ca

dag the trasectory of the spinning electron
.

Me zaccounts for the

bagar effective drage in the perphery of the sphere

Mz I Sa -> 2 and I can be approximately simplified
m

~
U = gq + ma

= Usa GyroMAGNETIC RATIO Ma =

Ig . = IMB - Botr MAGNETIC DIPOLE MOMENT

zur
OR BOAR MAGNETON

Alsoneutron and proton have its own -factor . Although neutral
,

neutrons MB = 3
,
27 . 16 25

,

show a magnetic dipole moment
.

The neutral charge con be seen as a can be used also of

distribution of+and-charges with the negative changes pushed toward to celeulate energy







PAULI OPERATORS The difference between Parl Lecture 5 - 28/09/23
x = = = (02 ( - OPERATORS and SPIN OPERATORS & (52 = E)
5 = E = (i)) is just tye They have the same

erzenfnuction but different
C erzenvolves .

HOW ABOUT ANY GENERIC AXIS ? We introduce

z = E = (20) (For spin ope while o zo the operator (or Versor) In that give us the

Paul op .

- 1)
1 possibility to evaluate the spin oluy

When desling with single SPIN OPERATOR
& U

any direction different from +
, 3 ,

7

qubit the motoxes ore Just 2x2. 2 hx = Seud cos

10 } Bosys State of au guita i hy = seup sen

Dy Uz = cos

Also (X+
>

,
IX) , 1Y + c and 19 ore basys - P- ongle of i wat

States but they are defined on the basye ⑤
↳ projection z 2x : S

of 17
+

> and 17-
1

P - angle of the
Gx

A X Ey protection of n on the

( ( + sand seup() + cost(e) == sent caso ! e-ip
X

, 3 plane (we will

-

=

coso seud (cosa-icos) eventually define it

I 7 fas i seud
e se

I in terms of plase)
seu dotisena - cos 8 - cost WRTX axis.

al

I expect thate the evgenvalues ore the some as for the Paull Operators . To get them we

have to find det (n-xI) = 0

D

I
350 - X sente

-ip

I - - 15-12-seuo = 0 =1 X = =1 -Derzenvalues
det = In order to get the eigenvectors qual to

sent gio-cost - X it is necessaly to do some steps more. PAULI Operatory

Let's assume to start from X = 1
.
I must have that the previous nothx , multiplied ones !

by my engenvector gives me zero.

I get two equal equations.
350-1 sent e-

iP
-> Ore equstion can be derived seudeidus = Caso + 1) uzsenseio-coso-s)() = by Guess combination of theS ↓other equation .

I take the seid all

second equation in this case
. COS

2

sent = 2 seud casa
NOTE : 2 2Mustegenvectorgetici) (T = i)

(f)0 + 2 = 205 :

X = -1 and we get (4) sete id) e Muse results ausst - =

Such a and B ore supposed of the states of my
2 Geid

to be normalized : blocksphere pointing = cost
Ixk + 1BK = cs'o + se we checked it toward the positive port -

Justand of using< and B we can can use a thenegative one seu d id

=

-
e

P and which give more information about WHERE
,
in the - y7 place ,

is my superposition State
.

I su therefore introduce the BLOCKSPHERE :
1

z it comprises all the possible positions of
my superposition state

.

①g
~ *

14 = (as)
Pauli operators represent specific D

C

i !
senseid) = (n)

points of my blocksphere :
Q

33
↳ theseere not the coordinates

(z+
c = 10 = (5) Q

⑪ d
of the point ,

but for my pubit
(z -c = (2) = (E)a ↳ L

X

①

state I can see where it is located

(x
+

1 = 1(x + 12) = ( By substituting the different in my blocksphere.
E

< and B we find all the basys states positions.





ENTAGLED STATE

IYc = A (100 + 1227) - This is not a composite state since I connot write it in terms of
basys states

.
In ENTANGLED State I have 50 % to be in state los and

50 % to be in state 11 .
In this case if I messure the second pubit I will be sue at 100 %o test

it is in los state in one case or 11) in the other -s it is ENTANOCED, there's no more independency.
It is more usad to love an ENTancred State more then a composite one .

A special ENTANGLes

STATE ore the BELL STATE : 1
+

> = 1 (100c + 1213) EPR-Einstein Pooblski Rosembery paradox
E

Assuming two have two electrons

I c = =(00s - 122) prepared in l
,

on gets absorbed

by a point A and the other in B

14 = 1 (102 + 120) but they or still entangled ,
util one

of the two is subject to a messmement.

14-3 = 1 (102 - 1201) We have 50% possibility to be in state
E

los or 121
. We essume to messure los.

What happens is test the result info is

IMMEDIATEly transmitted to the other

pant .
Mers is IMPOSSIBLE for the relativity

principle that states anything can travel

fester then light. In reality ,
what happens

is something completely rendom and

intrusic of nature.



(4) =<(0 + B(1) = cost10 + esin & 12 Lecture 6 - 20120123

Today we see the Quantum Gates - How do we manipulate such quantum bits?

A simple example is the 2 but inventer : I a This is not e probleer in quantum
8 2

computing. In quantum computing L A

the use of more input bits becomes

difficult - > we connot bere a number of output buts different from the input ones. .
More oven

,
in

dessic digital world we have that the output is not reversible.

1

143
: Es Us us 1438

Va Uo

Va
Uz

Uz

1458 = in 143 :
Us

- Uz

L Notice the der

Why ? U stays for UNITARY wel each Example of quantum circuit.

operator follows the proporty ut = U-2 and UTU = I

u = (2) = v =( ( 12k + 1b| = 2 2
*

c + bd = 0

d Ick + 1d)" = 1 C
*

2 + d*
b = 0

1912 + 1bk a
* c + b * dUTU = (*(b)=a + d Il(

v(0) = (a)( % ) = (3) (5)()
im

u(1(2)(e) = (a) orthonormal

rectors

Such system allows reversibility -- I can apply the inverse of the U: operator in order to go
back

.

C 2
* b

So a = aHERMITIAN OPERATOR - U = U
+

= 0
-2

v = (2 a) ut = (c at)
u(4) = X (4) b = c

< P(u/4c =<4(X/43 = Y d = d

I==

c = b

U = ut

We introduced the Pauli operators - we now see the Pauli cates :

X = (02) - x cusists of a Not part

= etatua Bon
the block sper conte

i = ( :) We see that Y operator
obes a BIT FLIP + plase SHIFT -

Y (0 = i/k
Y (1) = -i 10

zlos = los -> Assume we don't know z and I went to extract it :

z (2) = - 11) z = (2)
z = 10sca - 123221 = (6)(5)(20) - (%)(02)

In the end we have I = (2) cidentity









Most single pubit gates are dedited to rotation. Lecture 7 - 17/10/23

R = (0)
1

z

(0) = Esse-ix seug e
-

I

L
& ·

2 b
Eulero's

D
* = (2) description

i -

y (asa + iseno = ed) .
/

&

We see what it mesus to haveon operator in the exponential :
we perform the Taylor exponsion-ne = 2 + x + 1 + 1+... =

s1x
=2 2 ! 3 !

Murore wa deton :Ex↳ (2u + 2) !

= 12(2) . E =

(2u) ! ↓ (2u + 1) !

* is a PaULI Operator - if /apply it twice I obtain the Identity matrix . Treform ,
X elevated to or Even number

gives me identity i

Ta first terme is a Surration of Eventeres that compose the Cost while the second is the sunmation that

composes ser
There's a theory that states that in the worst use in which I would like to apply a quantum gate ,

I have to

opply of most 3 rotations. Each gote can be represented byon evolution operator whose prometers are the angles of
rotation song different exis.

zYz
~

- (X
,

0
,
0) = (a)e = ci si↓ Do

↳ Most Generic Unitary operator (
Z
· eiz) =

-ix

cose-sinte
1

Us = (In feit costcita) a =-Si
↳

s one of the universal operators mostly

used in quantum computing = aste() -ser(I ( ( Evolution operator desarbes

tow o we obtain other operators sen use (e) how my warp
is evolving over true.

from this one :

! #14 = ind 143 14Ctic = e
- /4 col = 5/4(0) >

dt

1 u
4 =-28 flt-etgl 1428 = /42 :

t
&00 -o it X SPIN COMPONENT

For a rotation doug C - SPIN OPERATOR
1 - -

T I 33~ z we Just need 1 ( I mont to impose such relation -ch = se My Hamiltonau
-

O2
B o Gz rotstien O = wot should lave such expression.

T 1

I0H I don't know actually how

pis negative-- M is opposite to do it.
1

PRECESSION Z s WRT S · F = wo Se

↑
Bo a = 01 = z

. 2 . I

&
zu In

green we have the aut clock-wise

" aroud 2 for the rotation around a due to the magnetic field.
* dectron

· N =M x 10 = 21 x Bo =

+
XI

-

-N ↳ Torque of M

* -I I extract the mimus and flip the

vectorial product





A quantum gate is represented by a unitory operator Lecture 8 - 19/20/23

8 anddways correspons to a rotation in the block sphere.
Let's essucce to have a static aldmagnetic field ug

-esis-swe've see

That such field cuses a precession of my qubit state (in this case we're desing
with a spir qubit but it can be extended toony

kind of qubit.
Z We've seen that in order to obtain a ressolable Zeemorr SPLITTiNa

tut allows to recognite the positive or negative spin ,
we need

& Bo to apply a very lage magnetic field and the procession speed
is very high-a wo : -Bo Grand s - we have that in order to

control the rotation we should turn on a very large Bo for
an avount of time equal to few ps ! (Very difficult to implement)

a Y We need to tenk about something else :

ELECTRON SPIN RESONANCE .
Yo genera we call

D X the employed technique as DRIVEN RABI OSCILLATIONS (which can be gpied to

by Wind of qubit).
What is electron spin resource ? Let's assume toapply on ascillating magnetic field that vales over

time song x (apart from the already supplied Bo)

S Z Mis frequency with which Be switches from+to - is almost

equal to Lumor precession frequency . The total field is them :

& Bo

B = Boz + Be ls(wt + 6)

7 ↳. phase

B1 are actually busdering a genera frequen
L By lookingof Xy place ,

we have that by wove can

a Y
also be described as sun of components ratating
in clockmise and anticlockwise directions wat y3 -

* X 13 B = Br cos(w + + 5) + Bseu(w + + 6)y
LARMOR - I

.Basa
-t 20 C > X

-

-
Why did we decompose the B2

cu
rector ? Because we wont to see the

precession effect Z

&&sents
This is my pubit state that is ratating follows the same dockwise

& Bo - aroundz due to precession direction of the LARMOR

- precession .
The other

s D

component is instead

B2

7 Murefore we introducethe moving at twice the frequency
L ROTATI NO WAVE APPROXITATION wo (wrt the formar,

CRWA) Since weoo a sumunation

3
& I ↓ of vectors speed ,

it results,
* X Since the fast wore is by essuring wo also for Be,

moving so fast wat the twice the speed).
system I've observing ,

it

-t
averages to tero

.

↓
The docknise component
gets unglected



We have that two precessions take place -> ore referred to the Bo and the otter to Be,

more exactly to be that
,

even if it is rotating ,
it results constant war onr reference

system . (Notethat l'un essuung w =wol

More over note that Be Bo Be = 20"Bo. RABI FREQUENCS
↓

The procession dong X takes place with a frequency - = -JBL Mrade-> Here I can

2
I con tre the Be field in arder to obtain the wanted rotation - do controllable

->it is essien to ob since Be Bo and ot the same true we have to work with rotation since

resonable frequencies. I don't operate
Let's see what's happening in the block sphere : anymore in

D
Z

ps rouge but in

- Precession due to Bo us vanze.
Souce I have a second procession dong the Cuch wore

D X exis /much slower them Bo processo ressonable)

will have a sent of helicoidal precession -3 -> I see that in this case I'mdole too control alsodo instead of Just do !

↓ ·

Y
I can write my superposition state asi

X
HELICOIDAL 143 =

cos
00 + h + 10 + Sin th+ +id + wot)

(2

PRECESSION 2 2 aL P &

CI have to

We need now to write the Hamiltonion We've evotation a * (j) ant also precession

for this new kind of field. In this dag test we de RABI LARMOR

be we have a problem of TIME able to ture.
.

We FREQUENCY

DEPENDENCE . have some dependence from i
In the previous lesson we sow that : rotation . We'll see how to properly control the two

U = -US . B - My How Howor could be written as : F =- U e Bo this element is the Bohr

~
where

This is essentially magneto -
H = MB Boz

the magnetic In the new situation my field is depending on true
, therefore I define #

dipole Before giving a precise definition of F ,
let's remind :

10) -n + MpBo = to & From thes I ce warte the superposition state :

12-1 - MBBo = - to #14 = it & 14 >

&t

14c : (e
-i Et

(
*

X con be seen as cost and

If we have a tue dependent -i
t Bas sen

feld I must rely on the 4
.approach we employed until now : This state is bing procession-s we can take the plase

we connot separate a twe foctor out and notice :

dependent Schrödingen equation
into a non dependent + equation only 142 = (petivot) (we've token the global prese aut and we

in true . I see a twe dependent rotzug factor).

Now I have by moving
in time -> luced to rely en PERTURBATION Theory :

it says that I have

a perturbation Hawltowan that isapplied on top of the standard one

#' = We
we

se The new equation will look like (F + #1) (4) = in 1142 but
,

the(
perturbation theory tells that in case of weak at perturbation

#

(that is an case since Be is very small) then # and we can rely on the expression







We have
up untl now seen hom to deal with 1 qubit Lecture 9 - 32/20/23

gotes. Now we approach the 2 qubits approach
1 QBIT CATE - ELECTRON SPIN Resonance (applies to sain qubit but also to anykind of qubit)
We've seen that it is possible to perform arbitrary rotations dong < and y ,

while along z we have procession.

By changing plase we have the possibility to change the rotation axis.

For ony quantum computer we need a UNIVERSAL Set of Quantum gates .
I have to establish a

minimum smount of quautum gotes I can use in order to implement my functions/algorithms
The CNOT is a kind of 2aBIT GATE but we don't consider it as 2 abit Gate

10) ⑧ If control is 100 (k = 101) =D It UNCHANGED

Y

124 (1 = (1) =D Its FLIppen

I t I
2 A Da

CNOT = & 2 A

·Me 2 &BIT gotes are important since I 0
L&

they lead to Entancement - > quantum
S A

computing is important for 2 diracteristics that are superposition (any pubit an be either los on

11) or a superposition <loc + B111) and ENTANGLEMENT (the state of 1 pubit is associated to

the state of a second purbit) .

A typical example of Entaclement is the DELL State 14L = (100 + 122)
Such state is created by mesus of a BELL CIRCUIT :

Hadsward

gote E (los + 121) -> we have
, often Hoosward

, a composite state

10s o H i ↳ acts as control of (NOT

los o
! E (00s + 1221) Bell State

↓ (100 + 120s) -> composite state

SWAP-- First and second qubit are exchanged
loo -> loos 100 1

1023 -> 1103 SWAP = & 02 SS =120 - 101) A &

1213 - > 111) 08 e

S
example

iswap (in adition to scop we introduce a plasse stuft)

iSwap =
1 o & iSwap inswap inswap = iswap

&(&

o
: r (.. ("00 -

S & I

iswap' = 2 Da
-> By obiny iswap' . In Swap' = iswap's Courugate of iswap

A AI A r We now want to explore the physical events that marke
2

A o us dola to realuze such isuad gate.
We'll see that from iswap' I can obtorn CNOT

R
Be porting at the blocksple through the yoxis ,

I'm performing an anticlockwise

90 a Rx(n) Rx(E) Ry(-E
rotation of

twe w Such entire circuit is the

9, Rx(-E one implementing the

CNOT gote .









DI VINCENZO CRITERIA -- Critera for a quautur computer to Lecture 10-02/11/3
be operated and be scalable.

2) For ay quantum computer we need a SCALABLE and PHYSICAL SYSTEM With WELL DEFINED Q-BIT

2) We lave to be able to INITIALIZE the Q-BITS ↳ we must be able to incresse the number

3) READ THE Q-BIT (be able to messure - of Q-BITS
. ·

S
-> Stein-Gerlach experiment is au example - ATOMIC NUCLEUS

Of Read-operation) In the case of electron spin
&

- ELECTRON (every of
we'll see the SPINTO CHARGE CONVERSION

.
I must be able to define on the electron is used

⑪ MANIPULATE A UNIVERSAL SET OF QUANTUM GATES Initial state and come bock to establish the state

the most famous group/set of quantum to it in se I weed. - Photon (polaritation

gotes is the CLIFFORD GROUP = [H
,

S
, CNOT] establishes the state

The Clifford group is the minimum ↓
- SUPERCONDUCTING

set thatallows to create Rotation by I Very controllable P RESONATorChamour a

entirealgorithm with Just 3 gotes. and actually one oscollata where the

All these spects can be related also to logic computing ,
But of the most employed state is defined from

the fifth criters is what mokes the difference : p-bit technology . a current sign or a

3) LONG DECOHERENCE TIME -> decoence mesus that of time = o
,

when we frequency
intidire and then start to morpulte in order to implement the dgorithm,

We need to operate in a controllable way and
, for this resson

,
the phase must be reliable for

the right aurant of true in order to properly manipulate the pubits -> during operation the qubit
phose tends to crouge -> we actuote "PHASING : operations in order to woke the phase cherent with

the idipulation steps s De COHERENCO Tre is therefore the period before the pubit plase doesn't result

reliable anymore .
LONG is referred to the single gote trme .

I wont to mormire the number of gotes
in the period of tue before my pubit boses phase. Ng =Arre 2000 ,

201 (wanted value

There are different components thest build up the decsherence g true
.

We have longitudinal
and trasversal components .

The longitudinal ture can be explained by assuming an

zulos state starting from los and
, through a RABI oscollation we

&

can o a votation around Xaxis .
We can be in a

3 7

situation like this one with aqubit
Jo where due to scottering and the #12

loc
Y tendency to bose energy ,

we can have that &

>

↳ rondom trasectory qubit state gets altered by a longitudinal
V possing from los to 11) rotation like the one described that

X gets induced by such ransbur effects . Te time before such
123loss of everzy is called Relaxation TIME (Ta) .

We then have TRAVERSAL RELAXATION Tiretta that consists in the time needed to bose

The phose and perform a change of plase O song the zaxis (in genera this is

performed by applying a formor precession

NUCLEAR SPIN

It isust one ofthe most employed and important spirs. But it is one of the most important
for biomedical reasons and materal charactersation.

WHAT IS A NULLEER SPIN ? We know pretty much everything about the electron the

electricThe nucleus is pretty Similar
,

we have protons and neutrons I back of them Love
I

dipole morentQ SPIN

a SPIN (theyore Ferrious Number - by ondlywing the H case we see

PROTON Te + E that :

NEUTRON o + 1

Generally we have more neutrons => pose

thou protous sunce neutrous tend to stabilize the

nucleide
.

For each proton we have on electron with its own spin .

For example the "C we have

6 protons and 6 neutrous
. Ten we have G electrons thst occupy the different avery levels :





Gusderny the Situation To P1 The probability to stay in the excutedo

state is 1%

Let's say that the states population is Pisc = 10 % and Plac = 30 % + we have an unbalance where

we've much more spin up thou SPIN down fot thermodynamic equilibrium) .

From my sample it will

appear tohave a macroscopic magnetic field pointing up (Mo) .

Z ↳ Such MMF is obing procession doug taxis.·

la
NMR - Nuclear Magnetic Resource

·

"no Assuming to have a chamber and on the woll of it we have a

superconducting soleward
, running dong the wolls

.
Such soleraids are

117 D By
kept at Liquid He (Helium) temperature (below 2k-2k) .

We go under the

L artical critical point for superconductive behaviou -s at such working
X

rauze we have practically zero resistance -> No Dissipation (IDeally) . We can run as much cement

as we want without experiencing by voltage. Thisaument into the solenoid generates my
Boz magnetic field.

Couly the DC component along I)
RF COILS Or PROBES -- FOR A-BIT MANIPULATION - Produces an a Al magnetic field Be Cos Not & along +

- wo is in the rouge of RF
.

With these ESR we con motipulate da Q-BIT . By Booking ot

The blocksphere we have the following situationEt
A 1= 5B2 RABI FREQUENCY

IOur SAMPle & Room T
A

0 = +
Z

a I The lorger Be theh -
I wanttomoreof w Ste · A

faster the rotation

the electric field. 2
①

D
Y

Once I get my rotation of I ste
X

I will have my
state performing a precession along z - and so it will periodically be

directed towards *, -I ,*, y .
What I can o now is using the same RF coils to obtain

a nuclear spin readout.

READ OUT

FARADAY'S INDUCTION AW : If I lave a coil and time varying a magnetic flux , an electro magnetic force
A My

is established -5 = -e"Magnete
dopole moment song 3 . It is ret ot

PE t= o + ki (since due to the procession obug
If I do the same rotation z we have the dipole periodically arrented

for 12 state
,

I would end up
I

113 State dongj)
with on antiphose plot (since the I would start from i as Max point)

↳ I can therefore distinguish las and 12 states depending on the behavior of the

electro magnetic forceSuch messurement is alled FREE INDUCTION MEASUREMENT -> About thus we define the Free INDUCTION Decay (FId)
&

after a certain duount of time (relaxation Time signal-
we end up having E = 0 Since the state comes DECAY ·Imm ·

t
back to the original point .

TIME I-
This decey happens because of DecorerEnco

As we introduced
,
TI= RELAXATION Time -s consists of the time needed to the state to change

and come back to the original situation
.

But
,

in reality the decay abesn't depend from relation

No
A Z time -> in feet the deasy results to be much faster thou that !

After -121 Let's introduce T2 = TRANSVERSAL DePhASINGTIME and remain

&
since this is a macroscopic

Dm inteslower dipole moment wade of->
.

As we keep going onthe ->8 asten
D

X different components ,
I'l

different components of
S FLECTOR

POINTS
have some interactions

the macroscopic dipole will be more and more distant ->toward x flat moke the electric field
NON UN FORM




