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2 + 2U ; omoodle- website with Lechies
--

Exercises
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Excuses MANDATORY for bonus

PARTICIPATION - ATTEMPT ALL SOLUTIONS

Solve ~ 50% correctly
DISCUSS 1 SOLUTION IN CLASS

START -

O Zenious
3

,etoutwore info fou
tutors

,

start sol

27 Discussion of
solution

#
Written exam at the end Sign up on

website during
Orif15 people justtoweeks



IMPORTANT
-

· Sign up for tutorials on DOODLES on

Website = INDICATE YOUR AVAILABILITY (both
,
in

Cose)

Two ex clones foll on Thursdays that one

holdays , List on May 9th (Himmelfort)
H

It will be moved to MAY 8th

more details soon on website ⑩
-



In this course we will deal with some more advanced

topics in Quantum Mechanics
,

which have direct

application to understand physically interesting

Phenomena
be time-dependenThe main topics will =>

phenomena:

1. Interaction of Atoms with EM
. Field

induced emission GRADIATIVE DECAUS
spontaneous emission

2 . Scattering / Collision theory

Optical therem , Scattering Amplitudes
Born approximation

To get there we need to develop our tools

further - Let's recop first what you all

should knowfrow your QM1 courses

M



In Quantum Mechanics we describe a system bring

a formolz that is

very different from clasical

Physics

Concept of STATE OF SYSTEM In Quantum Mechanics is

central and different from clonical plus

·States are vactors in infunte dimentional rector spole

(n) , (p) ;
19

,
67 kets

Labels que
value of "observables"

a
,

b two labels for two "compatible observables"

· A let can be expressedos liner combinat or

of other kets

143 = & Culn> 1 ( = (dxCl)
↑

CuE K Label conbe continuous ! 2



Vector you kets -> Dual vector spoes BRAS

14) - <4 /

We can defue a scola product between broskets

BRAKET

· <19) - K complex number

·< =</> =>=IPER

·(y)(a4
,
+ b42)) = a <4141) + b< 142)

· 147 1 14> If <416) = 0 (othogonalty)4 <(4) = 0

·L =N length of rector

3



x

Observables"ore reprsented by OPERATORS
-

Operators represent dynamical voibles

· A /> = 14) operator on a note

gues another state

· (A(4))
*
= At

· <XIA HA ↑=
+
X)

1#

↳ Adjoint operator

If At = A A is self-adjoint 3
REAL

liner
Hermition

or operator

& In) set of egenstates of A (complete &
or tho normal)

Aln) = n(n <n (m) =On
,
m

147 = 2 ((n) => Cn = < n14>
4



such that 14 = [ (n)</)
-

& (n) (n) = 1 completeness
relation

In/2 probability that a measurement of

A on state12) gives eigenvalue "n"

"n" need not be descrete igenvalues

X
,
1 portion& momentum opendors

X(x) = x(x) (x(X) = G(x - x)

= (y) = x'(x)S
- D

Wove
((X) = <x14>= ↑(*)

functions



sicularly P(p>= plp> & <pip) = ECP-P)

= (p) = <P14) wove function in momentum

representation

and

+(7) = <x(y) = j=p <x/p><pl +L
- X

= joap <x(p) &(p)
-O

p Pipet

Fourier Transform

-> <x(p)= eix
6



Note that if Aln] = n/n> then we

can build operator Pn = In> <n

PmPn = 8mnIn

& Pn = 1 I Projecto on In) !

P14) = (n><n14) projects if onto In>

so we can write A = 2 n (n)<n

<H(A1)= KIR

overage of egenvalues
H

with <4/n> or "weights !

7



State rectors and operators can be neatly represented
as VECTORS and MARIES Once we fix a "beww" (n)

Pets => Column vectors

Bros => row vectors

Operators is matrices

14) = Alb>

<m14) =<<mIAInL<n
-

(2) = (Am]()
<P(n) => (2*, 2

,
... (

<P147 = & 2.*m scole

product



ANGUAR MOMENTUM (& SPIN)
[ = Fx => QM operator such that

[Li
, (j] = i EnjhLn

[Li
,
2] = 0 Litt +L

If H rotation invaient (H, Li] = 0

=> Set of commuting operators &H
,
L2
,
Liz

for centrally symmetric problem ↑
one of the

components

It
,
m) such that

(21e
,
m) = til(e+ 1) (e , my

Lzle
,
m> = Em le

, my

9



by consistency one fuds 120

E ((l+1)2
m(m + 1)

= - l [ m1 + 1
f(l+1) = m(m- 1) --

m takes 21+ 1 values 1 =2 integer
holf-integer (SPIN]

For 1 integer , eigenfructions on Spherical Hormonics
-

ORDITAL ANGULAR MOMENTUM

Yem18,) = <0,ple,m> Isog'15,9 = stnd d -O (19-e &·... G
dur To spherical coad . ↑

normalization
↓ Legendre

Yem 18
,4) =<(e ,

m) Per (and) emy Polynomials
-

PARITY PYeme ( 1) Yem IMPORTANT 10



SCHRODINGER EVOLUTION EQUATION

By solving eigenvalue eps . Fr some ophotos we

get information about system of a gventime
2

L 14
em
> = ↑ (e+1) (4e

,
m)

S Lz(4e ,
m) = - m (e

,
m)

H14n) = En 14n) etc

How do we get dynamical Evolution with time ?

H()) = fly(to)) with to < t ?

In QM ,
each state evolves through some news

operatorT

H(t)) =T( t , to) 14<to)>

11



"conservation of length"
Conservation of

=> T = T = 1
probability
during evolution unitary evolution !

Now infuternally f t = to+

Liver
t
to -14(tol

= Aly(t)t -to

= Lice[ (H)St-so

-

one can prove that :

it must be a purely imagnoy liner

operator to HoREAL
1

it



such that

et()> =HASIA)) (out

Schrodungen Evolution Equation if

We ideatify HO) = HAMILTONIAN
-

↑Cannot be "proven" ,
it is a postulate

now using (4()) = TH, +o) ((to)>

it AFC,
to

IyHOL = HH) TH,
to) IRA

> i =T
Schrodingen of
for evolution operator !

13



If H Is CONSTANT Int = H there

we can write femal solution

-

i (t-to)/to
TH

,
to) = e

S which onumes +Co
,
to) = 1

-iH(t-to)/t
(yCto) <=> ((t)) = e

of (4(to)> = In) a . t . H(n) = En(n>

then
. iEn(t-to/E

In>14(t)) = e

↑

14H) differs from IHS only bya phose !

STATIONARY STATE 14



TIME-INDEPENDENT PERTURATION THEORY
-

When energy is conserved [Potential is time

Independent ]

It is still extremely difficult to solve Schrodungen

Equation exactly => perturbation theory

allows us to get approximate results starting
from a problem that we can solve
-

H = Ho + +H1/
perturbation

, promotized&
↑

by small Parameter -
problem that

we can solve (f. e. Hydrogen Atom

Assume Holn = En"In) known

15



We would like to solve

[Ho ++ 1) len) = En 14n)

(O)
where we onume En(t) -> En

+ -> 0

the Ipn) from a complete set
,
so we can write

142> = N(+) < 1Pn) + 2 Cun()lPu> ]
I

O(+ )

DEFFICIENT = 1 !

!
1

k+ n ↑

II

we guarouter this by picking ofte

phose for 14n) so that first order
- -

perturbation is ORTHOGONAL to unpertubed

state

N() E to x "Normalization
- 16



14) =& Cn
,

nH) /Pr> with N(0) = 1
k- N =>
-

# &(n(d) = 0

Cur(t) = + Cr + + Can + 0/13)

En = En + + En + + " En + O(t)

plugging them in Schrodegen Eg & Collecting th

It' = Holpn) = Entbn) triwally satisfied
En

f
(1)
= Ho&I + Helbn>

4th

= En [ClPr) + En "In>
k= n

such that i

En (0n) = An/n) + En En Clon*

and contracting with <Onl : 17



=<PnltHilL/I
First order energy shift & Expectation value

of pertubing Hamiltonian on unperturbed state !

Controcking (*) with <Pm) with man

↓ Crim = mltH, I n>

En10) - Em

↑
which provides coffients of the eigenstate !

Dong this on OI) terms we get

= Kel
e

-

nearby levels tend to have
bigger effect ! 18



these famulas of courseassume that everges

levels or NON _DEGENERATE

--

If Ho is degenerate ,

one has to first

diagonauts the perturbation on the dagemente

entries in order to REMOVE DEGENERATION
--

and then proceed in the same way as before

19


