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Classical Mechanics

1.1 The Two-Body Problem

As it is showed in Figure 1.1 we have two bodies with masses m; and m,
and they interact with a force unknown.

We can define their positions as: 71 and 73 and the separation between
themas? =71 — 73

I said that the force is unknown but we know:

» Fip=-Fn

» The force only depends on the distance between the two bodies
and the direction is the line between them, i.e. F = f(r)# !

» The force can be defined as a central force so we can define a

potential as: f(r) = d;(:)

Using Newton 3rd Law we can explain the movement of this two objects
by two equations:

d*i R

mlﬁ = f(r)r (1.1)
d*r; .

m g = —f(r)? (1.2)

Let’s add 1.1 and 1.2, this is going to be useful later.

PR &R
my—— +my—— =0 1.3
1—m tM s (1.3)

We can not get anything from 1.1 and 1.2, so we are going to transform
this equations into something we can use to resolve them. First, we define
the center of mass and their derivatives among time:

> miry + Moty

14
rcm prraS— (14)
- d . 1 drn dr,
= M = ——— | Myt 4y 15
OCM = M i+ [ml ar " } (1)
- d . 1 d*i a’r
= — iy = + 16
M = M = [ml FTERTP (16)

If we look at 1.6 we can see something equal to the left term on 1.3 so we
can say that the acceleration of the center of mass is zero, i.e. acy = 0.

1.1 The Two-Body Problem. .. 1
1.2 The Angular Momentum . . 2
1.3 Cylindrical coordinates . . . 3
1.4 Potential wells. . . . .. ... 5
1.5 Physical Examples . ... .. 5
1.6 Rotation and angular mo-
mentum............. 8
Fip - Fa
— r —
) my
g n
@)

Figure 1.1: Two bodies interacting with
some force at some time

—
B
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2 1 Classical Mechanics

VEM(t = O) 0)

Figure 1.2: Two-body problem with the
new coordinates

2: The professor demonstrate the same
but with the expression for rcum, this is
just another way I prefer.

m is the reduce mass define as:
nymy

m= my+my

Normally we can use m ~ mz when
my >> my, some examples of this are
Sun and Earth or proton and electron.
With real values:
ms_p = gonb ~ 5.96998 - 10%kgme,
where mg = 2 - 1030kg, mg = 5.97 -
10%kg

This mean that the center of mass moves with a constant velocity and we
can define it’s move as:

rem = Rem + Vem -t (1.7)

Where Rcym and Ve are constants defined by initial conditions. Knowing
this we can make a change of the coordinates with the next assumption:

-

=1 +rcm (1.8)
2 =15+71CM (1.9)
Now let’s calculate the new center of mass r,, using 1.8 and 1.9
LT+ mar)
o= 2%
M my + my
= (i~ 1)+ ol )]
my + my (1.10)
- 1 -
=rcm — —— |rem(m +m
M = [rEm(my + my)]

- - 2
rem—rem =0

As it should be, our new center of mass is the origin for all time because
our new referential system is moving with the center of mass. From this
assumptions and using the definition of the new center of mass above
we can get a new system of equations.

_)/ _)/ _ _7 — Trlg?
mnFmn =0 00T e (111)
r_ o _ 7 7 —mr ’
T —1,=r "= v

We use what we obtain from 1.11 in 1.1 and 1.2. We can do this because
the force does not change in this coordinates because only depend on r
and this magnitude is still the same, i.e. 7 = 1’.

d’7

mos = f@r)? (1.12)

We get the same equation from both equations.This expression will be
useful to resolve the problem later.

1.2 The Angular Momentum

We define the angular momentum as:

(113)



We want to now how this quantity changes among time.

AL dr d7 427
— =M— X — + MF X

dt it dt ae S0+ ff=0

(1.14)

The law of the conservation of angular momentum says that the angular
momentum of a system remains constant unless an external rotational
force (torque) acts upon it.

As we just demonstrate the angular momentum vector is constant and
we can redefine it as:

L=12 (1.15)
The decision of L going through the Z direction is going to be very
resourceful.

1.3 Cylindrical coordinates

We need to choose a coordinate system to resolve the problem. Our best
option is to choose cylindrical coordinates.

F=pp+z2
dar dp, d¢ . dz, (1.16)
LA AT
If we use 1.16 in 1.14 we can look at L components
7 Ao -
m(pp+zz)><(dp dt¢+dt )—
1.17)

d¢

dp dz 2 qu
—mzpdtp+m(z pdt)d) mp*——

Using the definition in 1.15 and our new equation we get 4 different
equations if we compare the angular momentum in each direction.

1. L#0
2. mzpil—(f =0

d 118
S
4. mpzi—(f =L

This gives you a lot of information:

» m#0

1.3 Cylindrical coordinates | 3

-

X

Figure 1.3: Cylindrical coordinates.
https://www.researchgate.

net/publication/

334148643/figure/figl/AS:
775915730649091@1562004134358/
Diagram-of-a-standard-cylindrical-coordinate-syst
Jpg
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https://www.researchgate.net/publication/334148643/figure/fig1/AS:775915730649091@1562004134358/Diagram-of-a-standard-cylindrical-coordinate -system-with-radius-r-azimuth-ph-and-height.jpg
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https://www.researchgate.net/publication/334148643/figure/fig1/AS:775915730649091@1562004134358/Diagram-of-a-standard-cylindrical-coordinate -system-with-radius-r-azimuth-ph-and-height.jpg
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https://www.researchgate.net/publication/334148643/figure/fig1/AS:775915730649091@1562004134358/Diagram-of-a-standard-cylindrical-coordinate -system-with-radius-r-azimuth-ph-and-height.jpg
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2dp d9 2o _ 4240\ _
3253 tPgr T o@\Par) =
dl #) = 0, because both L and m are
constants.

» p#0
d¢
> W#O
>;[zi¢=0
_ _L
> T g

This equations not only give us a fixed value of z it also give us that in
the system we choose the value for z is 0 for all time. We also can get
a relation between the derivative of ¢» and p. We will use this later to
resolve the problem.

If z=0 we can redefine 7 from 1.16.

F=p=pp
ap |d%p do\*| . [.dpdo  d*¢] . (119
?—[W‘P(ﬁ) P e tPar

We loose the therm that goes in the (ﬁ direction because is zero. We can
see this in two different ways:

» Now our force F = f(r)7 = f(p)p because 119 so the second
derivative of p only can have a component in the p direction.

» If we calculate what we have in the (ﬁ component using some
notions in derivatives and 1.18 we would get 0 3

If we return to 1.12 with everything we learnt we can get something very
interesting, an scalar equation.

2
ml%’—p(m)l £(p) .20

We get a scalar equation with two variables p and ¢, but we can use 1.18
as before and reduce everything to a scalar equation with one variable.

dv(p)
dp

2
[d—p L, B (1.21)

— mp] flp)=-

We can put everything in one side of the equation and multiply both
sides by a factor dd—f

d>pdp d ( L? ) d dv(p)

" di \mpr) YA dp

d (1 (dp L? 3
E (Em (E) + 2mp2 +V(p)) =

We know that this magnitude inside the brackets is constant during the
time. This magnitude is the total energy, E, and we can divide it three:

(1.22)

Linear Kinetic Energy K = 2m( )2

Angular Kinetic Energy K, = W



1.4 Potential wells 5

Potential Energy v(p) = =%

4: This is what we usually use as poten-
tial energy because it appears in nature,
for example, Newton Gravity Law and
Coulomb Law

1.4 Potential wells

We are going to study the angular kinetic energy and the potential energy
(both are functions of p), we call the addition of these two energies
Effective potential i

In Figure 1.4 we can see many things: ‘

» The function have a minimum that is the lowest possible total \
energy because the linear kinetic energy is always greater or equal 5
to 0,1i. e. K > 0. This energy represents a circular motion.

» If we have a higher energy but still negative, the movement is
an elliptical motion with two values that are the nearest and the
furthest point in the ellipse.

» If the energy is positive the motion is no more a close orbit and we
say that the motion is an hyperbola.

» If the total energy is 0, the motion is in the limit between a close
and an open orbit and the movement is a parable.

Figure 1.4: Effective Potential

In the next section we are going to give real values to this magnitudes.

1.5 Physical Examples

1. Earth-Sun problem: If we take the Earth and the Sun as our two bodies
we need to know some values. We already know the reduce mass from
the previous section. The k value of the potential energy is k = GMsmg,
we know this value from Newton ‘s Gravitational Law.

» mg =2-1030kg
» Ms =5.97-10%kg
» G =6.67-10"Nm?/kg?

The total energy of the system is:

(1.23)

E= 2" \ar mp? p

1 (d_p)2+ 12 , ~GMsmg
2

We can see in Figure 1.5 that if we represent U = K, + v(p) against p we
get a similar function to the one in Figure 1.4, but we can see in the axis
that we have large energies and distances. That is reasonable if we think 4
that we are working with massive objects as planets. -

-

000 025 050 075 100 125 150 175 200
le12

We can calculated now the minimum energy the Earth-Sun system can

have in which, the Earth would orbit by a circular motion. Figure 1.5: Effective Potential for Earth-

Sun
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le-101

0 025 050 075 100 125 150 175 2.00
le34

Figure 1.6: Effective Potential for
Electron-Proton

To calculate this energy we need to calculate first the value of p for this
minimum energy (Pmin). This value can be found by matching the first
derivative of the function U(p) to 0

dau d L2 —GMsmE
dp E 2mp? " P -
P (1.24)
—L2 GMng
mp* 2
If we match 1.29 to 0 and solve for p we get pyin
_72
L3 + GMssz -0
mp p
GMgsm2p — L?
% —0 (1.25)
MEp
LZ
Pmin = GMsmé

If we use 1.25 in 1.23 knowing that our minimum energy implies K = 0,
we get the minimum energy possible.

1GMEm)
2 L2

_ _1 GMSmE
2 Pmin

1
= S¥(pmin) (1.26)

If we look into the equation 1.26 we can demonstrate that the minimum
energy is a half of the potential energy.

2. Electron-Proton problem: If we take a proton and an electron we can
do the same as before knowing their masses. The problem is very similar,
just with different conditions. The reduce mass is going to be the mass of
the electron because it is much less than the mass of the proton.

» m, =9.11-10-31kg
> m, =1.67-10%kg
» G=6.67-10"kg

The total energy of the system is:

dp\? 2 —GM,m
E=ly(fP) ¢ L T2 (1.27)
2 2

dt mp? p

We can see in Figure 1.6 that if we represent U = K, + v(p) against p we
get a similar function to Figure 1.4, but if we focus in the axis we can see
that we have very low energies. That is reasonable if we think that we
are working with particles that have very little mass.

I'm not going to do all we did before. In this case, because the energy is
so low, is not interesting to study it. But there is another potential that
affects electron and proton, the electric potential.



3. Electron-Proton problem with Electric Potential: In this case we need

to define the charges of the proton and the electron. Also we need to
7 2
47‘(860
is the charge of the electron ® and ¢ is the permittivity of free space.

where Z is the atomic number, e

define a new potential, where k =

» e=1.6-10""-1030kg
> €0 =8.85-10""%kg

The total energy of the system is:

do\? 2 )
E:%m(—p) b e (1.28)

dt 2mp?  4megp

If we look at Figure 1.7 and compare it with Figure 1.6 we can see a high
difference in the Energy scale. This means that the electrical force is much
stronger than the gravitational force.

We can calculated now the minimum energy the Electron-Proton system
can have in which, the electron would orbit by a circular motion around
the proton.

To calculate this energy we need to calculate first the value of p for this
minimum energy (pmin). This value can be found by matching the first
derivative of the function in Figure 1.5 to 0

du _ d [ L? —Zez]_
do ~ dp |2mp? -
p o aplempt P (1.29)
—12  —Z¢?
—_— + —_—
mp®  4meop?
If we match 1.29 to 0 and solve for p we get puin.
—1? Ze?
- — =
mp3  4meop?
Ze*mp — 4L mep = 0 (1.30)
_ 4L%7eg
7

We can also get the square of the angular momentum as a function of

p-

mMpminZe>
[2=—""—"_ 1.31
47‘(€0 ( )
Now, we have two different expressions for the minimum energy.
Ze?
1)Emin = - >
8megp
e (1.32)
Z)Emin =

" 2(4mep)? [2

1.5 Physical Examples | 7

5: This value was discovered by the No-
bel Price Robert Andrews Millikan by
his experiment called: Millikan oil drop
experiment

00 ’
-0
-10

000 025 050 075 100 125 150 175 200
le-5

Figure 1.7: Effective Potential for
Electron-Proton (Electric Potential)
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h is known as the Plank constant.
h~6.63-107#

Looking at the first expression we have the same as the Earth-Proton
problem, we get that the minimum energy is half of the potential energy.

The second expression is even more interesting because after measure
the length wave of light from an hydrogen atom, Bohr discovered that L
was proportional to the energy level of the atom (n). Later they found
that the relation is:

L=hn (1.33)

1.6 Rotation and angular momentum

To finished this chapter we are going to talk about something that is very
interesting and purely mathematical.

We know that the rotation in 3D is not commutative and we also know
that the definition of the module of L is

[2=|LP =12 +12+? (1.34)

This means that we can have multiple solutions for L using rotations.

We define a vector |j, m) where j is the representation and m is the bases
vector of the representation. Then we get this relations:

L2 ., — (i 1 .,
|]' m) ](]‘+ )j, m) (1.35)
L.|j,m) = ml|j, m)

I'm not proving anything, we will derive and talk about these in more
detail in chapter 9.



Waves

Waves are some example of classical mechanics, where we have a function
that propagates among time. During this chapter we will define their
properties and their relation with quantum mechanics.

2.1 The wave function

We define a function that propagates in one dimension (x) among the
time (t).

Px, t) = /et (2.1)
Where w is the angular frequency of propagation and k is the wave
number. We are working with complex numbers but the solution to

the function can not be a complex number because it has a physical
meaning.

We can define the phase as the function inside the exponential.

o(x,t) = kx — wt (2.2)

If we set ¢ constant we will be "riding" the wave.

2.2 Energy and momentum

We are interested in see what happens among time and space in this
function, so we are going to differentiate.

d ,
Elp(x, t) = —je!kx-wt)
d .
§¢(x, t) — ikez(kx—wt)
We choose to work with one dimension but everything could have been

done in three dimensions just using x and k as vectors.

Now we are going to do some assumptions.

(2.4)

2.1 The wave function . . . . .. 9
2.2 Energy and momentum. .. 9
2.3 P(x) function I: Definition

and properties. . ....... 10
2.4 Fourier Series . . ....... 11
2.5 I:(x) function II: 1(x) and

V) v 13
2.6 Free particle . . ........ 14
2.7 Examples . . .......... 17
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Figure 2.1: Normal distribution for
mean=0 and sigma=1, to simulate a ex-
periment measured by different people

*Uncertainty is not probability

We can define the energy as some constant, 71, times the frequency. If
we use the same constant and multiply it to the wave number we get
something with units of momentum, so we wil call it momentum.

The second term in both expression is what we call energy and momentum
operator.

We now from classical mechanics that energy and momentum are related
by the equation:

P-P
E=—+ 25
7 T (2.5)

In the previous chapter we got the expression of the energy, to find the
position at any time for some initial conditions given.

In the same way, if (X, 0) is given we can compute Y (X, t) using the
energy and momentum operators.

2.3 P(x) function I: Definition and properties

Experimentally describe a particle at rest. If we plot the position measure
we will get different answers for the same experiment.

P(x)

0.40 A

0.35 A

0.30 A

0.25 A

0.20 4

PDF

0.15 4

0.10 4

0.05 A

0.00 A

Value (x)

In wave mechanics P(x) should be interpreted as {?(x, 0).

We can define P(x) as a Gaussian distribution with an undetermined
constant.

2

P(x) = Ae 22 (2.6)



We also make the next choice to define P(x):

/00 P(x)dx =1 (2.7)

(o]

We are going to ignore the constant for now to keep things simpler.

I= / e~ dx (2.8)

0

We need to resolve the integral of P(x), but it is not a direct integral and
is difficult to resolve it. Luckily for us, we can use a trick to resolve this
integral.

12 = |:/Oo e_axzdx |:/Oo e_ayzd]/:| =

= /m e ) dxdy =
-~ (2.9)

= 271_—1 [e"’”z]w _I

If we want 2.7 to be true we need to normalize it using the result from

2.9.
a 1
A== where a=— (2.10)
T 202

We get that the final value of our P(x) function is:

1 2
N e 202 (2.11)
no

P(x) =

We will continue with this later but first, we need to define Fourier
Series.

2.4 Fourier Series

If we have a periodic function with length L so f(x) = f(x+L), then we can
rewrite any function in this way:

N
f(x) =" fihr(x) (2.12)
k=0

2.4 Fourier Series

Rla]>0,aeC

dxdy = rdrd®

11
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Where 1 (x) follow the next statements.

i 2mk

1
1) i(x) = —e' "
L \/_ (2.13)
6 is a Dirac delta 2) ‘/O' Eb;(x)‘qbk’(x) = Ok

Using Fourier analysis we can rewrite our wave function into:

¢m:ﬂwp/jawmﬂ (2.14)

We can define the boundary conditions of (x) to be:

1) Dom[y(x)] = (‘—L 5)

2 9(5) = ¢<7L> 219

2m

3)P(x) = ¥ = " HF

We defined a orthogonal function g;,.

(x) _ezzﬂnx
gn '\/f

L . L . (2.16)
* _ - i X (1—n) _
01, is called Kronecker delta, this func- fL &n (x)gl(x)dx T L ‘/_L e dx = Ot,n

tion is 1 when 1 = n and 0 for any other B 2
values

We can use this function to rewrite {(x)

(o)
>, ey,
— L

P = = i e
VL 2 (2.17)
1
2,

P(x) =

The last expression in 2.17 is a Riemann sum so we can turn that expression
into an integral.

¢m:%/¢@ﬁ% (218)



2.5 P(x) function II: Y (x) and l,z(k) 13

We can find also an expression for ;.

[ wogt =

- L i:; B [ guigt s =

=— 2 Unuy = —1; (2.19)
gr="L / P(a)g] (x)dx

B= [ "y

If we extend to the limit where L approximate infinity we can get a
general solution for ¢(x).

d(k) = / ) P(x)e” " dx (2.20)

We have two different relations between 1(x) and l;(k), we need to make
sure this two relations make sense together. To do this we are going to
use 2.20 and 2.18.

Y(x) = %[ U ll)(y)e_ikydy] e dk =

= / ) Y(y) [% / ) e”‘(’“y)dk] dy (2.21)

() = / Y6 — y)dy

The last equation we get from 2.21 is the definition of the Dirac delta
function itself, so we prove that both expressions we have are right.

2.5 P(x) function II: ¢¥(x) and l;(k)

Using equation 2.11 and the definition of the P function we can get an
expression for psi(x).

2
= = _?
00 = VPR = e (2.22)
We can also define J}(k) using 2.20.
~ o2
(k) = (Zn;)i / e K gy (2.23)
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This integral is not easy to solve, but we can get something similar to 2.8
and we already know the solution for that integral.

x2 1., )
ﬁ +ikx = F[X +4io k.X'] =
o o
1
= lk+ 2i0k)? + 40*k?] (2.24)
o

—x2 . .
eﬁ—zkx _ e_gzkze—ﬁ(x+2mzk)2

This expression can be used in 2.23 to resolve the integral doing a variable
change (T = x + 2i02k).

~ 1 e [T 2
Pk) = ——e e iZdt (2.25)
(2mo?)1 ~0
We are not going to explain why oo +
2i6%k = 0o and —o0 + 2ig%k = —00, 50 .. .
the limits do not change. This can be Now we can resolve this integral because we already know the solution
prove with some complex analysis. from 2.8

. 1
P(k) = (—2)1e—“2"2\/402n e (2.26)
21104)%

2.6 Free particle

If we set up the problem as a particle.

Fort=0:
» x=0
» v=0

Then x(t) = 0. Also if E or p are given instead of v we can resolve the
problem for x(t)

If we interpret the free particle as a wave, using the knowledge from
section 2.2 we will find a equation that describe the motion of the wave.
First, we want to find a relation between w and k. We can get this equation
using 2.4 and 2.5. Because we are working with a free particle v = 0

nk?
= o (2.27)
The motion function can be found also using 2.4 and 2.5
L d 1 (. d)’

We define P(x,0) as a gaussian function as we did in previous chapters.

2

e a2 (2.29)

P(x,0) =
2102



This P(x,t) function is what we called intensity of the wave, the question
now is: if the wave is free (¢ = ¢(x, f)), what is P(x,t) ?

We know from the previous chapter the solutions for 1(x, 0) and l,T)(x, 0)

when P(x,0) is a gaussian.

[S}

1 x
e

V2702 N

[S)

11b(x'/ O) =

1 1 2k2

(2.30)

(2.31)

If ¢(x,0) is interpreted as amplitude at x, (k) can be interpreted as
amplitude at k. Also, we can define a intensity of k where P(k) = 1?(k)

c=10.1
P(x) P(k)
2.5
0.5 -
2.0
0.4 -
1.5 4
0.3 -
1.0 4
0.2 -
0.5 -
0.1 -
0.0 - /
T T T T T T T T T T
-10 -5 0 5 10 -10 -5 0 5 10
X k
o=5
P(x) P(k)
0.08 1
14 -
0.07
12 -
0.06 -
10 -
0.05
B -
0.04 6 -
0.03 4
0.02 2
0.01 A 01 :
T T T T T T T T T T
-10 -5 0 5 10 -10 -5 0 5 10
X k

In this page we can see two different figures. In Figure 2.2 we have a

2.6 Free particle | 15

Figure 2.2: P(x) and P(k) for ¢ = 0.1.

Figure 2.3: P(x) and P(k) for o = 5.
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very accurate result for the x value and a more deviated value for k
while in Figure 2.3 is completely the opposite. This is a preamble to the
uncertainty principle, however, we still haven't talked about quantum
physics, this is just wave mechanics.

We need to get the expression among the time.

U(x,t) = ZL/ Z%Rio%e_azkzeik"e_i%tdk (2.32)
T

(&)

To solve this integral we need to work with the exponent.

2

—o%k? - izimt +ikx =
_ (2 ﬁ 2 ipa
=—(o"+ 2m)k +ikx =

iht ikx (2.33)
= (0P 5 ) - — ) =

2m 0%+ L

,ht . 2
= _(02 + ;_)(k - zlx iht ? + zx iht \2

m 2(0' + ﬁ) 4(0 + m)

We get a similar exponent to the ones we’ve been working with, where

2, it . . — 1 ix
a = —(0* + 55-) and my variable is T = k 20+ )

Using this to resolve 2.32 we can get a final expression for {(x, t).

(2.34)

2 i 2
“— & | oD
2 iht \2
2n(02 + 5,0)

We can calculate P(x,t) knowing ¢ (x,t).

2 1 1
o T(ﬁ+i)
P(x, t) = We 2 an 2 an =
VZR(G + W)Z
) : (2.35)
1 2‘772 1

242
2m02(1 + 4hm2tg4)

We can get the final result of P(x,t) from this equations.

1 __a2
P(x,t) = ———e 20°0) (2.36)

\2mo2(t)



Where o(t) is defined as:

h2t2
G(t) =04/1+ W (237)

We define the characteristic time (7) as a property of the experiment
itself.

L (2.38)

2.7 Examples

As we did in the first chapter we want to get some real values for this
equations. We will find and plot the P(x,t) and o(t) for 3 problems: the
Earth, an electron and a neutrino.

Earth problem: We want to measure the position of the planet Earth.

Our data for this problem is:
» m =597-10%kg
» 0o =10%

» 1=1.05-10"%]/s

We want to know the characteristic time first.

~5.97-10%*-0.12

Tos 0 - 5.69 - 10°°s (2.39)

We can plot now in steps of 7 the function o(t).

Earth o(t)

0.45

0.40 A

0.35

0.30 A

0.25

0.20 A

0.15 4

0.10 4

time/tau

2.7 Examples | 17

Figure 2.4: Function o(t) for the Earth
experiment
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Earth P(x,t=0 1)
4.0

3.0 4

2.5 1

2.0

P(x,t)

1.5 4

1.0~

0.5 A

0.0 A

Figure 2.5: Gif for P(x,t) of the Earth
experiment

Electron problem: We want to measure the position of an electron. Our
data for this problem is:

» m=9.11-10"kg

» 0o = 10%

» 1=1.05-10"%]/s

We want to know the characteristic time first.

_9.11-107%.0.12

o5 g = 56763 (2.40)

We can plot now in steps of 7 the function o(t).

Electron oft)

0.45

0.40 A

0.35

0.30 A

0.25

0.20 A

0.15 4

0.10 4

Figure 2.6: Function o(t) for the Electron

experiment time/tau
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Electron P(x,t=0 1)
4.0

3.0 A

2.5 A

2.0 A

P(x,t)

1.5 4

1.0 A

0.5 1

0.0 1

Figure 2.7: Gif for P(x,t) of the Electron
experiment

At a first view the figures for the Earth and the Electron seems similar
but we have to think that we are using the characteristic time as a step
so the scale is completely different, while the electron functions evolve
significantly in less than 100 seconds, the Earth function is changing in an
order of 10° seconds (MORE THAN THE AGE OF THE UNIVERSE!!).

Neutron problem: In this experiment we are going to measure the
position of a neutron before it decays. A neutron has an average life time
of 879 seconds. In this case because we know the scale of time we want
to work with we won’t calculate the characteristic time now. The data for
this experiment is:

» m=1.67-10%kg

> 0o =10%
» 1=1.05-10"%]/s

le—T7+le—1 Neutron o(t)

3.5 A

3.0 A

2.5 1

2.0 1

1.5 A

1.0 A

0.5 1

0.0 4

0 200 400 600 800

” Figure 2.8: Function o () for the Neutron
time (s)

decay
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Figure 2.9: Gif for P(x,t) of the Neutron
decay

Neutron P(x,t=0.0)
4.0

3.5 4 N

3.0 4

2.5 1

2.0

P(x,t)

1.5 4

1.0~

0.5 A

0.0 A

In this case we can not appreciate a change in this scale of time. The
neutron decays to fast to get an important change in his intensity. But
how fast, is to fast? We can calculate the characteristic time to answer this
question.

_1.67-107%0.12

_ 5
o5 1ot = 19910% (2.41)

We can appreciate in this equation that the characteristic time is almost
10° times bigger than the decay time, that is why we don’t get to see a
change in the density function among time.

Extra problem: We want to do one more experiment. We can use this
functions to know how much it would change the measure of a human.
The data is:

» m =70kg
» O0p = 10%
» 1=1.05-10"%]/s

We want to know the characteristic time first.

70-0.12

="  =667-10% 2.42
710510 ° (2:42)

We can plot now in steps of 7 the function o(t).
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Human of(t)

0.45 A

0.40 A
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0.30 A
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0 2 4 6 8

' Figure 2.10: Function o(t) for the Elec-
time/tau

tron experiment

Human P(x,t=0 1)

4.0

3.0 A

2.5 4

2.0~

P(x,t)
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1.0 A

0.5 1

0.0 1

Figure 2.11: Gif for P(x,t) of the Electron
experiment

Again we get something similar to the Earth and the Electron problems,
but this time our step is an order of 10%s, this is still larger than the age
of the universe.

A free particle is an easy example but we will start with something more
difficult in the next chapter.






Potentials V(x,y,z)

In this chapter we will find the intensity and the 1 function of a particle
under a potential.

3.1 Potential in 3 dimensions

First, we need to define our energy and our equations in 3D, this equations
can be obtained from the second chapter generalizing to 3 dimensions.

py+py +p2

o +V(x,y,z)=E (3.1)

i
[_% [WW_W

2 d
|t V(x,y,z)] Y = ihﬁl# (3.2)

Where ¢ is a function of space and time, i.e. = (x,y, z,t). Before
doing some operations with this equations we want to define a boundary
for the intensity function. When we talk about this function in the second
chapter we define a boundary in 2.7, we need to do the same but in 3
dimensions.

/ / / P(x,y,z)dxdydz =1 (3.3)

For this equation to be satisfied we need to achieve this properties:

» lim, o P(x,y,2) =0Vy,z
» limy e P(x,y,2) =0Vx,z
» lim; 0o P(x,y,z) =0Vx,y

The intensity is define as P(x,y,z,t) = py*. We have defined the
intensity and we can continue now with Equation 3.2. To resolve this we
will use the equation and it’s conjugate and we will multiply for i or

y*.

0
+VIY =i het

o B R
v 2m [Jx?  Jy?  Jz?
2 [ 2 92 92 (3.4)

‘b[_%[W’La_szrﬁ v

* _ - i *
Y = —ighsy
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To continue we will subtract the first equation with the second one.

? »? PP , d 4+ 40
v [ﬁ+ &22]1’0 ¥ [83(2 2 +ﬁ]l’b} =i [I’DE#} Ty El’b]
d a9 r s 0
a—(w "= grp) (w—w -y @¢)+
d
+a—(¢azw -y —w)— h[ubatw Y atub}

(3.5)

If we integrate both sides we get that the left side is 0.

ih/wdx/wdy/mdz [¢%¢*+¢*%¢] =0
— dx/ dy/ dzyy* =

This equation tell us that the total intensity must be constant among the
time, so now we know the conditions of the intensity for space from 3.3
and for time.

(3.6)

3.2 Discontinuous Functions

800

We will work in one dimension only for now on to get things easier.
Some potentials are discontinuous function, one of the most common
example is the square well potential. We want to study this discontinuous
. functions and for that we will recover the delta function.

. L . We want to prove that:
Figure 3.1: Discontinuous function with

a finite jump inx =0

do
This equation is true if:
® do
/ F0 5 dx = FO)C (3.8)

Because of the definition of the delta function. To prove this and also to



get the value of C we need to operate carefully this integral.

® d
[ (streooen - o) ax -

(o8]

= [0~ - / 90 o) =

—00

(3.9)
oo AX dx

= f(00)0; + f(=00)0_ + O_(f(0) — f(=00)) — O4(f(c0) — £(0)) =

= f(0)[0- + 64]

:f(oo)6++f(—oo)6_+9_/0 ﬂdx—&r/ooo ﬂdx =

We prove that 3.7 is true and also that C is the "jump" distance in the
discontinuous function.

3.3 Square Potential Well

Vix)

_VD

We have a potential as the one in Figure 3.2 and we want to study the
intensity and the ¢ function of a particle among space and time. First i
have to define the potential.

-dav

flx)= I (3.10)

In particle mechanics the problem will be solved with the equation of
the energy.

2
E==-m (d—f) + V(x) = constant (3.11)

3.3 Square Potential Well

Figure 3.2: Square Potential Well

25
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In wave mechanics is more complex we will get the Schrodinguer Wave
Equation for one dimension.

J , _12 92 )
Ebg; 2 - %% +V(x)(x,t) (3.12)

i
Let’s consider one solution to this equation.

Y(x, t) = Pp(x)e ! (3.13)

Where ¢(x) is a real function, if we remember we solved ¢(x) for the
free particle problem and it was a exponential.

P(x) = e’ (3.14)

This function does not fulfill equation 3.3.

[ O*(x)Pp(x)dx = 0 (3.15)

This means that we only have solutions if V(x) # 0.

Using our knowledge on the previous section we can get an expression
for f(x).

F0) = S = (Vo = 06(-a) + (0~ (~Vo)3(@)] = Vob(~a) ~ Voia)

(3.16)
We want to redefine the energy, so we do not get stuck with the signs.
Energy = - E where E > 0

For a bound state 0 < E < Vj must be true. This is a bound state because
is similar to the first chapter example when we said that a negative energy
implies a closed orbit because the particle must be between the 7,
and the 7,4, for the energy to be constant, this is exactly the same, but
because is in one dimension the particle should bounce between the
potential well in a classical approach.

We need now to rewrite the wave equation and the solution.
Y(x, ) = p(x)e' ! (3.17)

2 d?
—E¢(x) = %% + V(x)p(x) (3.18)



So the equation for the three different parts of the potential are:

d2

_dxf = 2;;1—213(;) where x < —a

26 om(Ve—E)

- = —Tqb where —a<x<a (3.19)
d>¢  2mE

ey = e where x > a

We need to resolve this equations. The solution to this equations are
exponential for the first and the third intervals and an addition of a sine
and a cosine function.

For the exponential functions we are going to define the exponent as a.

Because the differential ecuation implies a second derivative this means
that the exponential can be —a or +a, this sign is going to depend on the
equation 3.3. We are also going to define f§ as the argument of the sine
and cosine functions.

2mE
C=0IN T

[2m(Vo — E) 3.20
p=a h—OZ (320

ZTHV()
Y2 =p2+a? = a? =

We have also defined gamma, that is a constant of the problem (does not
depend on the energy) and is going to be useful to determine the values
of @ and f after we solve the equations.

We can solve now our differential equations.

—a

Ae?* X>a

¥(x) =B sin(gx) + Ccos(gx) —a<x<a (3.21)

a
Dea* X < —a

Now we need to use the boundary conditions. We already know that
3.3 must be true and we will use that condition later, but we also know
that ¢» must be continuous because we define it as a continuous function
and the first derivative must be continuous also because if not, then we
will have Dirac’s delta functions in the wave equation that can not cancel
with anything. So we have two boundary conditions that will became
4 equations. But before we will do some changes in 3.21 to get easier

3.3 Square Potential Well

27
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equations later.

—a

Aea ™ xX>a
Y(x) =Be™ sin(gx) +Ce™® cos(gx) —a<x<a (3.22)
Dei* X < -a

The continuity conditions can be set now.

D = —Bsin(B) + Ccos(B)

A = Bsin(B) + Ccos(B)

Da = BBcos(B) + CBsin(p)

— Aa = BBcos(B) — Cpsin(p)

(3.23)

This is a homogeneous system, so one of the solutions is A=B=C=D=0
but this solution is not allowed. If we solved for this we will get two
equations that actually imply 4 equations.

C(acos(B) — Bsin(B)) =0

. (3.24)
B(asin(B) + Bcos(B)) =0

If B=C =0, A and D will be 0 also and we already said that is not an
option, so we have three possibilities. Let’s try doing both parenthesis
equal to 0 and add them multiplying by some factor.

sin(B)(asin(B) + Bcos(B)) + cos(B)(acos(B) — Bsin(B)) =0

asin2(ﬁ) + acosz(ﬁ) =0 (3.25)

With our choice the solution is & = 0 but a can not be 0, so we only have
two choices both of them are right.

If we take a look at this dependency between a and  and we include
our gamma equation to the chart we would see something interesting.

a = —cot ()
a = Btan(B) (3.26)

y2=a?+ p2
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a(B) function fory=5

61 — B=0
— C=0
5
4 4
o 3
2
| /
0 T T T T T T
0 1 2 3 4 5 6

Figure 3.3: @ as a function of  for y =5

This proves that the energy is quantized because only some values for «
(that is a function of Energy) are possible.

And the solutions are:

Solution for C=0

A = Bsin(B)

b=b 3.27
C=o (3.27)
D = —-Bsin(B)

Solution for B=0

A = Ccos(p)

p=0 3.28
Cec (3.28)
D = Ccos(B)

We still have one variable left to resolve, to do this we will need to use
3.3. We will resolve only for the case B = 0, the other one will turn the
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Figure 3.4: ¢(x) and P(x) functions for
gamma = 10

same.

[ o -

—a a [
= C? [cosZ(ﬁ)/ e dx + 6_2“/ cos2(§x)dx + cosZ(ﬂ)/ e‘zaaxdx] =
—00 —a a

_ —2a 2 a
= 2 2 i [ ZTax] ! ¢ i ] _ﬁ
C [cos (ﬁ)za e T > [ sin( p X)+x

2
C2p0-20 [ cos?(B) . sin(2B) N 1]

—a

pran(p)  2p
= C2pe™ 1 +1| =1
a
(3.29)
Now we need to resolve for C in the last step.
2a
C = it (3.30)

If C=0 then, B? is equal to the expression above.

Now we can solve for everything in the problem for a given gamma.

3.4 Examples
We will plot some of the solutions for different gamma and for the largest
gamma we will try to approach and explain a classical behaviour.

First example: In this case we will took gamma = 10, and plot two of the
solutions, one for B=0 and the other one for C=0.

C=0,y=10.0,a=823

400
P

2a

- cosz(ﬁ)% [67

]



B=0, y=10.0, a=7.07

B0
g
Plx)

-0.25

-0.75

-1.00
20 -1s -lo -05 00 05 10 15 20 20 -15 -lo -5 00 05 10 15 20
x

Now we will try to achieve a similar behaviour to the well-known particle
approach, where all the probability is inside the square root potential
and all of it is equally likely to have the particle. We can achieve this
finding the P(x) function for a bigger gamma and a small alpha.

B=0, y=100.0,a=21.74

#x)
g
Pl

-0.75

-1.00

-0 ~-15 -1o 05 00 05 10 15 20 -20 -15 ~-10 05 00 05 10 15 20
x x

In Figure 3.6 we can see that we get what we expect for a particle
behaviour but we still have that quantum behaviour because the integral
outside of the square potential is not zero as it should be in the particle
behaviour.
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Figure 3.5: ¢(x) and P(x) functions for
gamma = 10

Figure 3.6: ¢(x) and P(x) functions for
gamma = 100






Delta function potential

We want to understand solids and their properties, for example why
copper is a conductor and wood is not? For this and other questions we
will propose our next problem, the delta function potential problem.

4.1 Definition of the potential

We define our potential this time as

V(x) = =2Cd(x) (4.1)

Where C = Vja.

Because we have delta functions in our equations we can not call them
normal equations so we will use quotes to differentiate them from real
equations.

2 N2

7 + P
2m dx?

+2Co(x)p(x) = +Ep(x)” (4.2)

4.2 Solution

The solution for this equation is:

P(x,t) = el (x) (4.3)

Now we need to solve our equation for ¢(x).

aZ
I/a_xqz) + 47;2C6(x)¢(x) — 2;;:1_2E¢(x)/l
(4.4)
32
T I 5 eyp(e) = 2 ey

We need to define two variables to resolve this equations, a and g
(This variables are completely different to the variables in the previous
chapter).

_ 2mVpa

=0

2mE
K2

(4.5)

a =

4.1 Definition of the potential .
4.2 Solution. .. ..........

20 -15 -10 -05 00 05 10 15 20

Figure 4.1: Delta function potential
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4 Delta function potential

As we did in the previous chapter we have to think about the continuity
in ¢(x). Can ¢(x) be discontinuous? The answer is no. ¢(x) is continuous
because if it weren't continues the second derivative would look like the
derivative of a delta function and the equations don’t make sense with
that assumption. However, in this case the first derivative of ¢(x) must
be discontinuous because we need the second derivative to go as a delta
function.

We solve for ¢(x) # 0.

P
;:C(zx) = a?¢(x) (4.6)

The solution to this differential equation is:

Ae*  where x<0

P(x) = (4.7)

Ae ™ where x>0

And the derivatives are going to be:

Aae®* where x <0
dP(x) -
(gx = (4.8)
—Aae™* where x>0
() Aa?e™  where x <0
” e + Bo(x)” (4.9)

Aa%e @ where x>0

To solve for A we are going to use the continuity conditions we mention
before and the fundamental theorem of calculus.

00 azq)(x) _ aqb (9(1)
—c0  Jx2 dx - [E]XZ—OO B [E]Xﬂx’

Aa? /‘_000 e dx + Aa? /000 e~ %dx + B /__:’ 5(x)dx =0

(4.10)
Aa+Aa+B =0

B = -2A«a

We want to integrate 4.4 for x=0 to remove the quotes.

Aa? [ e+ Aa [ e = [ T+ 2g [ 6000y

[aAe® ]’ — [aAe™]S = 0 +2g¢(0)
20A =2gA

a=g
(4.11)
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In this case we only have one possible value for a so only one Energy

level is possible. The solution to the problem is:

Aed®  x <0
) = { Ae 8% x>0

AZe28*  x <0
P(x) = { AZe™8% x>0

To solve for A we need to use the property from 3.3.

A%e28%  x <0
P(x) = { A%e™2* x>0

/_0:0 P(x)dx =1

A2 _
g—l
Al=g

We have finally solved the problem and the solution is:

_ ) v/ged*  x<0
‘P(x)_{\/gegx x>0

(4.12)

(4.13)

(4.14)

(4.15)

(4.16)

We will not do examples using this model because is not that usefull, but

it will help us understand the next problem better.
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Figure 4.2: Solution for g=2.5 of phi(x)
for the delta function potential.






Multiple potentials

Until this moment we have only work with 1 potential well but if our
goal is to understand solids and their properties we need to figure out
how our quantum world works with multiple potential.

5.1 Definition

In this problem we will have N delta function potentials, as the one in
the previous chapter, separated by a distance d, with a fix value for g of
g=1. The potential can be defined as:

N
"V(x) = -2Vya O(x —nd)|” (5.1)
n=1
Using 5.1 we get the wave equation for this problem.
P (x) J
w2 — ”
a‘p(x) = Ep% +2g nZ:; O(x —nd) | p(x) (5.2)

Outside of the potentials the equation to solve will be the same as 4.6,
our goal is going to be trying to find the relation between the A and B
coefficients at both sides of a potential as we can see in Figure 5.2

(n-1)d nd (n+1)d

An-1 An
Bn-1 Bn

5.1 Definition ........... 37
52 Solution ............ 38
5.3 Solutions forN=12..... 39
5.4 Solving for x as a circunfer-
eNCe .. ...ttt 41
5.5 Solution for all the posible
energies. ............ 44

Figure 5.1: Multiple delta function po-
tentials problem.

Figure 5.2: Coefficients outside of the
potentials near x=nd.
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We are adding the term —nd + d/2 in
the exponential because it will make the
math easier later.

5.2 Solution

Our potential at x = nd will look like Figure 5.2 and the solution at the
left and right side of the potential in x=nd will be:

B(x) = Apoge @0 0=8D 4 B paG-lnd=5D < g
(5.3)
O(x) = Apeat-lnd+dD 4 g patr-lnd+{) x> nd

First, if we look at the limits when n=1 and n=N we get the solutions
from the previous chapter.

Ap=0
By =0 (5.4)
We will use the continuity of the function and its derivatives, as we
already explain in Chapter 4, to relate the A and B coefficients.

The first condition is that ¢(x) is continuous. To simplify we will use

_gd
v=e %2,

Bn—l An
0

A, 10+ = - + B,v (5.5)

The second condition is our relation between the derivatives in x = nd
shown in 4.11

[~aA,1v+alt] — [—ade + aB,v] = 2[A, 10 + 22=2]

Ay-1(—av —20) + By—1(§ — %) = —ozAnzl—} + aB,v (5.6)

—Apt +Byv=-vA,1(1+2)+ 1B, 4(1-2)
If we add and substract both conditions we will get the next equations:

B, = _éAn—l + #(1 - é)Bn—l

(5.7)
Ay = 02(1 + %)Anfl + %anl
We want to show this like a matrix.
A, 7}2(1 + %) % An
= (5.8)
By _zl_; %(1 - é) By

We will called this matrix T. Now we can relate any index with each
other because T does not depend on n, i.e. T = T(a, d). Now we will



find the solutions for alpha using the relation between n=1 and n=N
coefficients.

AN Ao
=[T1" (59)
Bn Bo
To solve for alpha we will use 5.4.
AN (M) (T 0
= (5.10)
0 (T)ar (T)2 |\ Bo

For this equations to be true we get the condition, (TN)p = 0. This will
give the solutions for alpha and will depend only on d.

5.3 Solutions for N =1,2

Now that we have the general solution, we can try to get the simplest
examples.

For N =1 it will be extremely simple.

S1-2)=0

11
v? a (5-11)

Solving for a we get @ = 1 that exactly the value for g, this tell us that
when N=1 we recover the solution from the previous chapter, wich make
sense.

For N = 2 we need to square the matrix.

T2 = s %) % 2 —
-t da-d
20+ L |[easd b
= - (512
4 da-b]l b da-b
i1+ 1)2 - % 1+ )+ 101 -1)]
| -ipaebhala-b -G Za-2p
From the expresion of T», we can get the solutions for alpha.
~ar Far(l - 5P =0 (5.13)

1 _ d 1
iz—e“ (1—;)

5.3 Solutions for N =1,2 39

However, the number of solutions for
alpha will be dependent on N, i.e. the
number of delta function potentials
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N=2, d=2

000 025 050 075 100 125 150 175 200
a

Figure 5.3: Solutions for (TN)y, = 0 for
N=2 and d=2

The solutions have been found using nu-
merical analysis.

N=2, d=0.5

000 025 050 075 100 125 150 175 200
a

Figure 5.4: Solutions for (TN)2 = 0 for
N=2 and d=0.5

We get two different solutions from this equation.

ad

a=1+e"
wd (5.14)

a=1-¢"

If we plot both sides of the equations we can see two different results
depending on d. If d is greater than 1 we will get two solutions if d is
least than 1 we will only find one solution. This can be observe in Figure
5.3 and Figure 5.4.

As N increase with a fix d the number of alphas will increase until the
discrete turns into a almost continuous behaviour. For an infinite N we
will aproach a continuous energy range with posible energies. With N
from 1 to 60 we can see the behaviour of the energy when d=2 and we
can appreciate how the posible energies are more and more continuous
for larger N.
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5.4 Solving for x as a circunference

If we assume x axis is not a straight line, and instead it is inside a
circunference of length L, like Figure 5.6, the math will look better and
we will get some interesting new results.

Because we have N potentials separated a distance d, we can say that
L = Nd. When N is infinite we will have again that L is aproximately
infinite and therefore the circunference will recover the straight line
shape.

One of the consequences of this new aproach is that now E is not confined
to only negative values. We know get a new wave equation where E is
the energy.

2 q2
LY V() = Epr) (515)

" 2m dx?

We have to solve this equation with our boundaries as before, but we
have new boundaries as a result of our transformation. We can use the
rotation simetry to say that now our function is periodic. This give us
new conditions:

P(x + L) = p(x)
Ex+L)=2(x) (5.16)
V(x+L)=V(x)

We want to go even further and solve problems where V(x) is periodic
in d instead of L, i.e. V(x + d) = V(x).

In this case we say, and it can be prove, that ¢(x) is quasi-periodic.

o(x +d) =Co(x) (5.17)

Figure 5.5: alpha as a function of N for
d=2.

\1 L=Nd

kd

Figure 5.6: x as a circunference of dis-
tance L.
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20 -15 -10 -05 00 05 10 15 20

Figure 5.7: Potential between -d/2 and
d/2

After the N potentials ¢(x) must be the same again according to 5.16.

d(x + Nd) = CN(x) = p(x + L) = d(x) (5.18)

This means that CN = 1 and this lead us to N solutions for C.

C=elvk k=0,1,2,..,.N-1 (5.19)

We will solve the problem between d/2 and -d /2 as we can see in Figure
57

Outside of the potential the wave equation is:

d?¢(x) _ { a’¢p(x) E<O (5.20)

dx? B*¢(x) E>0

The solution fo this equations is the same as the one in Chapter 4, but
we will change the notation, intead of terms of n we will called the
coefficients Ay, B;, and AR, Bg, for left and right of the potential.

Let’s resume all the conditions.

I) P(d/2) = CPp(=d/2)

10 2 (df2)=CL(-d/2)

(5.21)
1) ¢lx =07) = p(x = 0)

¢

d
) % <

dx

e = 200)

x=0"

We have to solve for this conditions. We will use v = e9%/2 to simplify
the math.

I+11 Br = 5B
I-11 AR = CU2AL

(5.22)
11l => (Co>-1AL=(1-5)B;

IV => [—ALDC + BLa] - [—ARO( + BRa] = Z[AL + BL]

Combining the four expresions we can get the equation to solve alpha
for.

27tk 1 .
cos (W) = cosh (ad) — - sinh (ad) (5.23)

If d and N are given we can get a(k).
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To see the behaviour of the function with N we can fixed d and try to get
all the solutions for alpha. We can see in Figure 5.8 how the energy range
became continuous when N increase to infinite.

In the other hand, if we want to see the behaviour of the function with d,
we have to do before a numerical analisis of the function in the right side.
First, we want to find the limit for « — 0. We will need to use Taylor
expansion to solve it.

lim,_,0(cosh (ad) — % sinh (ad)) =

ad _e—(kd

= cosh (0) — limy—o L &= = (5.24)

=1 —lim, o 1208400 _ 1 _ g4

Now we want to see how the monotony of the function behaves, so we
have to look at the derivative of the function. We will use taylor expansion
again.

% [cosh (ad) - %sinh(ad)] =
= (oz + %) sinh (ad) — %cosh(ad) x (5.25)
~ ad*(1 - £) +o(a®)

If d is greater than 3 the function decreases first and then it increases
until infinity. If d is less than 3 the function increases for all a. Is not
important for us where the minimum is located, the key aspect is that
if d is greater than 3 we get solutions for bigger alphas of the equation
because the left function is confine in [-1,1].

In Figure 5.9 we can see that for a fixed value of N we can get all the
energies depending on the distance. If we take a look into the maximum

Figure 5.8: Energy as a function of the
number of potentials.
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energy we can see that for values of d greater than 2, this value starts to

decrease.
N=40
004 @ Y .'
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Figure 5.9: Energy as a function of the 10 15 20 25 3.0 3.5 4.0

distance between potentials.

5.5 Solution for all the posible energies.

This is not the end of the chapter because as we already said, we have
also positive energies. Solving for the second equation in 5.20 we get a
similar equation to 5.23 but where § =

cos (%) = cos (Bd) — % sinh (B4d) (5.26)

Plotting all the solutions together, the positive and the negative ones,
we can see how the energy levels behaves depending on the other two
parameters, d and N. Moreover we can also see the gaps between the
different energy levels.



5.5 Solution for all the posible energies. | 45

d=2
25 4 ° .
L ] L ] L ] L ]
° [ ] ° * ®
. . .".'.'.-:-'.‘-!
20 e o o.o.o.:.:.:.g:‘
° ° e _® 4 %%
. e %o _®4 00
. . ¢, 0,020,
15 1 . ®e ®e."%ec%ee
L] L Y LY
o, *e ool
w LA ® o0 ® o0 [ : -4
101 e o ® 000000022:'.".3
A EEEREEEEREEENE]
.--'“'31
o @ o e ® L] 4
5 . . P : e ® e i
.'.':-lzll'i' i
0 * _ 0
5.0

=~
(%))
=
o
= 0
=
[V I
n
[
w
[=]
-
~
un
™
o 4
(=]

N=100

:
1T
.
|
Azo lI |
m ||| """
|II||| i
]

° IIlllll"..llllll.llllooo-oo.

I 4
| .
| 1T
I| l °
I' III""'llllllllllu
1]

-2

In the figures above is appreciated how the energy levels are well define
and the distance between them remain constant when we increase
N.However while d goes to ifinite the width of the energy levels is
decreasing.

There are more complicated problems that could be solved using this way
of thinking. In this book we proposed the reader to solve this problem

adding a new parameter, a, that is the distance between two potentials.

Where d is still quasiperiodic and is the distance between this two pairs
and the next pair.

Figure 5.10: All the energies as a function
of the number of potentials.

Figure 5.11: All the energies as a function
of the distance between potentials.






Algebra: Linear vector space

This chapter will explain and define some mathematic concepts we will
used to solve problems with more complicated.

6.1 Definition of linear vector space

A linear vector space is a space where each element of the space is a
entry in the space. We will follow the notation for quantum mechanics,
where:

» |v) Dirac notation for a vector
» (v| Conjugate of the vector
» (v|v) Inner product

We can use n-special vector to write down all vector of a space n-
dimensional.

eiej = (Si,]' (61)

This vectors are called unit vectores, with them we can write any vector
as:

) = 3 0l ©62)
i=
We can get any elemnt of v usign this definitions.
n
(ej|v) = ; vifej|e;) = v; (6.3)
All this operations can be done because every linear vector must follow:

(v](alw) +blw))) = av|w) +b(v|w) (6.4)

As we have a definition for |v), we wat one for (v|.

(0] = > vieil (6.5)
i=1

We can know prove that the inner product is greater or equal to 0.

@]y = (D v vjle)) = D vjvileile)) = > vjvi =0 (6.6)
i=1 =1 i,j=1 ij=1

6.1 Definition of linear vector

6.3 Definitions in Wave Me-
chanicsand Operators . . .

.49
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6 Algebra: Linear vector space

And also we have proved that the inner product can only be 0 if |[v) =0,
and it is called null vector.

Other property of the inner product:

(wlov) =((vlw)) (6.7)

We can define a unit vector in direction v as:

o) = [v) (6.8)

6.2 Inequations

In two dimensional space the inner product is given by the angle between
the two vectors.

71 - Uy = O - D1V 02 - D2 cos(6) (6.9)

(01 - 02)(02 - 01) = (07 - 01)(02 - D) cos?(6) < (07 - 01)(0a - D)

This is known as Schwarz Inequation and can be generalize to every
number of dimensions.

(wlv)(v|w) < (v]v){w|w) (6.10)

Now we want a relation between the sum of an inner product and it’s
conjugate.

(w|v) +(v|w) <2{v|v){w|w) (6.11)

Using 6.11 and 6.10 we can get the Triangle Inequality.

(w| + @)(|w) +[v)) = (w|w) + v |v) + (v]|w) + (w|v)

(w] + @(jw) + o)) < w w) + o]0y + 2w [wyw o)

V(@[ + @D (w) + [0)) < Y(w |w) +y/(v|v)

Norm(lw) + |v)) < Norm(|w)) + Norm(|v))
(6.12)



6.3 Definitions in Wave Mechanicsand Operators

6.3 Definitions in Wave Mechanicsand
Operators

In our physical aproach |e;) is a normalize function in one or more
dimension, {e;| is the conjugate of the function and (e; | ¢;) is the inner
product, define as an integral over all space.

We can rewrite the wave equations for each energy, E;.

2 2
[ i d—+V<x>] $i(x) = [Eili(x) (6.13)

" 2m dx?

Where the left part in brackets is a linear operator in our vector space and
is acting an element giving as a result a proportionality with him self.

We have introduced a new concept, the linear operatorr. We say an
operator is linear if:

Alv) = w)

6.14
A(ar]v1) + azlvz)) = a1Alvr) + azxAlvy) (6.14)

Where a1, ay are complex numbers. As we did with vectors we have to
established some rules.

Aler) = D lepA;i (6.15)
j
Given A and the vectors that define our space, |¢;), we can find Aij.
(exl(Ales)) = (el (O lep)Aji) = D (e | eg)Aji = D bkjAji = Ak
j j j

(6.16)

One consequence of this result is the matrix multiplication acting on
components.

|w) = Alv) = AX;vile;) = Xivi Zjlep)Aji = Xj 2i Ajivile) = Xjwilej)

wj = X; Ajiv;
(6.17)
We can aply more than one operator to a vector.
=A(B
[w) = A(Blo)) 615)

w;j = %i(Aji(B|v))i) = Tk ZiA;iBixvr = Zx(AB)jxvk

In general A and B do not commute.

|x) = (AB — BA)|0) (6.19)

49
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6 Algebra: Linear vector space

We call that difference of the multiplication of the operators, a commutator.

It has the property:

[A, aB + BClJ0) = (A(aB + BC) — (aB + BC)A)|v) =

= (@AB + BAC — aBA - BCA)|v) =
= (a(AB - BA) + B(AC — CA))|v)

This mean that:

[A,aB + BC] = a[A, B] + B[A, C]

There is also a rule with the product of two operators.

[A,BC] = ABC - BCA - BAC + BAC =
= (AB - BA)C + B(AC — CA) =
=[A, BIC + B[A, C]

We called operator adjunt to A to A" if:

Alv) = |w)
(A" = (w]

At is the transpose complex conjugate of the operator A.
A‘I‘ — (A*)T — (AT)*

If A = A" A is called hermitian
If A = —AT A is called anti-hermitian

We define the identity operator, I, as:

1 i=j
(D”’:{o i#]

If AAT = I we say that A is a unitary operator.

We can also prove that (AB) = (BTA™).

(AB)+ — ((AB)T)* — (BTAT)* — (BT)*(AT)* — B+A+

Considering a hermitian operator H that satisfy:

H|h;) = hi|h;)

(6.20)

(6.21)

(6.22)

(6.23)

(6.24)

(6.25)

(6.26)

(6.27)

Where |h;) is an eigenvector such that the action of the operator on
it, returns a vector proportional to itself with h; as the proportionality

(eigenvalue).
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We can prove that the eigenvalue is a real number.

(hilHY = I (hy
(hilH" = 1 (h
(hilH|hi) = h; (h | hi)
(hilH|hi) = hi(hi | hi)

(6.28)

We can also prove that the different eigenvectors are orthogonal.

(hj|H|hi) = hj{hi | hj)
(hilHIhi) = hihi | hy) (6.29)
(hi = hj)(hjhi) =0

If hj # h; then the eigenvectors are orthogonal. In one dimensional

problems we don't have problems because the eigenvalues are unique,

we will talk about what happen when they are equal later when we
introduce more dimensions.

It can be prove that the set of eigenvectors form a base.

PROVE(h; | h;) = INOTPROVEYET (6.30)

Coming back to physics with all this properties we will define our inner
product and our operator.

S 42
g = [y Sow|a e

Where our inner product is the integral of the product of the functions
and the operator is the second derivative. We can prove that in this
inner product our operator is hermitian with the limits ¢(+c0) = 0 and

Y(xe0) =0

./ lab ( ) [deqb(X)] dx = foo dx [170 dr(P] ddﬁ {jl(yf() =

AT oo dytdg g d (Y g
lp dax oo - —00 dx dx - _/;oo dx (ng) - dx2? (lbdx - (632)
- dx ¢| +,/ [dXZ] Cf)dx
We have proved that:

d? d?
el 109) = (ool 1) 639)

This means that the operator is hermitian. And it will be also hermitian
if we multiply by a real number and add a real number thats why we can

51
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say that our operator for the Schrédinger wave equation is hermitian if
V(x) is real.

[2m e +V(x)] |E;) = Ei|Ey) (6.34)

We will need also to explore how the operator d/dx behaves.
0 * 0 * d "
L2070 [ dx = [7 4 [wo] - (%) odx =
Tt Lo () pdx = [ (v pax (6:35)

:
() =4

We have proved that this operator is anti-hermitian.

VP



Harmonic Oscilator

We want to use the algebra we learnt in the previous chaoter, for that we
will try to solve the problem where the potential V(x), is a one dimensional
harmonic oscilator potential.

7.1 Definition

The potential for an harmonic oscilator in one dimension is given by the
expresion:

V(x)=1kx> k>0 (7.1)

This potential comes from a force, F(x) = —kx, so the units of k are kg /s>.
Because of this we can say that:

k
w = \/; (7.2)

Using Newton 3rd Law we can say:

d’x
W = —(sz (73)

Solving this equation we get:

x(t) = Asin(wt) + B cos(wt)

v(t) = Aw cos(wt) — Bw sin(wt) (7.4)

If we define some initial conditions such as x(0) = xg and v(0) = 0, we
can solve the coeficients, in this case B = xg and A = 0.

x(t) = xo cos(wt)

o(t) = —xow sin(wt) (7.5)

And we can define two energies, a potential energy and a kinetic energy.
The total energy is going to be the addition of the other two.

P.E(t) = 3k(x())* = JkxZcos*(wt)
K.E(t) = 3m(v(t))* = ymaw?x2sin®(wt) (7.6)
T.E(t) = P.E + K.E = 1kx2 = constant > 0

The total energy turn to be constant among time and positive.

7.1 Definition .
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7.3 Temperature
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7.2 Solving the Wave Equation

The Schrodinger wave equation gets the shape:

[_—hzd—z + %kxz} ¢(x) = E¢(x) (7.7)

2m dx?

Firstly, we will simplify the equation using natural units. We will make a
change of variables x = by and try to get the equation for ¢(bx) = x(y).

_p2 d%x(
i e * H0Y () = Ex(y)
e _ 1
2mb% fkbz 7.8)
b?=-IL

Now that we have the factor to turn into natural units we can rewrite our
wave equation. We will also use the definition of the energy given in the
second chapter, E = hiw.

d2
oS + Thoy?x(y) = alho)x(y)
2
%dd;,(zn %yz)(n = AnXn

7.9)

We want to find a, and it’s associate x;, for every n. We will define the
hermitian operator H from the previous equation.

2
%# + %]/2 1xn = lanlxn

Hxyn = [an]xn

(7.10)

We define the operator a using what we propose in the end of the previous
chapter.

-l
() ) lge)

@afy) = (-3 + 3= 3) S

We will called a*a a new operator N, i. e. N = a'a. This operator is
hermitian.

NI=
<
N
+
NI—=

2
aat —ata = (—%d— +

2
£ )— (—%j—yz+§y2—%) -1 (12

This resolut is interesting for many reason but one of them is that it prove
that a4 can not be represented as a finite matrix.



7.2 Solving the Wave Equation

Summarizing what we have done so far with this operators:

[a, a*] =1
[N,a] =—a (7.13)
[N,at| =at

If we go again to the wave equation we have:

[ata + 1 =alx

Nx = (a-3)x
aNyx = (a - ;)a)( (7.14)
Nlax]l=(a-1-1)ax

ax is an eigenvector with eigenvalue (o — 1)

We can prove that y have infinite solutions.

a'tNy = (a-1)aty
(Na* —aY)y = (a—3)a'x (7.15)
N@'x)=(a+1-1)(a'x)

If x has finite solutions, 4 has to be a finite matrix, and we prove that is
not allowed.

/ N F(ataf)dx = / m(a F)(af)dx >0 (7.16)
1

Now we know that a > 1, so the solutions have a minimum where a =
2 2

We can search now for our first solution.

axo = 0=>
- (% + %) Yo=0 (7.17)
(aa* +3) xo = 3x0

The first two lines represent the lowest solution and the last one is the
next solution. With this we get that:

1
a=n+= (7.18)
2
Now we want to calculate xj.

axo=0
o= (7.19)

~[S

Xo = Ae”

55



56 7 Harmonic Oscilator

We need to find the value for A to normalize the solution.

[ xoxodx =1
A2 [T e Vdx =1 (7.20)

A=

A
I L

Our final expresion for xj is:

NS,

Xo = (7.21)

A
mwl’“
x

From this we can say that:

Nyx, =nxn (7.22)

We want to normalize y, so we will ad a normalization factor C, where
a*xn = Cxns

C2 [ x2dy = [ (@ k)@ xady = [ =
= [T xuaatx)dy = [ xanxedy + [ X3dy=n+1  (7.23)

C=viuil

We want to redifine y, as:

Hn(]/) -2
Xn = ez (7.24)
! V2m
We want to find H,,jusingtheprevioustwoequations.
a+Xn =Cxn+1 = V1+nxna
1 (_d H,(y) i _ Hun -
7 hry) me T =Vn+1ie
5 X " , (7.25)
1 ’ g it i oy
—H'(y)e™ +yH(y)e™ +yH(y)e™ | = Hysie™

V2(n+1)
_ 1 &
Hn+l - \/Z(n_ [ Hn(y) + ZyHn(]/)]

+1)

Whre Hj is define as Hy = 1.



Because ), is normalized we can say that H,(y) are orthonormal poly-
nomials under a Gaussian width.

L [ X)X ()Y = Sum
(7.26)

00 2
& [ Hy()Hn(y)e T dy = 6

We called this functions Hermite polynomials.

vd
AN

We can see the solution for the problem in the figure above, where the
distance of the gaps between the energies is always fiw.

7.3 Temperature

We have solved our potential, but we want to think now about a problem
wiht multiple of this potentials. Firstly, we assume we are talking about
an ideal gas wich means the particles don’t talk one with each others. We
want to answer the question; At a temperature, T what is the probablity
that the energy is (17 + 1) w

We want to relate KT < — > (n + %) . We have Boltzmann equation
that say:

—(n+1/2hw

P, =Ne %87 (7.27)

It is a negative exponential where the fall of depend on T

Because it is a probablity for a fixed N we should have Z;\]:o P, = 1when
N goes to oo.

7.3 Temperature | 57

Figure 7.1: Potential V(x) and some en-
ergy levels.
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The average energy, E, will be define as:

E= > E.P, (7.28)
n=0
If we called f = hiw/kpT we can get the average energy as:

E  B(l+e )
BT 200 72

The behaviour of this function can be seen in the plot below.

5.0 1

4.5 A

4.0 A

3.5 1

2.5 1

2.0 A

1.5 4

1.0

Figure 7.2: Potential V(x) and some en-
ergy levels. B

If T goes to infinite the average energy goes to E = KgT and if T goes to
0 the average energy goes to E = %“’

We will retur to the topic of temperature in future chapters.



2-Dimensional Potential

We will worked with the harmonic oscilator again, but this time in 2
spatial dimensions.

8.1 Classical Mechanics

As we did in chapter 1 we want to understand first the behaviour of the
classical mechanics for the problem.

The potential V(x,y) is:

Vix,y) = %k(x2 + yz) = %kp2 (8.1)

The math becomes easier if we used polar coordinates as we did in
Chapter 1. In this coordinates the energy is:

1 () 12 1,

We are going to solve for the change among time in p to solve the
problem.

(8.3)
9P _ k_(2E 2 _ L2 4
o ~ \/ mp? (TP mk — P
Using equation 7.2 we can turn the previous equation into:
pdp _ 2E 2 L2 4
zw—\/mzwzp ~ iz P (8.4)

We are going to change the variable p to u, where u = p?. Solving for u
the equation turns into:

1ou _ [__L2 2E ., _ 42
- \/ ma? ¥ mia# T U

(8.5)

8.1 Classical Mechanics . . ... 59
8.2 Quantum Mechanics ... .62
8.3 Mixed Quantum states . . .69

8.4 The angular momentum . . 69



60

8 2-Dimensional Potential

The function inside of the square root needs to be positive, which make
us say than the left parenthesis is greater than the right one that is always
greater than 0, 1. e. :

(E2-Lw?) >0
(8.6)

We know now that there is a minimum energy, which energy is E = Lw.
Whenthe energy is at it’s minimum is easy to get u(t):

u(t) = mﬁﬂ = constant

87)

To analize the rest of the solution for the Energy we are going to change
some of the variables by some unitless variables.

E=alw
u=p-Lts (8.8)
wt=1

From the previous analysis of the minimum energy we can say that ¢ > 1.
Now that we have our new parameters well define we can rewrite the
expression we have been working with.

9 2.2 212
b = hlet 1) - g -

%=\/(1—ﬁ)—(ﬁ—1)2

Knowing that alpha is a fixed constant we can solve this equation. But

(8.9)

NI—=

first i will make the math simpler by saying A = (1 - %)

[ -9

zm =0T (810)

To solve the integral we have to define the limits; for 7 as it is a measure
of time is going to start at T = 0 and end in a general 7, but for 8 it can
start at any arbitrary § > 0, so we will say that 5 goes from S to a general

B.

B I’ [T
J ==y Jy o (8.11)



This integral can be solved directly if we change the variable beta and
the constant Aby f = —1and A = B2

f+1 of’ T ,
St amm = 0

f+1 af’ _ /‘T &T’
N R (812)
f+1  Bof T4,
f0+1 f,z - -/(; aT
2 (1—3*2

This last integral can be solved directly and it will give us the result for
f (1) and then we can recover the solution for p(7).

arcsin(%) - arcsin(%) =27

B(t) = Bsin (27.' + arcsin (%0))

B(t) =4/1- #sin (2’( + arcsin( f_ol))

This is our final solution for B, from this solution we can get p(t) by
undoing the changes of variables in 8.8.

(8.13)

We can not forget about the other variable, the angle ¢. To solve for phi
we will used the definition of the angular momentum.

L= mng—(f

dp L

3—2 = (8.14)
a9 _ 1

dt — apf()

We want to find the solution for p(¢).

9%
(9 -
2-%- 2&5\/(1 - L (p-17) (8.15)
Solving this equation we end up with:
- 1
'B((P) " a(a—Va2-1 sin(2¢)) (8.16)

We can turn beta into rho by undoing the changes of variables in 8.8.

p(0) = \BO)— = B

(8.17)

8.1 Classical Mechanics 61

B0

— a=11
a=20
— a=50

0 2 4 6 8 10

Figure 8.1: f(7) function for different val-
ues of alpha
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Motion of the particle

15 4

10 4

—10 1

=15 4

T T T T T
. . -10.0 -7.5 -5.0 =25 0.0 2.5 5.0 7.5 10.0
Figure 8.2: Orbital movement of the par-

ticle for different values of «

In the figure below we can see the orbital movement of the particle for
different values of a.

8.2 Quantum Mechanics

We are going to solve the problem using the Schrédinger wave equation.

82 32
_% a—xf + a—yf] + Imaw?(x* + y?)¢ = E¢ (8.18)

In this case we are not going to solve the problem in polar coordinates,
we are going to solve it in cartesian coordinates. First, we have to set the
equation to natural units.

x =bu
y=bv
. (8.19)
b :m—w

Ox = bu,y = bv) = P(u,0)

Our wave equation now is:

~Lho ["2—”’ + 24|+ Lho(u? + 02 = Ey (8.20)

Ju? dv?



As we did in the classical aproach we are going to change the energy by
E = ahiw. The wave equation now looks like:

-3 (& + &)+ w2+ o)) = ay (821)

As we did in one dimension we can use some operators to solve this
equation. We are going to define this as:

(8.22)

It can be proved that aa’ is an hermitian operator of x for any of the
variables; u,v.

We have also similar relations to the ones we had in one dimension.

[au,al] =1
[a0,a8] =1
[aurav] =0

[a:ﬂ,a;] =0
N, =ala,
(8.23)
N, = ala,
[Nu,uz] =al
[Nu/ au] = —ay

[Ny, af] =af

[Ny, a,] = —a,

The commutator of any two cross operators is 0. With this we end up
with the following equation:

[Ny + Nol¢p = (@ = 1)¢ (8.24)

Which means that a > 1, as it was in classical mechanics. We can use the

8.2 Quantum Mechanics

63
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operators al or al to get the next level of energy for the equation.

[N, + Ny +1] (a'y) = [a*Nl, +at + a*Nv]
[Ny + Ny + 1] (aty) = a'[N, + N, + 1] (8.25)
[N, + Ny +1] (@) = (@ +1-1)aty
The operator a' could be either of the two posible operators, and the

result is the same. We can say that the operator a' is giving us the next
level of energy for the equation, a increases by one.

There is an a = 1, which is the minimum energy for the system, which
means that there is a lower energy state {9 where:

[Ny + No]o(u,0) =0 (8.26)

So:

auIPO(urv) = OHUIP()(M, U) =0 (8.27)

There must be a function (1, v) that satisfies this two equations. Let’s
try to solve it.

(% + u) Yo(u,v)=0
(8.28)
(3% + v) Yo(u,v) =0

The solution for this equation is:
Ino(u,0) + 2u? = f(0)
Invo(u,v) + 10* = f(u) (8.29)
vo(u,v) = Ae—3(+0%)
Where A is the normalization factor than can be calculated by:
/_0; f_O:o Vo (u, v)dudo =1
[T A% dudo = 1

A? f_O:o e~ du f_o:o e dv =1 (8.30)

This is the solution for the ground state of the system. We can now use
the operator a' to get the next level of energy even for u or for v, both



states will have the same energy but different functions, i.e. @ = 2 have
two states {10 and o 1.

e—%(u2+02)

=1
EDO—\/;I

u2+U2

1701,0 = Al,OaIl]bO = Al’O\sz [—% + M] l,bo = Al,o\/%ue_ 2 (831)

w2402
Vo1 = Agpatipo = A0,1% [—% + U] Yo = AO,I\/%W E:

To determine the normalization coeficient we have to use the same
procedure as before.

A% = [T [T 2w v)dudo = 2 [T [T u2em D dudy  (8.32)
To solve this integral we are going to use polar coordinates.

Al = %fooo rdr /Ozn r2sin?(0)e™""d6 =
(8.33)
= %fooo e~ dr f027I sin?(0)d0 = 21 =1

Which means that A2 = 1,50 A = ¢/?, but we are only interested in the
real part of the function, so A = 1. We can do the same for 1 ;.

We can continue this process to get the next levels of energy. The final
results fo the next level are:

2.1 _ul+?
IPZ,O _ 2u 16 =

PV
2,2
22)2—1 _ut+v
T — 2 . 4
'71)0,2 23T e (8 3 )
2,02
uy L —uttv
= tZp 2
l’bl’l V2n

The solutions can be visualized in the following figures.

8.2 Quantum Mechanics | 65

This variables are called Hidden Vari-
ables in quantum mechanics. They are
not observable, but they have become
important for new physics, for example
in the field of quantum computation.
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Plot of Py, o(u, v)

0.30
0.25 _
=
0.20 =
0.15 2
&
0.10
0.05

Figure 8.3: Probability distribution for
the state 1g,0(u, v)

Plot of Py, 1(u, V)

0.20

0.15

1{u, v)

0.10

Py,

0.05

Figure 8.4: Probability distribution for
the state 1g,1(u, v)
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Plot of Py o(u,v)

Pi1,0(u, v)

Figure 8.5: Probability distribution for
the state 11,0(u, v)

Plot of Py 1(r, 8)

0.10
0.08 &
RS
0.06 =
0.04 &
0.02
0.00

Figure 8.6: Probability distribution for
the state 1g,1(r, 0)
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Plot of Py 4(r, 8)

0.10
0.08 T
RS
0.06 =
0.04 ¢
0.02
0.00

Figure 8.7: Probability distribution for
the state 11 ,0(r, 0)



8.3 Mixed Quantum states

8.3 Mixed Quantum states

Given a = 2 and the density Probability of a mixed state 1, we can say
that:

Y = Cr10¥1,0 + Co1tbo,1 (8.35)

Where Cy 9 and Cy,; are real numbers, (to keep it simpler). If the proba-
bility density is normalized we found:

./l—o::o ./—o:o l1b“((ur U)IP(u, U)dudv =1

/OO /;O:o (Cl,Oll)l,O + CO,lll)O,l)* (Cl,olf)l,o + CQJIPO, 1) dudv =1

—00

Lo [ (g o9, 0+ 25,0, 1) dudo =1

Cio + C§,1 =1 636

This means that the sum of the square of the coefficients is going to be
1.

We can transform the probability into any system, we are going to choose
the probability in terms of  and 0

P(T, 0) = ll)*(r/ 6))4}(7*, 9) = (Cl,OHL’;,O + C(),lll)al)* (C1,ol,lll, 0+ C()’ll’lfo, 1)

P(r,0)=2 (Cio sin? 6 + 2Cy 9Co,1 sin 0 cos 6 + Cy 1 cos? 6)

C2 _C2
P(r,0) = % (% + =52 c05 26 + C1,0Co,1 sin 20
(8.37)

This means than knowing the probability depending on the angle 6 we
can get the coefficients C; 9 and Cy 1, i.e. how the state is distributed in
terms of the pure quantum states.

8.4 The angular momentum

As we did in the classical mechanics we are going to solve the problem
in polar coordinates.

We need to transform the variables and derivatives into a polar system.

u =rcos0 v=rsin0d
(8.38)
du = (dr)cos 6 —rsin6d6O dv = (dr)sin 6 + r cos 04O
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We will rename ¢/(u, v) to x(r, 0) and we want to know how the deriva-
tives behave for y.

(8.39)

_ [cos6 2 . d
= (—r 55 +s1n6§))(

We need to the second derivative.

22 _ [=sinB 9 2\ [=sinf 9 d _
317)(—( r 39+cos937)( " ae+cosear)?f—

_ [sin?0 9> _ sin’?0 9 2 nd*
_( T 902 T Ty o T COS GarZ)X

(8.40)

22 _ [cos6 9 : d cos@ d : d _
WX_( " %-FSIIIGE)( m %4‘811'16;))(—

_ [cos?0 2 | cos’6 9 2002
_( T o9e2 * T o TSI 9(972)){

Our wave equation now looks like:

1(” 19 .1~ 1,2| 4 =
|:—§ (W+7W+r_2W)+§r ]X—Oé}( (841)
If we compare this equation with the one we had for classical mechanics
we can see a relation between the different energies in classical mechanics
and these terms.

>

(;—:2 + %a%) is the kinetic energy in the radial direction.

|

3‘9—922 is the angular kinetic energy.

NI=NI= N=
N N

=N

> is the potential energy.

As we did in classical mechanics we are going to define the angular
momentum as the operator: L, = %.

We want to know how this operator behaves with the operator H and
the wave function.

— =1 Px 1P x . 1 Px 1.0k
(HL)X = 5 37256 ~2rara6 * 32 90° T 27 90

(8.42)

_ -1 x 1.20x
(L:H)x = o0 T2 %6

-1 _ 19 1 Px
2 Jdr29d0  2r drdo 7

As we can see both operations are the same, this proves that the two
operators commute.

[H,L:]=0 (8.43)



IfHy =ax:

H(Lzx) = L.(Hx) = a(LzX) (8.44)
Wich means that L, x is an eigenvector of the operator H with the same

eigenvalue a. The eigenspace can be defined by eigenvectors of H and by
eigenvectors of H and L, at the same time.

We can found now the eigenvectors of L,.
L.x =lx (8.45)

The solution for this differential equation is:

x = R(r)e!? (8.46)

Because the function y is periodic in 6 we can say that | = im.

X = R(r)e'™? (8.47)

We didn’t assume anything, we proved that because the operator commute
the function can be described as above. This two operators commute
because the force is a central force wich means that V(r) is only a function
of r.

HXa,m = 0Xa,m
(8.48)
LzXa,m = iMXa,m

Now we have to solve the wave equation for the radial function, R(r).

4
dr? +

==
S

—m 2y Za] R(r) =0 (8.49)

If we look at the results in Section 3, we can see that there is an exponential
factor in the solution. We will take that out to make math simpler.

2
R(r) =e 7z P(r)
2
AR = (L _yp)e™ (8.50)
2 2 -2
‘271; = (%—2r§—f+(r2—1)P)e z

If we substitute this into 8.49:

2
|2 202 4 (2 1P+ 142 p— 22 _ 2P 20P| eF =0

§7§+(%—2r)§—f+(2a—2—T—Z)P=0
(8.51)

8.4 The angular momentum
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72 8 2-Dimensional Potential

We expect P(r) to be a polinomic function, but for a polinome to be
normalizable must be finite wich means having a finite number of terms.
Let’s assume P(r) P for r — 0. Near r = 0 the derivatives will be:

(8.52)

If we substitute this into the equation we get:

BB - D2+ (L —2r) prfl + 2a -2 - B)rf =0
[B(B-1)+p—m?| rF2+(2a-2-28)rF =0 (8.53)
BB -1 +f-m>=0=f=p=m>=p=|ml
B has to be positive. We can redefine P(r) as:
P(r) = rl™lu(r)
ﬁ;—l: = |m|r!"™1U(r) + r|’”|‘il—';l

LL = |m|(jm] - DrI"=2U(r) + 2fm|rlnV 2 4 bl 2L g o

(% - 2r) ’fi—]: = |m|r™=2U(r) - 2|m|r|m|‘1’é—lf - 2r|m|+1d—g

(Za -2- ";—;) P = Qa — 2)r™U(r) — m?r™=2U(r)

If we substitute this into the differential equation we get:

a =2 =2|m|)r™U(r) + [2lm| + 1)rlmi=t — 2plmi+1] 4 r|m|‘§7%l =0

2 2 1
%+(¢_2r)‘ii—g+2(a—l—|m|)ll=0

(8.55)

This differential equation can be solved using Frobenius Method. We are
going to assume that U(r) is an "infinite" polinomic function.

U(r) = Z5o unt™

du _ oo n-1
== Do MUn?

d2u _
E8 = on(n = Du,r" >

(_2|mr|+1 - Zr) au — —(2|m|r+1)”1 + 20°@2Im| + Dgao(n +2)r" — X 2uynr”

r

2@ =1-[m)U = 25 2(a = 1 = |m|)u,, r"
(8.56)



8.4 The angular momentum

Substituying:

0= 2y 4 5% [y (1 + 2)Q2Im| + 1) + (1 +2)(n + 1))+t (@ = 1 = [m]) = 2n)] 1"
(8.57)

This has to be 0 for every 1, but also the first term has to be null, for the
function to existin r = 0.

u1=0

Uy [ +2)2m| + 1)+ (n+2)(n+ )] +u, [(a—1—|m|)—-2n] =0

2[1+|m|+n—a]

W42 = GrayGmias) 1t 2 0

(8.58)

All the odd terms are going to be 0. We need this to be finite so we have
to arrange a value N for when all the greater terms are 0, i.e. un42 = 0.
This implies:

2l +|m|+N—-a]=0=>a=1+|m|+N (8.59)

We know that N has to be even. We can represent alpha with this new
parameters N and m.

N | m|a x(r,0)

0] 0|1 Xx(r,0)= uoe%

0| +1|2]| x(r,0)= uore%eig
0| -1|2]| x(r0)-= uore#eie
210 |3 x(r,0) =uy(l- rz)e%
0 [+2|3]| x(r,0) = uorze%ﬂe2i6
0| -2|3]| x(r,0)= uorze%ezz'e

This gave us pretty much every understandment on harmonic oscilators.
We will get more into the angular momentum in the next chapter.






3-Dimensional Space

We’ve been working with harmonic oscilators and gravitational potentials
but there are other interesting potentials that we are going to mention
here.

» Electric Potential V(r) = %, a>0
» Confining Potential V(r) =
» Higgs Potential V(r) = Se™™"

9.1 Angular Momentum in 3 Dimensions

We can also have potentials that doesn’t come from central forces. In
those cases we have to look carefully at the angular momentum.

L=Fxp 9.1)
Ly = yp- — zpy
L, =zpy — xp; (9.2)
Lz =xpy - ypx

Using our knowledge from equation 2.4 we can say,

Ly= —zh(yz - z (;/
L, = —zh(za xaz (9.3)
Lo = ~ih(x 2 ~ y2)

This three components of the angular momentum and the angular
momentum itself are hermitian operators. We want to see how they
commute between them.

(Ll = -T2y 52 — 250z 5 — X 5)Y =

2 Y Y Py 2P Py
=~ [y(8x+zaxaz) Yxom —= axay_zxz?y&z](a)

(LyLy)y = _hz(zg 9-4)

xgz)(l/a_z _Zgy)lzb =

2 Y Py _ 2P
=T [Zyﬁxz?z Y5z T2 dxdy + x&y + xzc’)z[)y] (b)

(a) = (b) = [Ly, Ly] =inL,

9.1 Angular Momentum in 3
Dimensions .......... 75

9.2 Angular Momentum as a
vector operator ........ 80

9.3 Matrix representation for

j=1,1/2,3/2,2 ......... 84
9.4 Eigenvalues and unitary

transformations . . . ... .. 89
9.5 Spherical Coordinates .. .92
9.6 The eigenfunctionY . . . .. 96

9.7 The wave equation in 3
dimensions .......... 98

There are others like: Reed Potential, Cor-
nell Potential,...
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In the same way it can be prooved that:

[Ly,L.| = ihL,
(9.5)
[L.,Ly] = ihL,

These 3 operators are closed under conmmutation, wich means that the
conmmutation of any two of them give us the third one.

We our going to use the Levi-Civita epsilon to write the angular momen-
tum in a more compact way.

[Li, Lj] = ihe;ji Lk (9.6)

Levi-Civita epsilon has a lot of applica-
tion in linear algebra. For example it can

be used to determine the determinantof - Njow using the properties from 6.22 we want to calculate the conmmuta-

amarix. tion between L; and L?.
[Li, L] = [Li, LilLi + Li[L;, L] = 0
|Li 13| = [Li L] 1+ Lyl LT = i (LiLy) + 80 (L) = i(LiLy + LyLy)
[Li, L2] = [Li, L)Ly + L[L;, L] = —ift (L;Lg) — ift (LgL;) = —iR(LiL; + L;Lg)
[L,,Lf v+ Li] =L, 12 =0

9.7)

This means that the angular momentum and the square of the angular

momentum commute. We can simultaneously diagonalize them because

they commute, so a base wher both are diagonalizable can be found.

L2|1, m)y = h212|1, m)
9.8)
Ls|l, m) = hm|l, m)

We choose this notation for the eigenvalues to make the connection with

the eigenvalues. Also we choose the notation 1,2,3 instead of x,y,z. These

changes are just for convenience.

In general terms:

[Lzr Lc] = [22:1 5, Lc] = Z::,:l [LoLa, L] =
= Z?z:l (La [La/ Lc] + [Lﬂ/ Lc]Lu) =
i . 9.9)
We can use the Levi-Civita epsilon to =ik Zg,b:l €achLaLy + ifi Zi,b:l €achLpLay =

change the order of the indices.

in (Zi,hzl eacbehca) LiLy =0
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Going back to equation 9.8 we can say

(1, m|LZ|1, m)y = (I, m|L1)(Lq|l, m)) = (Lall, m)) (L1, m)) > 0
(1, m|L2 + L3|1,m) > 0
(I,m|L2+ L3+ 13- L3]I, m) >0
(I, m|L?|l, m) — <l,m|L§|l,m) >0
W12, m |1, m)y —Pm*>(,m|l,m) >0
R(2 = m?) > 0

12 > m?
(9.10)

This result means that the proyectionof the angular momentum in the z
direction is less or equal to the total angular momentum, as one would
expected.

We want to create new operators L, and L_ that are going to be useful to
us.

Ly=L1+ilL,
(9.11)
L_o=L—il,
With the next properties:
Lt =1L_
(9.12)
LT =L,

As every time, when we have a new operator we want to know it
commutes with the rest.

[Ls, Ls] = [Ls, L1] + i [Ls, La] = iy — iihLy = ALy + ihLy = AL,
[Ls,L_] = [Ls,L1] - i [Ls, La] = ihLy + iihLy = —hLy + ihLy = —hAL_
[L+,L-]=[L1 +ilp, L1 —iLo] = [L1, L1] + [L2, L2] = i [L1, Lo] + i [L2, L1] = 2hL3
[L%, L] = [L% La] +i |12, L2] =0

[L%, L] = L% L] -i[L? 2] =0
(9.13)
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With this new operators we can get the next eigenvectors for m without
changing 1.

LA(L + |1, m)) = Lo L2|1, m) = LJ22|1,m) = I2IA(Ly |1, m))  (9.14)

This means that L. |I, m) is an eigenvector of L? with the same eigenvalue
212,

Ls(L+|l,m)) = (ALy + Ly L3)|l, m) = h(m + 1)(L+[1, m)) (9.15)

This implies that L, |I, m) is an eigenvector of L3 with eigenvalue fi(m + 1),
ie, Ly|l,m) o< |, m + 1). We can do the same for L_.

L2(L_|I,m)) = L_R22|1, m) = H212(L_|1, m))
(9.16)
La(L_|I, m)) = (=hL_ + L_L3)|l, m) = h(m — 1)(L_|1, m})

This implies that L_|I, m) is an eigenvector of L? with eigenvalue /]2
and of L3 with eigenvalue fi(m —1),1.e, L_|l,m) o |I,m —1).

We can use L, and L_ to get all the eigenvalues of L3, but there is a limit
because for a fixed 1, m can only take values from -1 to | as we proved in
9.10. This can only happen if the next eigenvalue is 0.

Li|l, Myax) =0
(9.17)
L—|lrmmiﬂ> = 0

We are going to solve for the maximum values of m multiplying by L_.

L_L|l, Myax) =0
(Ly = iL2) (Ly + iL2) |I, Myax) = 0
[L2 + L2+ i(L1Ly — LoLy) | |1, tax) = 0
[L? = L2 — L5 ] |1, mpax) = O (9.18)
(H212 = 12m2,,, = W21, Mgy = 0
212 — 12m2,, — WPy =0

12 2

= Mgy T Mimax
Which implies than the maximum m is less than 1, this can only happen

because L? and Lj are operators. We can do the same for the minimum
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value of m.

LiL_|l,myin) =0
(Ly +iLy)(Ly = iLp)|l, myin) = 0

[L2 + L3 = i(L1Ly — LoLy)] |1, muin) =0

[L? - L2 + L3 |, myin) =0 (9.19)
(212 = 12m? .+ W2\, Myin) = 0
B2 = 1Pm? + By, =0
1> =m3 = M

If we compare the limits of m we end up with the next result.

2 — 2
Minax + Mmax = My = Miin (9.20)

This expresion have two solutions:

Myax = Mypin — 1
(9.21)

Mmax = —Mmin

The first solution can be discarted because it would imply that 11,4y is
less than m,;;;;. The second solution is the real one. We know that m
increases or decreases by a factor of 1, so we can say that:

Mgy = Mypin + 1 (9.22)

Where I is an non-negative integer. If we used what we know about the
limits of m we can say that:

(9.23)

This means that L is quantized, i. e., only some proyections of the angular
momentum in the z axis are allowed. We are going to start labeling the
eigenfunctions as |j, m) where j is defined by:

J = Myax
(9.24)
P=jG+1)

79
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Where j can be the natural numbers or half of them, i.e.,j=0,1/2,1,3/2...
Now our eigenfunctions follow:

L?|j, m)y = W2j(j + 1)Ij, m)
(9.25)
L3|j1m> = hml]! m)

For m =j, j-1,j-2,..., 5j. The j,m pair make a completeset of (orthogonal)
eigenvectors. Following what we know from 6.29:

(ji,m1| j1,mp) = 0if my # my

(9.26)
(j1,m1|j2,m1) = 0if j1 # jp
We also set the normalization condition:
(G,mlj,my=1 (9.27)

From now we will move on to what an experimentalist will measure.

9.2 Angular Momentum as a vector operator

We can interpret the angular momentum as:

L =Lii+Loj + Lsk (9.28)

In a classical way we know that the angular mometum is conserved, so
we can say that all the angular momentum is in one direction.

LxL = (LoLs — L3Lo)i + (LsLy — L1L3)j + (L1Ly — Lol (9.29)

In classical mechanics that product is 0 because the components are
numbers but in a quantum way they are operators that doesn’t commute,
in this case the cross product is:

LxL = ikl (9.30)

This is the operator equation. On an experiment we can measure the
angular momentum of the electron in hydrogen. Assume it is in one state

.

/f:o dxdydzy*(x,y,z)O¢(x,y,z) = Measurement of O (9.31)
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We are going to make a distintion between the angular momentum E,

and the measured angular momentum, /.

I=(sILls)
(9.32)
I'= (s|L1ls)i + (s|Lals)] + (s|Lsls)k
With the next properties:
Ix[=0
(9.33)
I-1=((s|L1ls))* + ((s|L2ls))* + ({s]Lsls))* > 0
We want to know the value of this dot product.
<j/m|L3|j/ m) = hm(]rm | :>hm
<]rm|L§|]/ Tl’l) = thZ = (<]/ m|L3|]/m>)2
(9.34)

(j,m|L?|j, m) = 0?j(j + 1)

(j, m|L3 + L3|j, m) = B*(j(j + 1) — m?)

To get the value of (j, m|L1|j, m) we have to use the definition of L, and
L_.

(j,m|L1lj, m) = (j, m|L+|j, m) + j, m|iL-|j, m) =
(9.35)
=N (jm|jm+1)+N_(j,m|jm—-1)=0

The same argument can be done for L,. Because of this we can say that:

I1=0
12 = 0
(9.36)
13 =hm
12 =2

We have two definitions if we consider /2 as the measure of L? is going
to be I = h%j(j + 1), but if we consider /2 as the square of the measure
L we get *m?. This is exactly the same as talking about the square of
the mean or taking about the variance, so we are familiarize with this
concepts from chapter 2.

We said before that the operators L, and L_ are proportional to the next
or the previous eigenfunctions. Now we want to find the exact value of

81
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the proportionality constant.

Lilj,m) = n+,j,m|j/m +1)
L_[j,m)=n_;ml|j,m—1) (9.37)

<j1, mq |j2/ my) = 6]‘1,]'26"11,"12

We can always find real positive values for both n, and n_. We want
them to be like this because we are going to take the conjugate of the
expresion above.

(j,m|L- = nyjmj,m+1]|
(G, mILYLalj, m)) = 02 G+ 1], m +1)

(j, m|(L1 — iLo)(Ly + iLp)|j, m) = n?

+,j,m
(9.38)
(j,m|L} + L3 = hLslj,my=n? |
12j(j+1) = W2m? = WPm(j,m| j,m) =n? ;|
LG+ —mm+1D]=n?
We have finally reach the value of 14 ; ,,. We can write now:
Lilj,m) =hJj(j +1) —m(m + 1)|j, m + 1) (9.39)

It is easy to prove from this that L+ |}, j) = 0, as we wanted. We can do
the same for L_.

(jom|Ly =n_jm(j,m—1|
((]/m|L+)(L—|]/m>) = Tl:]»,m<]',m -1 |]/m - 1>
(j,m|(L1 +iL2)(L1 — iLo)|j, m) = n%/j/m
(9.40)
(j, m|L3 + L3 + hLs|j, m) = n%/j’m
R2j(j + 1) — Pm? + WPm(j, m|j, m) = ”E,j,m

1[G +1) = m(m - 1)] = n?

= j,m

We can write now:

L_|j,m) =mj(j+1) —m(m - 1)|j, m + 1) (9.41)
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And for m = —j we get 0 again, as we wanted. Knowing L, and L we can
get the values for all the three components of the angular momentum.

L= L+J2rL_
(9.42)
Lz — L+2—iL,

The components of L acting on |j, m) are:

Lilj, my = Bi(G+ 1) = m(m + D)|j, m + 1) + [j(j + 1) = m(m — 1)|j, m — 1))

Ly|j, m) = %i(\/j(j +1) —m(m +1)|j,m +1) = j(j + 1) = m(m — 1)|j, m — 1))

L3|j1m> = hml]! m)

Using the knowledge from chapter 6, if we want to get the excat values
for every component of the three operators we can apply 6.16.

(L) jymy,jo,my = {1, m1|L1lj2, ma2) = %[\/]'2(]'2 +1) — mo(my + 1)8j iy mymy+1 + 22 + 1) — ma(ma = 1)8j,jy mmy—1]

(L2)jumy oy = (1, milLaljz, m2) = (2 + 1) = ma(mz + )8,y mmas1 — V2 Gz + 1) = ma(mz = 155, jp mymy—11
(L3)j1m1,j2,mZ = <j1/ m1|L3|j2/ m2> = hm26j1j2,m1m2
We can see at first sight that L3 has to be a diagonal matrix, while L; and

L, can only have non-zero values on the secondary diagonals. In the next
section we will get the values of the matrix for some j.
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9.3 Matrix representation for j=1, 1/2, 3/2, 2

The case for j=0 is a trivial case. We are going to start with j=1, where the set of values for m is m=1,0,-1. We
are going to define the matrices as:

(La)-1,-1 (La)-10 (La)-11
Ly = | (LaJo~1 (La)oo  (La)on (9.43)
(La)i,-1 (La)o  (La)in

Where the subindixes of the components represent m; and m,. We can use the expresions from the last
equation fo the previous chapter to get the matrix representation of the angular momentum.

5 010 i 0 1 0 -1 0 0
Li=—|1 0 1f,Lp=—(|-1 0 1|,L3=R|0 0 O (9.44)
V2 010 V2 0 -1 0 0 01
We can find the other operators we are interested in just aplying matrix multiplication.
010 010 1 01
2=L11 0 1Lt 0 1|=E]0 2 0
1 h h 2
v 010 v 010 1 01
0 1 0 [o 1 0 1 0 -1
=]-1 0 1|2Z|-1 0 1/=8]0 2
2= V2 V2 2
v 0 -1 0 |0 -1 0 -1 0 1
) (9.45)
-1 0 0 |-1 0 O 100
L2=n{0 0 O[]0 0 0|=H|0 0 0
0 0 1f |0 0 1 0 01
100
L2=L3+L3+L5=2*[0 1 0
0 01

We can see that L? is also a diagonal amtrix as we expected it to be, this means that we did not make an
algebra mistake.

Just to make sure that we are doing everything right, we can check that the conmmutation properties are
satisfied.

010 0 1 0 0 1 0] [o 10
[Li,L] =LiL,—LoLy =21 0 1f&|-1 0o 1|{-Z|-1 0 1|L|1 0 1|=
o1 o/ ®lo -1 0] “lo -1 o™ 1 0
(9.46)
-1 0 1 1 0 1 -1 0 0
=219 0 o|-%Lflo 0 0|=ik|0 0 0f=inLs
-1 0 1 -1 0 -1 0 0 1

We can do the same for the other commutators.
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Now we will work the math or j=1/2. The operator are gonna look like:

[ = [(Lu)—l/z,—l/z (%)—1/2,1/2}
! (La)ijz,-12 (La)ij21)2

And in particular the operators are:

nfo 1 info 1 h[-1 0
Ll_i[l o]’Lz_E[—l o]’L3_§[0 1}

We can find the other operators we are interested in just aplying matrix multiplication.

oo 1o 1 _g[1 0
1741 of[1 o] lo 1
o [0 1ffo 1) 10
2774 |-1 of[-1 o) " 4o 1
o1 Of[-1 o _p[1 0
3740 1f{o 1]” %o 1
1
L2=L§+L§+L§=34ﬁ[ 0]

01

We know we did the math correct because L? is a diagonal matrix with values 7%j(j + 1).

il

NSt

0 1,0 1] [0 1
[Ll'Lﬂ:Lle—LzLF%[l 0]%[—1 0}_%[—1 0]

= ik [_01 (1)] = ihLs

(9.47)

(9.48)

(9.49)

(9.50)

The conmmutation properties are satisfied. We can do the same for j=3/2. To begin with our matrices are

going to look like:

(La)-3j2,-32 (La)=sj2,-12 (La)-3/2,1/2 (La)-3/2,3/2
L, = (La)-1j2,-372 (La)-1j2-12 (La)-1/2172  (La)-1/2,3/2
(La)j2,-32  (Lahyz-172 (Ladijzae (La)ij2,)2
(La)sja,-3/2 (La)ajz—172 (La)sjpaj2 (La)sjaz)2

The components of the angular momentum are:

0 V3 0 0 0 V3 0 0 3 0

n{v3 0 2 o0 i|-v3 0 2 0 nlo -1
L= L=~ L3 =

210 2 0 V3 210 -2 0 43 210 0

0 0 V3 0 0 0 —-V3 0 0 0

S = O O

(9.51)

(9.52)

W o o o
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We can find the other operators we are interested in aplying matrix multiplication.

0 v3 0 01[0 V3 0 o 30 23 0
p_r|V3 0 2 0|V3 0 2 0f_p|0 7 0 2V3
174100 2 0 3[|0 2 0 V3] %23 0 7 0

0 0 V3 0]lo 0 +3 o0 0 23 0 3

0 v3 0 0][0 3 0 0 -3 0 2V3 0

po2|~V3 0 2 0||-V3 0 2 0|__p|0 -7 0 23
27410 =2 0 V3|0 -2 0 V3 f2vB 0 -7 0
0 0 -v3 0J]L0 0 -3 0 0 2v3 0 -3
(9.53)
-3 0 0 0][-3 0 00 9 0 00
o]0 -1.0 0[]0 -1 00 _pf0 100
37410 0 1 0/|l0 0 10/ %00 10
0 0 o0 3/|lo 0o 0 3 000 9
15 0 0 0
_r2 2,220 15 0 0] g5
LZ—L1+L2+L3—IO 0 15 0 —Tl4x4
0 0 0 15

We did a correct calculation because L? is a diagonal matrix with values /1%j(j+1). Let’s Prove the conmmutation
properties.

[L1, Lo] = Lily — Lol =

0 V3 0 0 0 V3 0 0 0 V3 0 0 0 V3 0 0
R|V3 0 2 0|u-V3 0 2 0| -3 0 2 0|,|V3 0 2 o0f_
210 2 0 V31210 =2 0 V3 2|10 =2 0 V320 2 o0 W3~

0 0 3 0 0 0 —-vV3 0 0 0 -V3 0 0 0 V3 0

-3 0 23 0 3 0 23 0
_a| 0 -1 0 2V3| | 0 10 2v3|_
T4 1243 0 1 0 41243 0 -1 0|
0 -2v3 0 3 0 -2v3 0 -3
-3 0 0 0
0 -1 0 0
_ s%h —
—zh200101hL3
0 0 0 3
(9.54)

Everything seems in order, let’s move to the last one, j=2. The matrices are gonna be defined by

(La)—2,—2 (La)—2-1 (La)20 (La)21 (La)-22
(La)-1,-2 (La)-1,-1 (La)-10 (La)-11 (La)-12
Lo = | (La)o~2 (La)o-1  (La)oo  (La)oi  (La)oo (9.55)
(La)i,—2  (La)i,-1 (La)o (La)in (Lo
(La)2,—2  (La)2-1 (La)2o  (La)21 (La)22
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1,1/2,3/2,2

9.3 Matrix representation for j

The components of the angular momentum are:

O O O AN O
cogoq

O
060 =}

=
20_00

o o oo

=ew

S O O NOo

00602
sgolgs
20600

O N O O O

ES 19

(9.56)

The other operators are:

0
6
0
10
0

2v6
0
12
0
0 2vV6

0
10
0

6

00602
slg ol
20600

O N O O O

0
0
V6
0

-4

-10
0

V6
0
-12
0
2v6

oo oo

O

o O [e>Bo\|
cgotge
20600

l

4 0 0 0O
01 00O
00 000
00010
0 0 0 0 4

-

0

0 0O
1 0

0 2

0
0

00
-1 0 0 O

0
0
0
0

-2
0
0f]0
of]0
2110
+L3+L

-2 0 0 0 O
0 -1 0 0 O
|0 0 0 0
0 0 01
0 0 00

2
L3

6 0 0 0O
0 6 000
=m0 0 6 0 0
0 00 60
0 0006
Again the math is correct because L? is a diagonal matrix with values /1%j(j + 1). Let’s prove the conmmutation

2 _
3

2
1

[’=L

(9.57)
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properties.
[L1,L2] = Lily — Loy =
0 2 0 0 0 0 2 0 0 0 0 2 0 0 0 [0 2 0O
2 0 V6 0 of |2 0o V6 0 o0 2 0 V6 0 o |2 0 6
=Llo v6 0 V6 o|Z|lo V6 0 V6 of-Z]o -v6e 0 e o|lllo V6 0
0 0 v6 0 2 |0 0 -6 0 2 0 0 -6 0 2/ |0 0 Ve
00 0 2 0 [0 0o 0 =20 o0 0o o0 -20 [0 0 o0
-4 0 26 0 0 4 0 26 0 0
0 -2 0 6 0 o 2 0 6 0
=21 o6 0 0 0 2v6|-Z|2v6 0 0 0 2vV6|=
0 -6 0 2 0 0O -6 0 -2 0
0 0 —2v6 0 4 0 0 -2v6 0 -4
-2 0 0 0 0
0 -1 000
=inh| 0 0 0 0 0f=ihL,
0 0 010
0 0 00 2
(9.58)

We have proved everythin for all the values of j that we wanted. In the next section we will try to find the
eigenvalues of this operators.

I\)O%OO
oN O o o
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9.4 Eigenvalues and unitary transformations

During this chapter we are going to focus only in the case of j = 1.

To determine the eigen values of L; we need to get det(L; — AI) = 0. We
can do the same for L, and L. The eigenvalues of L; are:

A L
Ao
det(L; — AI) = 0 = det % A % - 0>
0 % -A
2

(9.59)
= A(A2-12) =0

U

=1 =0A =h,/\3 =-h

We can observed that the eigenvalues are the same as the ones of Ls.

Because the conmmutation of the operators are closed under the equation
9.6 we can rewrite our matrices using unitary transformation. We say
that U is an unitary operator if:

utu=1 (9.60)
We can rewrite now our matrices as:
L, =utL,u (9.61)

And it can be proved that this new system commute under the same
rule.

(L, L] =U'LUUL,U - U'L,UU'L,U =
=UtL,LyU - UL, L,U = Ut[L,, Ly|U = ihep UL U = ifieqp L,

= ihegbc L’c
(9.62)

We want to find now the unitary matrix U that turns L; into L3. As we
saw in the beggining of the section L3 is the diagonal matrix of L1 so U
will be the unitary matrix of eigenvalues.

L, = ULsut (9.63)

We can find the matrix U by finding the eigenvectors of L.

In most experiments we can only mea-
sure for j. If we consider and eigenvector
of the form eii%t, then if a state has an
energy E1, the state can not be a super-
oposition of states with different energies.
However in our 3 dimensional model we
know that the energy depends on j, but
for j=1 we have 3 different states of the
same energy. This means that this model
allows degenerate states.
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For /\1 =0
For A, =
For A3 = —-h

We can now build the matrix U.

We choose the order of the vectors in S
to be the same as the order of the eigen-
values for L3, to be the diagonal matrix
we want to find.

h
RN
o
0 B 012
Ly =0x= 2 (9.64)
1
U1 = 0
-1
T
PR I
R | ]
0 L -hflz
=x=2zy=V2x (9:65)
1
U = \/E
1
I
SEIE
ooy =0=
0 v hllz
=x=2zy=-V2x (9.66)
1
U3 = -2
1
U = [c3v3]|c101]c202] (9-67)

This matrix is not unique, there are multiple matrices that satisfied the
equation, but if we want U to be unitary, we need it to be formed by

unitary vectors.

(9.68)

N|>—-§'|>—l =
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We can check that this matrix is unitary by checking that UTU = I.

1 2 1 1 1 1
5~ 5 2 2 2 1 0 0
tir _ [ L L l V2| =
utu = | 3 5 _1‘4 o1 -3 _8 (1) 2 (9.69)
2 r _1 1
;0 F 1 llz w2
So we know that L] is L3. What about L} ?
L' =UtL,U =
» = ULl (9.70)

We can see that L; is not L; or L3, is something else, which means that
the unitary transformation is not unique. We have to be able to find a
unitary transformation that follows or the next rules:

Ly =U'LU =L
Ly =U'LU = Ly (9.71)
L, =U'LsU = L,

When we calculate U we said that the unitary vectors have to be unitary,

this means that we can multiply this vectors by a phase ¢’?. U takes the
form:

do g it
e 2
e'®1 e'P3

u-= _W 0 W (972)
dOL g2 gifs
2 V2 2

We have to find ¢; for i = 1,2,3 for U to satisfy the conditions listed
before. The solution is:

(9.73)

<

1
NI SN
S oSk
PG |~ ot

We can probe that this matrix makes the transformations we want. For
L1 :

Ly =U'LU =
izl I A
2 v 2|0 v Y7 % oz
_ = il o flo o 4=
T2 D V2l (w2 V2| |2 V2|~
- =i =i o L o - 1 i
2 2 2 V2 2 V2 2
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=i i —im] [zt =L 1
2 v 2|27 v 2
=lo 0o ol 0 *£|=
> v 22 v» 2
-h 0 0
={0 0 0|=L3974
0 0 h
For L, :
L, =U'LU =
io=i i in =i -1 i
SR IR | A
_|=L Lif=t o )L o L|_
vz T V22 T V2| V2 V2™
=t =t Zi|lg = |2 L
2 ¥ 2 V2 2 V3 2
) Cvrei -1
\/Li 7;7‘%5 (9.75)
_ il _ i A
I | I
V2 vllz v» 2
010
i
=111 0 1|{=1L4
\2
010
For Lj:
L, =U'LsU =
[ | S
2w 2|[-h 0 0]l|2 v 2
=1 1 i A
ol ] | R A
-1 -1 -1 —1 1
TTETOOHTﬁE
. o r=i -1 i
?1()?7’75% (9.76)
1 1
Lo =12 L I
2 212 B 2
0 i 0
i
=2|-i 0 i|l=1Lp
V2
0 —-i 0

The unitary matrix we found satisfy all the conditions.

9.5 Spherical Coordinates

We can describe the position of a point in space using spherical coordi-
nates. We can define a point in space using the distance from the origin,
the angle between the x axis and the projection of the point in the x-y



plane and the angle between the z axis and the point. We can define the

position of a point in space using the following equations:

x = rsin(0) cos(¢p)
y = rsin(0) sin(¢p)

z = r cos(0)

We can find the derivatives with:

sin O cos ¢
= | sin Osin ¢
cos 0

ox
or
Iy

| or

Jz

T

7 cos 0 cos ¢
7 cos O sin ¢

9x  ox

90 9¢\[dr
a0l =
72\
% &)\

—rsinOsin )\ (dr
rsinfcos¢ ||dO

—rsin 0 0 do

(9.77)

(9.78)
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z

=~y

Figure 9.1: Spherical coordinates

y

7sin @

Figure 9.2: Spherical coordinates
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We can get the expression for the derivatives of r, 0, ¢ calculating the inverse of the matrix above.

dr sinfcos¢p sinOsing cosO) (dx

_ | cosBcos¢ cos O0'sin ¢ sin O
de | = an(p COE(P - dy (979)
¢ T 7sin0 7sin 0 0 dz

Mow we can say that:

cos 0 cos ¢ sing g

9 _ s nd 9 _
Jy = COsQsinOF + ——— 35 — 7515 75

cos O sin ¢

2
r 20

+ cosp 9

d _ o : J
I = sin¢sin 05 + rsing 7¢ (9.80)

J _ d _ sinf d
9z = cos 07 r 90

We can rewrite the angular momentum in spherical coordinates.

Ly = —ih [y% - z%] =

. . . 9 _sin6 d 1 _ . . 9 , cosBsing H cosQ 9 _
—ih ((rsm@smqb) [cos@ar — 2| —rcosO [smqbsm@ar =30 T rsm0 96

= —ih ([—sin2 0 sin ¢ — cos? Gsingb] % - [COS qb%] ai(/)) =ih [sin(;b% +cosqbc0t98%

Ly = —ih [z% - xa%] =

= —ih([rcos@sin@cosqb—rcos@sin@cosqb] % + [C0526cos¢+sin29cosqb] % + [—sinq[)cot@] a%) =

=ih [—cos gb% + sin(i)cot@%]

Lz = —ih [x% - y%] =
= —ih ([rsin2 Osin¢ cos P — rsinZGSinq)cosqb] % + [cosqbcos@sinqbsin@ —COS(pcosGsincpsinG] %) =
= —ih£

%
(9.81)

We can see that any of the components of the angular momentm depend on the radial coordinate or in the

derivate of this one. Because of this we can think that the angular momentum is going to commute with a
radial change.

[f(r)or£,L,]=0 (9.82)
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We are going to need the expression for Ly and L_.
Ly=L1+il, =ih [sinqba6 Cosqbcot98¢] h [ cosqbae +s1n(j)cot99¢
=h [(COS(P + isinqb)% +i(cos ¢ + isinqb)cot@%]

hei® [— +icotf a(p]

(9.83)
L_=L1—iL2:ih[sm<pae+cos¢)cot9 ]+h[ cosd)99+sm(pcot9 9

=h [(BSimP —cos ) & + (iCOSqﬁ+Sin¢)cot6%] =

= he~i® [—— +zc0t9a¢

We are also interested in the operator L2, as it is one of the operators than commutes and we are going to
calculate it in 3 dimensions to get the wave equation in a future section. First we need the square of the 3

components of the angular momentum.

2 _ 32 J 2 2 ) — _#2(,22% J 22 2 292
Ly=-h (y;—z@) (yz—zw)——h (y 97 T Yoy T 2igy; m it 8y)
2 _ _#2|~2 _ 9 d _ 9\ _ _12 29_ _ 2 2.9%*
L2_ I (Zax xaz) (Zz?x xz?z) =-h (Z ox2 Zaz szaxaz xz?x tx 922 )

2 - _32 (2 i J d ) _ 292 9 2
Ly =-h (x@—yﬁ)(x@—yﬁ)_ —h? (x i —xax—nyawy Ya, Ty W)

712 2 2 _
L?=L3+L3+L3=

_ 12| (42 2, .2\ (.0 PR P 2% P A _ 9 A 2\ =
=—h [(x ty +Z)(ax2+ay2+az2) X yay ~22% - nyaay 22X 5 ~ 2255y 2(x3x+yay+zaz)]—

2
= 2| (2 +12+22) (2 + 2 ) _ (2 2 4,9) _(y2 9 4,9
=-n*|(x*+y* +z )(3 +3y2+az2) (x9x+y3y+zaz) (xax+y3y+zaz)

(9.84)

Now that we have the expression for L? in cartesian coordinates, we can change it to spherical coordinates.

We are going to solve by parts.

(x% +y% +za%) = [rsin? 0 cos? ¢ + rsin? O'sin? ¢ + r cos? 0] £ + [sin O cos ¢ cos? ¢ + sin O cos O sin? ¢p — sin O cos 0]

With this relation we can finally get L2.

2= - [ﬂ (2)-(r2) —r%] (9.86)
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9.6 The eigenfunction Y

We've been labeling the eigen functions by |j, m), but we are going to
rename it with:

Yjm(6,¢) <=>|j,m) (9.87)

Yjm is only a function of 6 and ¢, because as we saw in the previous
section the angular momentum only depends on these parameters. Let’s
see what the components of the angular momentum say about our
function.

L3Yj,m = _ihﬁyj,m = thj,m (9.88)

If we solved the differential equation we have that:

Yj,m = e PP (0) (9.89)

We haven’t assume separation of variable it came out from the definition
of the angular momentum on the z direction. If we look at the periodicity
of the function:

Yim(0, ¢ +21) =Y (0, P)
(9.90)
eim(Q+2m) — pime

This implies that m has to be an integer number, wich implies that the
half values are not allowed. Our j is gonna be restricted to only positive
integers. We will have to wait for Dirac to know more about this.

We can find a recursive equation for P;" (6) using Ly and L_.

LiYjm = j(G+1) — m(m + 1)Y] i1 =

hei® [% + icot@%] P (0)e™ = hyj(j + 1) — m(m + DPI"*1(0)ei"+)0

e (m+1)p [%p}m(e) — m cot ap;."(@)] = (G + 1) = m(m + DP7 (0)ei(m+1)0

(9—39 — m cot 9) P]’”(Q) = \/](] + 1) — m(m + 1)p]171+1(9)
(9.91)
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We also have a expresion that with the same logic come from L_.

L-Yjm = 1j(G+1) = m(m = 1)Y; 1 =

heit |~ + icot 0 | Pr(©)e = myff+ 1) = mlm = Py~ (@)elm-10

[%P}”(G) + m cot ep;n(e)] = G + 1)~ m(m + P (6)

(% + m cot 9) P]T”(e) = —\/](] +1)—m(m + 1)P]m—1(6)

(9.92)
For the case m=j in Lyandm = —jinL_.
%P]],(G) — jcot ep]’,(e) =0
(9.93)

%Pi_] (0) — j cot epj‘f 6)=0

We can see that is the same equation which implies that P} = P;j . Now
we are going to find the solution for it.

P]ff (6) = N;(sin 6)/ (9.94)

To get the value of N; we can use the normalization condition:

JEd0 [T ALY m(6, O)IY;m(6,¢)sin6 = 1 (9.95)

For j=1 the functions are:

Y1,1(0, ¢) = e'”Ny sin(0)
Y1,0(6, ) = Ny cos(6) (9.96)
Yi,-1(6,§) = ¢ N_y sin(6)
We can get the value of N; using the normalization condition.
YM(G, (P) = €i¢% Sil’l(@)
—1
Y1,0(0, ¢) = = cos(0) (9.97)
Y1,-1(0, §) = e7¢ % sin(6)
The most important result of this chapter is that the function is a product

function of the two parameters becuase we have two operators than
commute, (L? and L3).
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9.7 The wave equation in 3 dimensions

We are going to start multiplying the square of the angular momentun

by 2n1r2 to get something similar to the angular kinetic energy.

2
2 _ -2 2 (22 J 2
2mr2 ~ 2mr? [7’ (8_952) - (7’;) - rﬁ} (9'98)

We can get from the kinetic energy from the equation above.

(9.99)

2
R P P, P\ 1k F) 9
2m (axz + y? + 822) T 2mr2 2mr? [(F ) T

If we include the potential energy we will get the total energy operator
H.

2
2 2
- s |(r2) 42|+ vir=n o)

We inmideatly can say that H and L? commute because L? commutes
with the angular kinetic energy the radial kinetic energy and the potential
energy. It also going to commute with all the components of the angular
momentum for the same reason.

[H,L%] =0
(9.101)
[H,L,]=0
For any radial potential we have:
L;|E,j,m) = hml|E, j, m)
L*|E, j,m) = W*j(j + DIE, j, m) (9.102)

HlEr]rm> = E|E,],m>

The wave function is going to be:

n2j(j+1 . .
+V(r)+ zjr(,f:z )] |E,j,m)=|E,j,m)

(9.103)

| ra) 4 (r2)

We are going to label the eigenfunction by ¢k j (7, 0, ¢). As we proved
before because H,L? and L3 we can say that the function is product
function.

VE,jm(r, 0,0) = Re j(r)Y;m(0, ) (9.104)
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The general wave equation becomes:

2 2
_ZZ,,Z [(Y%) + (7’%) —j(G+1)|+V(r)—ERg;(r)=0 (9.105)

To solve the equation for every potential we are going to use some algebra
tricks.

Ur ;
Re,j(r) =~
d\U _du _ U
rfF) S =% -%
) , (9.106)
42U _ ,d%U _du . U
&) F=ra -G +5%
d\2 .4 |U _ .dUu
[(rm) + ra] eI
We can rewrite the wave equation as:
2 2 .
sl [P5 =G+ D4 |+ VO - B =0
(9.107)
A2Ug,;(r) 2
Tey0) 2w (E —V(r) - 251 + 1)) Ug,i(r) =0

We know that the integral from 0 to infinite of U has to be finite which
implies that the limit of U going to infinite has to be 0.

For r close to 0 we can assume that U is a polynomial function of r.
liII(l) Ug,i(r) — r? (9.109)
r—

The equation for this assumption is:

pip =12 =+ D7+ EE-VEP =0 ©110)

If we assume that V(r)r? < rP~2 the last term goes to 0 faster than the
rest of the terms when r goes to 0. 1™

p(p =P 2 —j(j+1)rP2+0=0
plp-1)=j(G+1) (9.111)

pr=j+1pr=-j

-lem: This implies that V() has to be
weaker than 1/72
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If we solved the integral between 0 and a small value € we get:

62 _ eZp _52p+1
foudr—fo r dr——2p+1:>

(9.112)
=S2p+1>0=p>—3

For the second solution of p we found that the only possible value is
when j = 0, i.e. p = 0. We can also prove that j=0 is not a solution.

ifp = 0=y = ;P/"(0)e™°

(9.113)
KE=(V-9) %2 = o)

Our potential comes from a central force so it can not have a delta function
term, so the wave equation is going to be incompatible. This implies that
p=-j=0 is not a solution. We can say that the only possible value for p is
j+1,forj=0,1,2,3...

Our function is going to look like:
Uk, j(r) = rT* W ;(r)
U = (j+D)rIW + 14y (9.114)

2 . Lo . . . 2
LU = (j+ 1)jri W +2( + D4 + 1 L0

Substituting the last equation in the wave equation we get:
jG+DrTTW + 2E - V()] W+

£2(j + 1) j(j + )P 4 pHTE (9.115)

2 2(j+1
eW A AWy dmiE Y ()W = 0

This is the furthest we can get without defining an exactly V(r). In the
next chapter we will continue with this equation for a given potential.



The Hydrogen Atom

This is a very common and well study problem in quantum mechanics.

The hydrogen atom is the simplest atom, and it is composed by a proton
and an electron. The proton is located at the origin of the coordinate
system, and the electron is located at a distance r from the proton. The
electron is described by a wave function ¢(r, 0, ¢), and the potential
energy is given by the Coulomb potential. During this chapter we will go
through all the theory and compare it with the result from the experiment
done in the Modern Physics Lab.

10.1 The electric potential

The electric potential is well known since the 18th century. The potential
is given by:

V(r) = ~ g 55 (10.0)
Where Z is the atomic number of the atom, e is the absolut value of the
charge of the electron, and €y is the vacuum permittivity. We are also
going to define /i as the Plank’s constant and m as the relative mass in
this case, the mass of the electron. All these values are well known and
the values get better every year. These values are:

e =1.602176634 - 1071° C
€0 = 8.8541878128 - 10712 €32
kgm (10.2)
m = 9.1093837015 - 10~>! kg

i =1.054571817 - 10734 kgsmz

We are going to look at the wave equation with natural units.

r=bu
(10.3)
WE,j(r = bu) = x,;(u)
So the wave equation is:
1d% o 204D dx | (2mE | 2m Ze® 1) . _
BEE D (e EE L) =0
(10.4)

x| 2(G+1) dx 2mEb? | 2m Ze?b 1 _
et @ P\ Y R eu )X =0

We want to find b so the term that belongs to the potential is equal to 1.

b= 2% — ] = 1264588603 - 1011 (10.5)

Zem
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That number is the natural atomic unit for length. The natural scal, b,
becomes smaller with bigger Z.

We can also define the energy in natural units.

E=—5a (10.6)

Where alpha can be either positive or negative. The wave equation looks
like:

Py, 2+ dx
du? u

—ax+ix=0 (10.7)
When u goes to infinite the equation become:

2

9K = ay — x = Cre Vo — CyeVar (10.8)

du?
Since x has to go to 0 when u goes to infinite, because of the normalization

condition, C; is going to be 0 and alpha has to be postive, sowe can
rewrite this in terms of:

a=p?
2,4
E=-Zn zgzﬁz (10.9)
x(u) = e P“R(u)

We are going to find the different terms in the wave equation separatly.
- - dR - dZR
P4 = g2ePuR — 2gePudR 4 p-pudR

20+ dx _ 220D pup o 2(J+1) oBu AR (10.10)

u du u du

(3 —B?) x = geP'R - PR

u

So the wave equation looks like:

2

d’R dR
U= + Q2 +1) = 28u) -+ (1=2( + DBR = 0 (10.11)

We can solve this differential equation using the power series method.
We are going to assume that the solution is a power series.

R(u) = 22, Cruk
R = 32 Crlk + Duk (10.12)

TR = 3% ) Crark(k + Dk



10.2 Eigen-functions of the hydrogen atom

We can substitute this into the wave equation, trying to match the indices
of all the terms to the same u* and we get:

250 Crak(k + Dyuk+
22 o Cran(k + 1)2(j + Duk—
25, Cr2Bku*+
Sy Cr(1=2(j + DB)u* =0 (10.13)
S0 otk [Cror [K(k+1) +2(k + 1)(j + 1] +

Ce[1-2(G+1)p-2pk]| =0

_2Bk=142B(j+1) ~ _ 2B(k+j+1)-1
Ck+1 = (k+D)(k+2(j+1)) Ck = (k+D)(k+2(j+1)) Ck

The power serie has to be finite because the R, j(1) has to be normaliable.

This means that for some k=p the coefficient C,1 has to be 0.

2p+j+1)—-1=0

(10.14)
— 1 —_ 1
= =

Wherenisn = p + j + 1. Because p and j are define as integer numbers
from 0 to infinte, n is an integer number, but from 1 to infinite. Now we
can define the energy in terms of n.

E=--Z5m = -2 1798723637575177¢ — 18-% (10.15)

- 32m2ean?n?

That is the energy for the eigen-functions:

El’n,j,m = (Zz;é_l Ckuk) e‘ﬁ“(bu)jp]m(@)eim¢
(10.16)
- kY . i .
Yn,jm = (Z::(J) ! Cx (E) )e nb r]p]’f"(@)elmrp

We can plot some of the eigen-functions to see how they look like.

10.2 Eigen-functions of the hydrogen atom

This are some of the solutions from the Hydrogen atom.

For n=1,j=0,m=0:

V1,00 = Coe_r/Zh (10.17)

103
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We can find the normalization constant by using the normalization

condition:

ST g sin(0)drdode = 1

0

/ozn fo77 fooo C2e™/*r?sin(0)drdOde = 1

4nC; fooo e "Py2dr =1 (10.18)
4nCi(2b%) =1
_ _1
CO BRGE
The final solution is:
1 —r/2b
1101,0/0 = —— (10.19)
8mb3
3D Plot of a (1, 0, 0) Hydrogen Orbital
Figure 10.1: Probability distribution
(n=1,j=0,m=0)
For n=2,j=0,m=0:
Lor] —rja
Y200 =|Co— ZCOE e (10.20)

We can find the normalization constant by using the normalization
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condition:

J T T gy sin(@)drdode = 1
BT RS ca[Co-dCok P e 12 sin(B)drdod¢ = 1
4nC? (/OOO e "/ ?y2dr — & /000 e 11263y + /000 16%6_7(217)1’4d7‘) =1

4nC[(2b°)2 - 6(2b%) + 6(2b%)] = 1

Co = \/17
647th3
(10.21)
The final solution is:
1 1r
= 1—~—|e /4 10.22
puan= s 15 1022
3D Plot of a (2, 0, 0) Hydrogen Orbital
Figure 10.2: Probability distribution
(n=2,j=0,m=0)
For n=2,j=1,m=1:
W11 = Coe™"/*r sin Ge'® (10.23)

We can find the normalization constant by using the normalization
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3D Plot of a (2, 1, 1) Hydrogen Orbital

2(ap)

Figure 10.3: Probability distribution
(n=2,j=1,m=1)

condition:

BT gy sin(0)drdodg = 1

ST CRemr 22 sin2 012 sin(0)drd6d¢p = 1

2nC2 ["sin® 04O [~ e P rtdr = 1 (10.24)
2rC3(3)(24(2b)°) =1
_ 1

CO BRI TE

The final solution is:
Y211 = Lty gin gt (10.25)
" 21 b5 ’

For n=2,j=1,m=0:

Y210 = Coe "7 cos 0 (10.26)

We can find the normalization constant by using the normalization
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3D Plot of a (2, 1, 0) Hydrogen Orbital

z(ag)

Figure 10.4: Probability distribution
(n=2,j=1,m=0)

condition:

ST g sin(0)drdodg =1

0

fozn fon /000 C2e"20y2 cos? Or2 sin(0)drdOd¢ = 1

2nC3 fon cos? 9 sin OdO fooo e bytdr =1 (10.27)
2rC3(3)(24(2b)°) = 1
_ 1
Co = Tomps

The final solution is:

Y210 = ;e_r/‘lbr cos 6 (10.28)

’ V21055 '
For n=1,j=1,m=-1:
U21,-1 = Coe 47 sin G~ (10.29)

We can find the normalization constant by using the normalization
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Figure 10.5: Probability distribution
(n=2,j=1,m=-1)

3D Plot of a (2, 1, -1) Hydrogen Orbital

z(ap)

condition:

JE ST i sin(0)drdode = 1
/027'[ fon /(‘)OO Cée—i’/Zb’J Sil’lz 61,2 Sln(@)d?’d@dq‘f) -1
2rC? [ sin® 046 [ e ridr =1 (10.30)

2rC3(3)(24(2b)%) = 1

R
The final solution is:
1 —r/4b., .: i}
I]D2,1,_1 = —¢ r sin Oe (1031)

V2 nbs

10.3 Temperature and Light

If we look at the plot of the energy depending on n,we are going to see
that the gap between the first energies is bigger than those of the higher
energies. To move from one energy level to a higer one we need some
temperature. The energy needed to move from the energy E; to E¢ is
determined by the factor KT, where K is the Boltzmann constant and T
is the temperature.

AE = Ef — E; = KT (10.32)

This means that if the temperature is higher we will be able to reach
higher energies. However the probability of the particle to be in the
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lowest energy is always greater or equal than the energy of the particle to
be in a higher energy level. This is given by the Boltzmann distribution.

P(E,) o« e~ (10.33)

In the same way we can see that energy can be emitted from the electron
when it change from a higher energy to a lower energy state. This energy
is going to be emitted in the form of light. The energy of the light is going
to be the same as the energy difference between the two energy levels.

AE = Ef —-E; = ha)ligm (10.34)

10.4 Comparison with the experiment

We are going to look at the lab experiment done by Kevin A. Acosta,
partner in this clasroom that was friendly enough to let me his report,
because i haven't done the experiment myself.

The experimental setup can be observed in Figure 10.6. The experiment
was done using a Hydrogen Lamp closed to a collimating slit, a diffraction
grating and a telescope. The angle of the diffraction grating is taken after
a few initial adjustments. Once everything is prepared the telescope is
gently moved until the first line is visible, and that angle will be recorded.
After some data analysis we can get the total path length between the
two beams of light, (only two orders are being used for the experiment).
Knowing the total path length one can determined the wavelength of
the light. The wavelength is related with the Rydberg constant and the
energy levels, (the one from where the electron is coming and the one
where the electron is going). The Rydberg constant is given by:

1 11
~ =Ry (_2 - _2) (10.35)

This equation can be used in terms of the difference between the energy
levels, and is what we are going to use to determined the theoretical
Rydberg constant.

4E,-E;
R=-
3 ch

(10.36)

Where c is the speed of light and h is the Plank’s constant. The values
E; and E; are obtain from our analysis in the previous sections. The
theoretical value is:

4E,-E
R=2b2—h

=1.0973731 - 10"m ™! 10.37
> 0973731 - 10”m (10.37)

Comming back to the experiment, after some analysis of the data we can
observed that the 11; we are measuring is actually n=2. This is because
only the photons emited from n=3,4,5 and 6 to n=2 have frequencies in
the visible spectrum, any other transition will not be appreciate without
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Figure 10.6: Experimental setup
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more sotisficate observational methods. The experimental value of the
Rydberg constant in Kevin's experiment is:

Rexp = 1.097 - 107 £5.656 - 10~ 'm ™ (10.38)

This value is very similar to the one obtained using the model we have
been working through the whole chapter. So we can say that the theory
does explain the experiments, which is our main goal because physics is
a experimental science.



Magnetic Field

In this chapter we will cover what happens to the hydrogen atom when
we include a magnetic field, we will start introducing what are the effects

on a charge particle with a magnetic field.

11.1 Introduction

The magnetic field, B,actson a particle by the Lorentz Force:

F=gq3xB (11.1)

Let’s solve the problem for a particle with charge e, mass m, and velocity
7, in a constant magnetic field B. We are going to set the z direction to be

the direction of the magnetic field.

t m
dvy _ eB
a = m %
doy _ _eB,, (11.2)
dat = m X
dvu, =0

=19 [sin(wt)a? + cos(a)t)ﬁ]

7 =% [-cos(wt)f + sin(wt)f]

This represents a circular motion. The angular momentum of this motion

is going to be:

L=mFx?d
> o2 .
L=m=2% (11.3)
> omovd A mP3
L= eB/UmZ = eBUZ
The kinetic energy due to this magnetic field
2 (11.4)

11.1 Introduction

11.2 Wave Equation . . . . . ..
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The total energy is:

E=L +V(r) +1e0.B
(11.5)

2 - -

E=L +V(r)+uL-B

~ 2m

11.2 Wave Equation

The wave equation with this new term looks like:

»? PP

lhatw [ (&xz 2 az)+V(f>+uL B]w (11.6)

If we called H to the first two terms, wecan still say that:

[H,L?] =0
[H,L:]=0 (11.7)
[L%,L.] =0

We have that psi is a function over all space, so we can called it ¢/(r, 6, ¢)
with indices n,j,m

Lz#’n,]’,m(r/ 0, (P) = hm#’n,]’,m (r,0, (P)
L2, jm(r, 0, ¢) = Bj(j + D)n jm(r, 0, d)

H¢n]m(r 0, Qb) ( (m) 2 nz)#’n]m(r 0, (P) En,j,ml]bn,j,m(rrelqb)

(11.8)
Our solution is an eigenfunction of H,L and L? simultaneously so we
will say:
lPﬂ,]',m (1’, 9/ ¢) = |I’l,j, m) (119)
Where:
<n1/j1/ LGh | nZ/jZ/ m2> = 6n1,n26j1,f26m1,m2 (].].].O)

If we continue with the assumption that B is in the z direction:
L-B=L,B (11.11)
We define a new operator:

B
Hy=H+ 1, (11.12)
2m



If we applied this operator over the eigenfunction, we will get:

HBln/jrm> = H|n/j/ m> + 2e_51L2|n/jrm>

Hg|n,j,m) :Enln,j,m)+%hm|n,j,m) (11.13)

Hgln, j,m) = (Ey + £Lhm) |n,j, m)

This eigenvectors are just our solution for the hydrogen atom without a
field shifted by a shift that depends on m.

eBh ._ _
n=2,j=1,m=-1,0,1 Ez + o 1=1.m=1
E,-|
n=2,j=0,m=0 _ EBh i =
J Ep — oo 171m=-1
E, - n=1,j=0,m=0

11.2 Wave Equation | 113

Figure 11.1: Energy levels of the hydro-
gen atom with a magnetic field.






Dirac’s Equation

12.1 The relativistic wave equation.

We are going to start this section with the question of what happens
if j is not an integer number. We are going to need a new approach to
answer this question because we are basing all our calculations in the
fact that m is an integer because there is a symmetry in the problem,

(f(¢) = f(¢ +2m)).

For this new aproach we are going to redefine the energy using what we
know from relativity.

E? = p2c? + m%c* (12.1)

Let’s try to find the wave equation using this relation for one dimension.

[—hzf—;] Y(x, t) = [—hzczd"l—;2 + m2c4] Y(x, t) (12.2)

We can not really solve this equation with the knowledge we have, let’s
talk about something first.

12.2 Pauli matrices

If we look at the matrices of the angular momentum for j=1/2 in equation
9.48 we can rewrite them as:

L, = gaﬁ (12.3)

Where ¢, are the Pauli matrices. The Pauli matrices are defined as:

o1 = ((1) (1)) ;02 = (_OZ. é) ,03 = (_01 (1)) (124)

We can test their properties.

2 2
[Lar Lb] = % [Oa/ Ob] = l%ea,b,cac
(12.5)

[Ua/ Ub] = Ziea,b,c Oc¢
And we can observed from 9.49 that:

o2 =1 (12.6)

a

12.1 The relativistic wave

equation. .......... 115
12.2 Pauli matrices . ...... 115
12.3 The Dirac operator . . . . 116

12.4 Normalization under y( . 124



116

12 Dirac’s Equation

Other intweresting property pf the Pauli matrices is:

0107 = i()'3
0201 = —iCT3
0203 = 101 (12.7)
0302 = —101
0301 = iGz
0103 = —iOz

In general we can say two things. The first one is that the anticonmmuta-
tion is 0, where we define the anticonmmutation as:

A,B=AB+BA (12.8)

And also, the general multiplication of any two terms of the matrices is
defined as:

0,0p = 6a,bﬂ +1i€4b,c0c (12.9)

12.3 The Dirac operator

We are going to try to solve the relativistic wave equation in one dimension.
For that we are going to define D-slash as:

2 _ 1202 2 2 9%
(D) =-h w+h€w

D = ih)/o% — l’hC)/1%

(12.10)
(D)2 = (ih)/o% - ihcylﬁ) (ih)/o% - ihcylﬁ)
(Ip)? = —hz)/gg—:z + h2c2yf;—; +h2c(yoyr + )/1)/0)%
We want to find this gamma matrices following the next rules.
2 _
%o =1 12.11)

yp=-1
Yoy1i+ Y10 =0

This look similar to the conditions of the Pauli matrices. So we can say
that:

Yo = 01

Iy = ion (12.12)



D-slash looks like:

Lo 1], 0 i,
=i [1 0}5””[—1‘ 0 o =

(12.13)
: d J
_[' ) 0 5 thE-FhE
ih% —ihcs- 0
Now we can extend this to two dimensions.
D =ihyo% — ihcy1 £ — ihcyZ%
2 2 2
BP =-1yiim +H22yT S Hire(yoy1 + 1170) 5%
2 2 2
+h2c(y1y2 + yz)/l)af—ay +h2c2y§a‘9—y2 +h2c(yoy2 + 7/27/0)¢9f_ay
(12.14)
With the new conditions.
V2 = io3 (12.15)
And D-slash looks like:
—hcZ ihe +ilicZ
0 ot 0
P=\n2 —inez  ne2 (12:16)
ot Jx dy

Since now we’ve been defining the Dirac’s operator as a 2x2 matrix, but
in 3D we are going to need something different.

D = lhj/o% - 1716)4% - th)/Z% - lhc‘y’j%
2 2 2
B? = -2y 2 HECYT IS APl + 717035

+h2c(y1y2 + yz)/l)af;y +h2c2y§a‘9—;2 +h2c(yoya + )/2)/0)%

+hc(yrys + 7/37/1)%(2;2 +h2€27/§;—zzz +h2e(yoys + )/37/0)%;2

+h2c(y2ys + 7/3)/2)33%
(12.17)

We don’t have enough Pauli matrices this time to cover all the conditions.

The very clever solution to this problem was saying that D-slash is not a
2x2 matrix but a 4x4 where the gamma factors are:

(12.18)

12.3 The Dirac operator
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I choose to call T to the 2x2 identity ma-
trix and T4y4 to the 4x4 identity matrix.

Dirac’s work was first called Dirac Wave
Mechanics, lately this name we will be
changed to Quantum Field Theory, but
we are not going that far.

Where a is 1,2,3. We can see that the gamma matrices are 4x4 matrices.
We can also see that the gamma matrices are hermitian and that they
satisfy the anticonmmutation relation, but we want to make sure that we
didn’t make any mistakes.

T of(|1 o© 1 0
7/3 B [0 —1]] [O —1]] = [0 ]]] = Taxs (12.19)
7= [Gu Oa] [oa oa} - [ 0 _O.z] =—Tlun (12.20)
a
YaYot+ YoYa =
O_Guﬂ0+ﬂ00_‘7a_
o, 0 ][0 =1 0 -T||oa O | (12.21)
0 —o4 0 o4
[_Ga 0 + (oF! 0 :| - 0
YaVb T VbYVa =
0 —04||0 —0p + 0 —op|[0 =-0a| _
Og 0 Op 0 O 0 Oa 0 =
—0,0p 0 —0p0g 0 B (1222)
- 0 —0p0q 0 —0.0p|
_ |40 + 0b0a 0 _
B 0 0,0y + 0p0g|
The solution for the relativistic wave equation is going to be:
(D> = m?cy
(12.23)

D = +mc?

We are going to keep only the solution with the positive sign, the other
one is not relevant, it can be achive just adding a minus sign to the
operator.

The final equation in matrix form is:

(P = mc?)y =

YP1(x1, x2, X3, 1)
i 2 i 3 )
1% — mc*1 ihc 30, (O”E) Pa(x1, %2, 33, 1)| .
. 3 d P > X2, ,t =
—ihe 200, (G”E) =Tihg —mc”1 Pa(x1, x2, X3, 1)
Pa(x1, X2, X3, 1)

(12.24)



We’ve been using the matrices for angular momentum corresponding
to j=1/2, but we haven't talk about angular momentum. Is just a coinci-
dence.

As every other operator, we want the Dirac operator to be hermitian. We
can see that the Dirac operator is not, we can see this using the properties
from the end of chapter 6.

0 J 0 0
W=MW§+MC Vige gy g (12.25)

We can see that the Dirac operator is not hermitian, but we can make it
hermitian by adding a term to it.

Yolyo = ihy; 5 — ihe [7/07/17/0% +Y0r2005; + )/0)/3)/0%] -
- - t
= zhm% + ihic [)/1% + 7/2% + 7/3(9%] =1

Dyo = 7/017)+ = (17))/0)+
(12.26)

Now we try to solve the wave equation.

yo(ID — me*)Y(x,y,z,t) =0

[1] 0 ] (1?[5 —mc )1] ific Za -1 (Ga %, ) [IPL] 0
0 =T} |—ine 22_ 1(%9? ) (—ing —med)1 | 19R] 7 qp7)

(1h§ —mc?)1 ific Zg 1 (Ou FT ) [I’DL}
ihc Zu 1 (Gﬂax ) (zhat +mc?)1

0 . P) P)
zhﬂ%—mcngLJrzhc [01 if + 0y (;ZR + 03 (;PZR] =0

(12.28)
ihc ((71 3? +0285§/L +G3aiL)l]DL+ih‘ﬂag—tR +mC21l)R =0

All the components are couple, 4 eq with 4 couple terms. This system is
hard to solve so we are going to guess the solution.

E[’L — XLe%(p1x+p2y+p3z—Et)
(12.29)
YR = XRe%(p1x+p2y+pgz—Et)

12.3 The Dirac operator
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Substituying in the previous system:

[Ext —mcxr — ¢ (01p1 + oapa + a3ps) x| erPr+pay+paz=ED = o

[—c (01p1 + 02p2 + 03p3) xL + Exr + mcz)(R] e Px+pay+paz=Et) _
(12.30)

(E = mc?)xL = c(o1p1 + 02p2 + 03P3)XR
7 (12.31)
(E + mc?)xr = c(o1p1 + 02p2 + 03p3) XL

To solve the system we are going to multiply by the right factor.

c(o1p1 + 02p2 + 03p3)(E — mc?)xr = c*(o1p1 + 02p2 + 03P3)* XR

(E = mc?)(E + mc?)xr = c2(o1p1 + 02p2 + 03p3)* AR

(12.32)
The matrix of the right side looks like:
—p3 p1+ip2
01p1 + 02p2 + 03p3 = .
1P1 2pP2 3P3 [m — ip —ps

; ; 24,2 2
" " 2| TPz putip2i | mps putipz) (Pt Pyt P
(01p1 + 02p2 + 03p3) p1—ipa —ps p1—ipa —ps 0 P%
= ﬂpZ
(12.33)
The final equation is:
(E* —m*c*)xr = c*p*xr
E2 — p2c2 — m2ct 0 xxi] . (12.34)
0 E? —p2c® —m2c*| | xr2| ~

Because xri and xg; are not 0, the components of the matrix has to be
0.

E2 —p2c2 —m?2c* =0 12.35
XR2 - p ( )

This means that the solution for the energy is:

E = +4/m?c* + p2c?

XR1 (12.36)

E = —\m2c* + p2c?

We have two possible energies, both positive and negative energies are
allowed, we will talk about this later.

Figure 12.1: xr representation



Because the matrix is 0 the vector Xy is going to be:

0

. (12.37)

AR =

It started as a classical assumption but now is part of the wave equation.

XR is a vector with two components, but is not in time or space. However
they have a conection wiht j=1/2, is what we called the space of internal
spin and it becames a new degree of freedom for the wave.

We still need to get x1, let’s move back to eq. ??, but this time we will
write it as a matrix.

2

E—-mc> —c(oipi)||xc| _
Cop) Eamed [m] =0 (12.38)

We can do the same as before:

(E +mc?)xr = clopi)xL
(12.39)
(E +mc?)c(oipi)xr = c2(oipi)*xL

From this result we jump to the same conclusion as before, the same two
energies are allowed and y7, is going to be:

1] [o
AR = [o] + H (12.40)

But we also the relations between xr and xr.

XL = —,C;(_U,fc'g AR
(12.41)
_ c(oipi)
AR = Efme
Where
—cp3 cp1 +icps
c(pio;) = ] 12.42
(pioi) cpr —icpa —cps ( )

We want to avoid the division by zero, so we are going to use the positive
energy solution to find x7, with yr and the negative energy for the other
case.

The final 4 solutions look like:

This are the four solutions. We have to worry about normalization but
we need to see first if the 4 solutions are orthogonal.

12.3 The Dirac operator | 121

We are using the notation (o;p;) to rep-
resent the sum of the three components
of the momentum times the respective
sigma matrices.
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Table 12.1: Dirac’s solutions

Table 12.2: Dirac’s solutions 2

X Energy >0 Energy <0
XL1 1 0 % CZl_ J;icczzaz
XL2 0 1 % %
AR1 E:-CrZiQ —CZ:LZZZ 1 0
AR2 CZ:;:[Z;;Z Eificz 0 1

We can see almost inmeadtly that the solutions for same energy are
orthogonal but what happens if we take a solution for E>0 with a
solution E>07?

1#’;1!)3 =1 —Cp3 +0- cp1—icpa + —cps . 1+ cpr1—icp .0 + 0 (1243)

E—mc? E—mc? E+mc? E+mc?

They are not orthogonal, this is because we have to be more carefull
defining our solutions, we can not compare to solutions with a different
definition for E. We can get comparable solutions using the absolut value
of E. The final solutions are:

X Energy >0 Energy <0
—cp3 cp1+icpa
ALl 1 0 —|El-mc? | —|E|-mc?

cp1—icpa cp3
AL2 0 1 —|E|-mc? | —|E|-mc?

—Cp3 cp1t+icpr
AR1 |E|+mc? |E|+mc? 1 0
cp1—icp cp3
AR2 |E|+mc? |E|+mc? 0 1

Let’s proove the orthogonality of the solutions.
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. _ 1. ) —cps  cpiticps cpiticps _cps  _ —cp3(cpi+icpr)+eps(cpi+icpa)
V12 =1-0+0-1+ mroz  JEmme © Eeme? " [Eme = (El+mec?? =0
% _1._~=¢Ps3 . cp1—icpz —cps | cpr+icp . — Spa=cps _

Vivs =1 5z 0 SEme T Eme 1 e 0= e =0

1!’;1,04 — cp1ticpa 4040+ cpiticpy _ —cpr1—icpatcepiticps =0

—|E|-mc? |E[+mc2 — |E|+mc?
(12.44)
s = 0 4 SPAZiCP2 | cpizicps | g cpizicpazepiticps
Vs =0+ S + Jgme 10 = [Elrme? =0
* — cps cp3s  _ cp3—cps _
1#2111}4 =0+ —|E|-mc? +0+ |[El+mc2 ~— |E[+mc? — 0
¢*¢ _ —cp3  cpi+icps cpi+icps cps _ —cpa(cpr+icpa)+cepa(cpi+icpa) 0
374 = TIE=mcZ Z[E-mc2 © Z[El-mc2 —[E|-mc2 (—|E[-mc?)? -

Now that we have orthogonal solutions we have to worry about the normalization, we have to find the
module of each of this solutions

. p3 pi+c?py 2p? [EP=c2m* |E|—mc? 2IE]
P11 =140+ grmnar + GEmee = 1t (Eemer = L (i = LY (Epme = Eame (12.45)

We found it using the relation from 12.35. The normalization factor is the same for all the solutions, so our
solutions look like:

|E|+mc? 0 % _leprticps)
2[E V2IE|([E[+mc V2IE[(|E[+mc?
IE] |E]+mc? —(cp1—icp2) | chp|3 )

0 2[E]

¢ = —eps U = ep1+icps 3 = V2IE[(|E|+mc2) Py = V2IE[(|E|+mc?) (12.46)
SIENIE 2 2 |E|+mc? 0
V2IE|([E[+mc?) \/2|E|(C|F§3|+mc )

Ccp1—icpa

2[E| 2
— R o — |E|+mc
V2IE|([El+mc?) \2IEI(E[+mc2) 0 \ 2

The information of j=1/2 is in 03, if we multiply the solutions of the defining vectors (1, for E > 0 and xr for
E < 0) by 03 we will obtain +1/2 or -1/2.
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The word spin is just a bad use of no-
tation, the electron can not really spin
because is a point particle.

(12.47)

The first solution correspond to j=-1/2 an the second to j=1/2. This is
what we called the intrinsic spin.

This way of thinking started with a relativistic equation but even if the
electron is not moving we found solutions. But why do we have two
equations and what does it mean to have negative energy?

The answer is that the first two solutions explain the electron with charge
-e going in a direction +Z as t goes infinty, while the other explains an
electron with charge -e going in a direction +Z moving backward in time,
or what is the same, a positron with charge +e, moving in -Z as t goes to
infinity again.

This theory demonstrate two very important things, the existance of an
antiparticle for the electron called positron, and the relation between
charge parity and time.

12.4 Normalization under )

We are not going to get to deep into this explanation but we know that
Yy * ¢ has a physical meaning, it can be interpreted as the density charge.
And we can extend it to:

Yy, can be interpreted as (p, ;) (12.48)

Looking at 12.18 we can see that the - in the 2,2 term is going to make the
normalization to be equalto +1 for the first two solutions, when the energy
is positive, and -1 for the other two solutions. This is important becuase
we said that this physicaly means charge, and if they have differnt sign,
we are proving that there exist and antiparticle for the electron with a
positive charge.

The normalization factor is:

. - pr |E|-mc® _ _2mc?
Yivoyr =1- germeye =1 (Emey = e (12.49)

With this normalization factor we will get:

Yiyopr =1
Payoa =1

(12.50)
Y3voys = -1

Yyyops = -1
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We need to check the orthogonality under y.

_ |El+me? pa(pitipa)=c?papitipa) | _
4}{()/01#2 = ome2 (0 +0+ — (|E\2+mcz)32 - ) =0

* _ |E|+mc? cp3 cps
]7b1 V01P3 ~ 2mc? |E|+mc? + |E|+mc?

* _ |El+mc® [ cpiticpy  cpiticps
YIvovs = 53 Erme ~ TETmc (12.51)

* _ |El+mc? [ —cpi+icps | —cpi+icps
#)2)/01#3_ 2mc? |E|+mc? + |E|+mc?

* _ |El+mc? (—cps(cpi+icpa) | cpa(cpiticpa) ) _
V3vovs = S (E[+mc2y (Emey ) =0

The cross terms are non zero, unless we consider that the momentum of
the solutions with negative energy are negative to respect the ones with
positive energy. This is a very interesting result that can be explore in
advance.






Perturbation theory

This subject proposed solutions for problemsthat can not be solved
exactly.

13.1 Introduction

We are going to recall our hamiltonian for the schrodinguer wave equa-
tion.

I(x,y,z,t)

Hy(x,y,z,t) =ih o

(13.1)

Where H is non depending on time. Let’s assume once more that the
solution of this equation looks like:

Yy, 2,0 = lx, y,z)e it (13.2)

Then:

e_i%t(qu(x, ]// Z)) = Ee_i%tgb()fl y, Z)
(13.3)

Hp(x,y,z) = Ep(x,y,2)

As we have been doing since the beginning of the semester. But then how
can a state go to the ground state if the states are stationary in time?. We
need to include in our equation the variation with time.

The change of states must be solutions to:

Vit)=V(r)+6V(r,t) (13.4)
This second term is 0 for small changes, But
n=2,j=1,m=10V(r, t)ln=1,j=0,m=0)#0 (13.5)

For as the perturbation is going to be a function of r only. An example of
this is a circuit with a gas chamber, as the one show in METER FIJURA.
When the switch is open the gas is stable, onece we closed the switch the
gas gets excited andif we closed the switch the gas dexcites. For as this
switch control is going to be defined by a function 6V (r).

13.1 Introduction . ....... 127
13.2 Equation with perturba-
tion.............. 128
13.3 Degenerate States . . . . . 130
13.4 Proton as a sphere . ... 131

13.5 Constant electric field . . 135
13.6 Harmonic oscillator with
a perturbation in 1D . . . 137

13.7 Harmonic oscillator with
Vi=at oo 138
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13 Perturbation theory

13.2 Equation with perturbation

We are going to assume that Hy can be solved exactly. It can be any know
hamiltonian, not necessarily the solutions for the hydrogen atom. We say
that Hy can be solved in:

n=0,1,2,3,...
Eo<Ei<E;... (13.6)

Ho|n) = Ey|n)

We are going to assume that the perturbation is small, so we can write
the hamiltonian as:

H = Hy + AVi(r) (13.7)

Where A is a small number. This can not be exactly solved. Our equation
is going to look like:

(Ho + MV1)¢p = Ep¢ (13.8)

Where I'am going to define the eigen-values as:

Ep = > A (13.9)
k=0

I'm also going to redefine the eigen-vectors as:

Iy = D A [r) (13.10)
k=0

We need to solve for every k.

For some range of A the next assumption must be true.

(Ho+AMV)(Ipo)y +Alp1)+...) = (mo+ Ay + A%+ )(Io) +Alpr) +...)

(13.11)
This equation must be true term by term in A.
A0 => Hol¢o) = pol¢o)
Al => Hold1) + Vildo) = polp1) + pul o)
(Ho = po)lphiy) = (o = V1)lPo) (13.12)

A% => Hol¢a) + Vild1) = pol2) + pal 1) + palepo)

(Ho = po)ld2) = (11 = Vi)ld1) + u2ldo)



13.2 Equation with perturbation

If we solved for the first term:

Hol¢o) = polo)
Enl¢o) = woldo)

(13.13)
[po) = 1)
o = Ey
We can use this result to solve the next term.
(Ho = wo)l$1) = (u1 = V1)l o)
(13.14)

(Ho = En)l¢1) = (11 = V1)In)

We are going to solve it multiplying by (n| at both sides of the equation.

(n|(Ho — En)lp1) = (nlua|n) = (n|Va|n)
Eu(nll¢1) — En(nllp1) = p1 — (n|Va|n) (13.15)
p1 = (n|Viln)
We can rewrite |¢1) as a linear combination of the eigen-vectors of Hy.
|$p1) = > C1mlm) (13.16)
m=0

If we plug this in the equation above:

(Ho = Ex)(Zm Cimlm)) = pi|n) — Viln)
Yom Ci,m(Ho — Ep)lm) = u1|n) — Vi|n) (13.17)
2m Cl,m(Em - En)|m> = H1|n> - V1|n>

We are going to solve taking the inner product with k.

2m Cim(Em — En)k|m) = pa(k | n) — Vick | n)
C1k(Ex = En) = p16k,n — (k|V1|n) (13.18)

Cri = A,

Our eigen-vector looks like:

—(m|Vi|n)

13.1
g lm) (1319)

|¢p1) = Ciuln) + Z

m#n
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13 Perturbation theory

All the eigen-values and eigen-vectors look like:

Ey = Ey + An|Vi[n) + ...
(13.20)

) = (1+ACDIn) + A S T 1) + .

Where C; can be found using normalization. Sometimes the first order-

aproximation is zero, then we have to use the second order aproxima-
tion.

(Ho — En)|¢2) = p1l1) — Vildp1) + paln) (13.21)

Let’s assume again solutions like the ones from 13.16 for |¢,).

2k Cox(Ho — Ep)lk) = X Cyi(pr — VO)II) + paln)
(m| [Zk Cox(Ho — En)lky = X C1i(ur = VO)II) + pa|m) |

2k Cok(Ex = En)Ok,m = 21 Cri(p10m,1 = (m|V1|1)) + 20, n

(13.22)
Ifm=n:
0=u1Cr = 21 Cri(n|Vall) + 2
0=w1Crp — Crn(n|Viln) — Zizn Cri(n|Vall) + p2 (13.23)
2 = Sign Cri(n|Vi|l) = 3, AN
If m # n:
Co = tCLkTrlmlVAlD (13.24)

En—Ey

And you can keep going with this process.

13.3 Degenerate States

If we have more than one state with the same energ, we can have
something like:

lpo) = Culn) + Cpy1ln +1)
(13.25)
po =En = Ens1

Equation ?? is going to look like:

(Ho — Ep) = (u1 = V1) [Culn) + Cypaln + 1)]



We can still solve this multiplying by (1| and (n + 1|, which is going to
give as two equations that are similar to ??.

0= Cy = Cu(n|Vi|n) = Cppa(n|Vi|n + 1)
(13.26)
0=p1Cp1 — Cpsr{n +1{Vi|n + 1) — Cy(n + 1|V1|n)

If we look at this system of equation in a matrix system we get:

(n|Vi|n) (n|Viln +1)
n+1Wn) n+1|Vi|jn+1)

Cn Cn
= 13.27
|:Cn+1} = [Cn+1:| ( )

This implies that p; is an eigenvalue of the matrix where the eigenvectors
are the coefficients.

13.4 Proton as a sphere

We’ve been assuming that the proton is a point particle all this time, but
we know it is not. We are going to assume that the proton is a sphere
with a charge distribution p.

The potential of an electron inside the radious of the proton, R, the
potential can be calculated aplying Gauss to calculate the electric field.

(13.28)

(13.29)

Now we can define our potential through all space assuming that the
potential at the infinite is 0 and knowing that it has to be conitnuous.

V(r) = V(eo) = /700 Eourdr
(13.30)
V()= &1

47‘[6[]
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Figure 13.1: Proton as a sphere of radious
R and charge density p
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13 Perturbation theory

This is the potential that we used for the Hydrogen atom, now we can
calculate the potential inside using the continuity of V(r).

V(r) = V(R) = [* Eqdr
R
V(r) - m = /r Eindr
(13.31)

_ 2 2
V(r) - frer = 871:0R3 (R* =71%)

V(T) = #()1{3(31{2 - 7’2)

Knowing the potentials we can find the potential energy that is going to
be this potential times the charge of the electron.

U(r)=—-eV(r) (13.32)

We want to find some potential energy of the form:

Vr) r>R
U(r) = (13.33)
Vir)+V; r<R

Where V(r) is the one from 10.1 and V; is the perturbation. Then V; is
going to be:

_ e [ ap2 2 e?
Vi= 8neoR3( 3R +7 )+ 4megr

(13.34)

2 2R3
Vi £ (—3R2 +7r2 4 7)

= 8meoR3

Now that we know Vj, we can apply the theory in the previous section
to calculate the energy. For E; we can calculate E, knowing that 1) =
In=1,j=0,m=0).

Eg = E1 + (n|Vi|n)

=Ei+(n=1,j=0,m=0[Vqiln=1,j=0,m =0)

27 T OO .
=FE + /0 /0 /0 V3 0o V1,002 sinOdrdOde

=E +/02n d(]ﬁfonsinede fooo 87'{1b3e_r/h e (—3R2+1’2 n g) 2dr =

8megR3

=Ei+ m /000 [-3R%e77/0r2 4 e77/br4 4+ 2R3e7" /by | dr
(13.35)



Where each integral is:

fOR —3R2e"/by2dr = —3R? /OR e hy2dy =
3R?*(bR%e~R/b 4 2h2Re~R/b 4 2p3e~RIb — 2p3)
R _vib,4q, _
fo e A dy =
= —bR*eR/V _ 4p2R3eR/b _ 12p3R2e~R/V — 24pARe~R/b — 245 ~RIb 4 24)5
/OR 2R3~y dy =

= 2R3(—RbeR/V — p2e~R/b 4 p2)
(13.36)

If we put everything together:

E¢ =E+

+ (1265 + R3b? — 3R2b® — 12b%eR/V — 12b*Re™R/V — 3p3R2e~R/P) =

2
8mb3egR3

Ei+ 8:(21;;{3 (12 + I;—: - 31;_22 —12¢~R/b _ 12%6_R/b 3 3{:_228_1{/17)
(13.37)

Using ?? we get that:

Ey = Eq + 2590 (12 + B 3R 12 7R/ _12Re R/ 3’;—§e—R/b)
(13.38)

We can see that for R/b — 0 the solution is E; again.

For the second level of energy we are going to assume a mix degenerates-
tate. We are goint to solve the system getting a 4x4 matrix following the
steps from the previous section in degenerate states. The initial state and
the energy are going to be defined as:

¢o=Coln=2,j=0,m=0)+
+Ciln=2,j=1,m=1)+
+Cn=2,j=1,m=0)+
+Csn=2,j=1,m=-1)

(13.39)
¢o = Col1) + C12) + C2[3) + C3]4)
to = Ep

Im going to use this labels just for sake of simplicity. The matrix is going

13.4 Proton as a sphere
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134 | 13 Perturbation theory

to look like:

W1y vij2y  Qval3)  (1|V1l4)
2wi1)  @2Wif2) 2[Vif3)  (2|V1l4)
@Wil1)y  3Vil2)  (BIVal3)  (3IV1l4)
@Wil1) (4[vil2) 4Val3)  (4lVil4)

(13.40)

We have to get the eigenvalues of this matrix to get u1, but this is matrix
is going to be a diagonal matrix because V; only dependes on r, which
implies that the inner product is going to be proportional to 6;1,j20m1,m2
and because all the degenerate states have different j or m values the
inner product of every different function with V; is going to be 0.

amwpy o 0 0
0 Qw2 o 0
0 0 GV 0 (1341)
0 0 0 @4Vl

The eigenvalues of this matrix is going to be the own values. Only the
exact calculation of one of them is gonna be provided, the rest are solve
in a similar way.

w1 =

2 R .
/0 nfonfo w;,O,OVlgbz,o,orzsznerdedcp =

= e (— (268807 + 1344Rb* + 288R2b® + 36R3b2 + 3R*D) e % +

= s (2688 + 13445 + 2885 + 365 + 3K)e R/ 1 2688 - 4855 + 45
(13.42)

Again we can see that if we find the limit R/b — 0 we get that this inner
product is 0, recovering the energy without the perturbation. The other
energies can be calculated in a similar way.

2[V1]2) = B|V13) = (4|V1]4) =

= s (- (92160 + 46080 + 9216 + 96015 + 4857 ) e R/
+92160 - 23045 + 19255

(13.43)

This implies that we have a different energy dephase, one for the state
|1) and another for the other states, so both energies are going to change
but the ones with j=1 are going to keep being the same value and the
one with j=0 is going to separate from the other two. This was expected
because V7 only depends on r.



13.5 Constant electric field

Like in the previous section we are going to find the potential first. Let’s
assume that we have a constant electric potential going into the z direction
like the one in Figure ??2.

This electric field is going to affect both the proton and the electron,
is going to "attract” the proton to the electron and the electron to the
proton in the z direction, which implies that following the concepts from
Chapter 1, we can consider a potential like:

U = —qEo|z1 — z2| = —qEoz (13.44)

Where q is the absolut value of the charge of the electron. This potential
is what we called V7 in the theory section, so the final potential is going
to look like:

V =Hy+ Vi = Hy— qEoz = Hy — gEor cos(0) (13.45)

Now we can get the perturbation energy.

E¢:E1+(n=1,]’:O,m=O|V1|n=1,j=0,m=0) (13.46)

Where E; is the energy of the first state of the hydrogen atom and the
function is the one that correspond to this energy. The inner product is
going to be:

n=1,j=0m=0Viln=1,j=0,m=0) =

2 0 .
/0 n/OnfO l,b;,O,OVll;)l,o’orZsznGdrdegb =
13.47
= 271/n sin@cos@d@foo =L o=1/bgEr3dr = ( :
0 0 8’ qEo

= [27][0] [/000 S;iSe‘r/l’qur:"dr] =0

This implies that the perturbation energy in the first order is 0, we are
going to get the second order, but only counting the four states from the
second energy level of the hydrogen atom.

_ {n=2,j=0,m=0|V1|n=1,j=0,m=0)(n=1,j=0,m=0|V;|n=2,j=0,m=0)
ta = =L, +

(n=2,j=1,m=1|Vq|n=1,j=0,m=0)(n=1,j=0,m=0|V; |n=2,j=1,m=1)
+ E._F +
1—E2
(13.48)
(n=2,j=1,m=0|V1|n=1,j=0,m=0)(n=1,j=0,m=0|V|n=2,j=1,m=0)
+ -, +

(n=2,j=1,m=-1|V1|n=1,j=0,m=0)(n=1,j=0,m=0|V1|n=2,j=1,m=-1)
E1-E>
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e

Figure 13.2: Constant electric field going
into the z direction

We are assuming that the third, fourth,...
states are going to give us much smaller
contributions.
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This calculation that looks so complicated can be simplified knowing
that the inner product is going to be 0 if j; = j, or if m; # mjy. The only
term that survives is the third one.

n=2,j=1,m=0Viln=1,j=0m=0)n=1,j=0,m=0Vijln=2,j=1,m =
H2 = E —E»

(13.49)

The inner product is going to be:

2 0 .
/0 nfonfo gb;/LOVll//l,o,orzsmedrdﬁdqb =
an T . 2 0 1 ,3r/4b,4 9, _
fo qbfo sin6 cos Gdefo S35 € ridr =

= 2n [3] [ 15| =

_ qEoV22%b
==

(13.50)

The function doesn’t include any complex term, so we can say:

n=2,j=1,m=0Viln=1,j=0,m=0) =
=(n=1,j=0,m=0|Viln=2,j=1,m=0) = (13.51)

_ qu\ﬁZSh
==
The final energy would be:

qEO\/E28b)2
35
E¢=E1+H1“2:E1+O+EZT

1

(13.52)

The first order perturbation for the second level of energy is going to be
solve by finding the eigenvectors of the matrix:

A1) (1vaf2)  (1Vi[3)  (1]V1]4)
2Wil1)  2[V1]2)  2[V1]3)  (2|V1]4)
@BIVi1y  (3IV1]2)  (3|Va[3)  (3|V1l4)
@4V1]1)  (4[V1]2)  4|V113)  (4[V14)

(13.53)

Where the functions are defined as in the previous problem.We know
thatif j; = jp or if my # my.

0 0 AWi3) 0
0 0 0 0

Gy 0 0 0 (13.54)
0 0 0 0



13.6 Harmonic oscillator with a perturbation in 1D

The eigenvalues are going to be given by the equation:

p(A) =2 (A% = ((1|V113))*) =0 (13.55)

Because the matrix is hermitian. The eigenvalues are going tobe A =0
and A = +(1|V1]3).

The inner product is:
(1nil3) =

= T 0 Via orsin0drdode =

= sl [yt (1 ) dr =

(13.56)

= 6qE0b

Ore of the states is going to increase the energy by 6qEob and the other
one is going to decrease the energy by the same amount. The states with
m # 0 are going to remain constant.

13.6 Harmonic oscillator with a perturbation in
1D

This time let’s directly assume that we have a Hamiltonian that looks
like:

H=Hy+V;=Hy+ Ax (1357)

Where Hj is the energy that correspond to the Harmonic Oscilator
problem saw in Chapter 7, were the energy is defined as:

Uo = Ep = (Tl + %) hw (1358)

Where w is defined in ??

We can define V; in terms of the operators defined in ??.

V2

Vi =Ax = Aby = /\bT(a* +a) (13.59)

We can directly see that the first order energiesis goingto be 0.

p1 = (n|Vi|n) = /\b%(]ﬂ(ﬂf +a)ln)y =0 (13.60)
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13 Perturbation theory

This is zero because the inner product of the n'" state with the next or

the previous state is zero. The second order approximation is going to
be:

Sin aValm)(m|Valn) _

Eyn—En
(13.61)
_ oWVilnt )t Valn) | (n[Valn—1) -1 [Valn)
- En_En+1 En_Erzfl
Because all the other therms are going to be zero.
Valn+1) a1 |Vafn) _
n=En+1 -
_ A2 (ot 1)+ (nlaln1))- 202 (et )+t aln)) (13.62)
- hw - '
) gy
T hw T 2me?
The other term is going to be the same but with the n — 1 state.
iln=1)¢m=1Vi[n) _
Ey—En- -
_ 2P (nlatin-1)+(nlaln=1)- 222 (n-la"|m)+n-1lan) _ (13.63)
- ~hw - ’
)\szz(n) _ A2(n)
T -hw T 2mo?
The total energy looks like:
Ey, =E, + n+1 ] +—)\2 (13.64)
= = — w .
¢ = En T2 2 2ma?

13.7 Harmonic oscillator with V] = x*.

This problem is going to be solved similarly to the previous one butnow
our hamiltonian is:

H = Hp + Ax* = Hp + Ab*y* (13.65)
We again can express V; in terms of the operators.
1
Vi = Abtyt = /\b41(a+ +a) (13.66)

The first order is not going to be zero as before, in this case, we are going
tohave 6 terms that are going to be nonzero when we calculate 1 and all



13.7 Harmonic oscillator with Vi = x*.

the rest are going to be zero.

pi= (nVilny = 2n|(a +at)n) =
= 4 ((nl(aaata®)|n)) +
vt ((nl(aaaa®)n)) +
wt ((nl(a*aaa®)n)) + (13.67)
ant ((nl(a*aa*a)|n)) +
ant ((nl(aata’a)|n)) +
vt ((nl(a*a*aa)|n))

Solving the inner products we get:

=2 [ +2)(n+ 1)+ (n+ 12+ 21+ 1)(n) + n® +n(n —1)] =

w1 = A (612 + 51 + 3) = 7AL (6n2 + 51 + 3)

(13.68)

The fractional correction is going to be:

Al? 2
B T2z (617 +5n +3) (13.69)

Entpm (n+l)ho+ 4n’)§:2(6n2+5n +3)
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The Harmonic Oscillator in 3D

We are going to start from equation ??, that was our Schoringiier Wave
Equation in 3D before aplying the potential.

PW  2(+1)dW 2m B
% + . 7 + ﬁ[E - V(T)]W =0 (141)

The potential is going to be given by the expression:

1 1
V= Ek(x2 +y? +2%) = Eer (14.2)
We are going to change our variable.

r=bu
(14.3)
W(r =bu) = x(u)

We are going to substitute the variable in the Schoringiier Wave Equa-
tion.

2 9u + i + i 2kb u“lx=0 (14.4)

b2 o
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Notation

The next list describes several symbols that will be later used within the body of the document.

c Speed of light in a vacuum inertial frame

h Planck constant

Greek Letters with Pronunciations

Character Name Character Name

a alpha AL-fuh % nu NEW

B beta BAY-tuh ¢ =2 xi KSIGH

y, T gamma GAM-muh 0 omicron OM-uh-CRON
o, A delta DEL-tuh ., I1 pi PIE

€ epsilon EP-suh-lon o) rho ROW

C zeta ZAY-tuh o,x sigma SIG-muh

n eta AY-tuh T tau TOW (as in cow)
6,0 theta THAY-tuh v, Y upsilon OOP-suh-LON
L iota eye-OH-tuh o, P phi FEE, or FI (as in hi)
K kappa KAP-uh X chi KI (as in hi)

A, A lambda LAM-dul v, W psi SIGH, or PSIGH

U mu MEW w, Q) omega oh-MAY-guh

Capitals shown are the ones that differ from Roman capitals.
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