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Previous Problems

Particle in a box
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Harmonic Oscillator

{— ' d° ke }V/(x): £y (x)

2m dx® 2



Energy
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We do not have analytical solutions!




Linear Combination

Expansion of a function :

f(x)=C, +Cx+C,x* +C,x* +C,x* +...
= D, cos(kx)+ D, cos(2kx)+ D, cos(3kx )+ D, cos(4kx)+ D, cos(5kx)+...
= E, sin(kx)+ E, sin(2kx)+ E, sin(3kx)+ E, sin(4kx )+ E, sin(5kx)+...

=Zn)Cngn(X)



Perturbation Theory
I:I I:I +H
H° = zeroth order Hamiltonian
H ' = perturbation Hamiltonian

70 (0) _ =(0),,,(0) We know the solution for the
H Wﬂ =E Wn zeroth order Hamiltonian

@ Obtain the full solution
Ry, =Ew,
H=H"+AiH"

Expand solution in terms of 4 then make it equal to 1 at the end



Expand the Solution
E =EY+EY + PEY + ...
W, =W§O)+/1W(1)+/12W(2)+----

n n

Bra-Ket Notation




Perturbation Theory 1
A=H°+a0  Hn)=E,|n) H|n*)=E0|n%)
) =[0°)- A} + 2]0) 20},
E, =EY+EY + 22EP + FEP +
Yool 2.
%))+ 2f ') =1



Perturbation Theory 2
I—Al\n>:I:IO+/1I:I'(Jn°>+ﬂ‘n1>+ﬂz‘n2>+/13‘n3>...)
—(E® + 2EY + 2ED + £EY +.[n°)+ A|nt) + Z[n?) + 2| n?)...

Collect equal orders of /

Mutiply from the left with <n°



First Order Perturbation Theory 1

H'[n®)+H®|n') = Eg” n®)+E|n >
< H'n° > no‘n +<n0
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_ j0> Expand the first order perturbed wavefunction
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First Order Perturbation Theory 2
> cyA°-EQ) 1) =(El - F')n?)

Multiply both sides by (K|

> (2] )= (e e -+
Zcm<k°\(ﬁ°—a?lJ°>=Ei<k0Hn“>—<k°\(H“'}n0>

fk=n 2, (B -EKn| )= (0" )~ (n"[(F]n)

0=EY —<n° ‘(HA l n°>



First Order Perturbation Theory 3
> Cy(A°-EQ) 1) = (EY - A'|n°)

Multiply both sides by <k° ‘
5, 2] ) -8 )

j
if k= n Zc. EO—E°)<k°H %)= EX (K [n°) = (k°[(H ] n°)




Second Order Perturbation 1

(F n')+H°| n2>): [E®

n0>+ EY

0
Mutiply from the left with <n ‘

E§2)=<n° H' n1> (A }
k°I\H"'|n°
‘n1>: k nan k°> Ck = <(E£O)—E|EO);
2 :<no g n1>= an<n° - k°>= <k° H' n0> <n0 . k0>




Perturbation Theory Summary
E§:<n° n0>

First order perturbation to energy is expectation value of the
perturbation

PaN

H 1

n1>zz<ko(HA ')”O>ko>

~ (EV-gD)

First order perturbation to wave function usually mixes the
states that are close in energy

2 Kko H' n0>‘2
E, = . (E(o) - Elgo))

n

Second order perturbation to energy Is obtained from the first
order perturbed wave function



Atomic Units

For quantum systems such as electrons and molecules
It IS easier to use units that fit them=ATOMIC UNIT

Use mass of electron (not kg)

Use charge of electron (not coulomb)

Use hbar for angular momentum (not kg m? s1)
Use 4ne, for permittivity (not C? s2 kgt m=)

TABLE 9.1
Atomic Units and Their SI Equivalents

Property Atomic unit SI equivalent
Mass Mass of an electron, m,, 9.1094 x 10~ kg
Charge Charge on a proton, ¢ 1.6022 x 10719 C

Angular momentum  Planck constant divided by 27, i  1.0546 x 1073 J-5

. 4 h? _ )
Length Bohr radius, ay = ———— 52918 x 10~ 'm
m.e-
f.i!'uli‘_1

Energy =E, 4.3597 x 10718 ]

P
l62egh?  dmegag

Permittivity Ko = 4me 1.1127 % 10~ C2.3-1.;m~!




Examples 1
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First Order Correction to Energy

E; :<n° I:I'n0>
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First Order Correction to Energy
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