Throught these solutions I will make extensive usage of the natural system
of units, in which a set of three parameters of the problem is set to unity. By
dimensional analysis one can recover the original units. The choice of parameters
depends on the problem but in many cases they are i the mass and some
distance. Useful for the dimensional analysis is to remember the following:

1. The 1-d wave function has dimension of [L.~'/2] because is satisfies [ da [¢)(z)|> =
1 which is dimensionless

2. The delta function has dimension of [L™!] because [ dxd(x) =1
3. [h] = [Energy][T) = [ML?*T~1]
4. [Energy| = [A%])[M~1L2?]

5. The argument of any analytic function that is not a simple power must
be dimensionless.

In the above, L is for length, M for mass and T for time.

To restore the original units of some quantity @, one has to find the dimen-
sionality of this quantity (say in SI units) and then express it with respect to
the parameters that were set to 1. For example lets say that

h=m=a=1

and we have an expression involving g the delta function depth. The unit of

energy is 7522 and g[L~'] where [L7!] comes from the delta function, has the

units of energy. This means that the units for g is % So after we perform our

calculation and end up with an expression involving g, to restore the original

units we replace g by “3?. Similarly the unit for the wave vector & is obviously

a~! and restoring the units would give ka.

1 Bound States with Delta function potentials
1) and 2)

It is more efficient for this problem to first treat the general problem with g_
and g, not necessarily equal. After I do this I will adopt my solution for parts
1 and 2. To simplify notation I will use natural system of units:

h=m=a=1
This is equivalent to introducing dimensionless quantities:

k = K/a
g = ¢'mah™?

The boundary conditions for the wave function are the following:



1. The wave function for a bound state must vanish as |z| — oo
2. The wave function is continuous everywhere

3. the derivative is continuous everywhere unless the potential has delta
peaks of height ¢, say at some position a. In this case by integrating
the Schrodinger equation from a point slightly before the peak to slightly
after it we get

¥'(a+0") =4’ (a—07) = 29¢(a)

For any x apart from the peak position the wave function satisfies the free
particle Schrodinger equation. Since we are looking for bound states the wave
vector must be an imaginary number (ie the wave function is damped). A
possible wave function which vanishes at infinity is:

Ay eklz+D) < —1
Y(x) =< AeFE=D 4 Be= kD) |z < 1
Aze~k@=1) z>1

where k = v2mE.

Imposing continuity in x = +a gives the conditions:
Ay = Ae?*+B
A; = A+ Be

It is very rewarding if we just plug in these results in our wave function
because we just get:

b(x) = AeFle=1l . ge—kle+1] )

The algebra can be really nasty if we don’t start from this form, as many of
the students have realized.

Now we will apply the continuity of the derivative of the wave function at
x = ta. In this form of the wave function this is easy because the change of
the derivative of e *l#%al i just —2k:

—2kB = 2g_(Ae ** + B)
—2kA = 294 (A—i—Be_%)

Because g1,g_ < 0 we can write this system of equations as:

Ae 2k 4 (1 + k) B =0 2)
g—
(1 + k) A+Be ?* = 0 (3)
9+

If we bring the B terms in the right side and then multiply these equations
we will get:
A2 14+ g%

B2 k
B 1+ﬁ




This form implies that the denominator and the numerator must always have
the same sign. The most general solution of this equation is:

A =cC ‘1+k‘
g—

k
eCH‘l—!—
g+

where e = +1 and we already see here that there may be two bound states.
Lets write down the final form of the wave function:

g- g—

The normalization can be obtained by:

e 2\ (A-B)’
+
2k 2k

B

1=4AB(1+

Not both A and B can be zero so the determinant of this system must be
zero. This gives us the quantization condition:

e = (1 + k> <1 + k>
9+ 9-

or after restoring the original units:

2 2
ke _ <1+ m:) (1+ h k:)
mg.y mg_

The right hand side is a parabola which starts from 1 at the origin and
changes sign at k = —¢g_ and k = —g;. Without any loss of generality we will
assume that

lg—| < lg+]

If this is not the case we can make a mirror transformation and a relabeling.
Then the right side will change sign once at ¥ = —¢g_ and again at k = —g..
When k = —g_ — g4 it will become 1 again. Since the left side is between 0 and
1 we care to search for solutions in the following intervals:

1. 0 <k < —g_. Both sides are starting from 1 and decrease. The right side
reaches zero and the left e*9— > 0. In order to have a non trivial solution
here the derivative of the left hand side at zero must be lower than of the
right hand side. This gives us the condition:

4> —gt— g7t (4)



Also in this regime both 1 4 gﬁ and 1+ ﬁ are positive and A and B

have opposite sings (because of 2). This corresponds to e = —1. Note

that since the energy is —%2 this is actually the most energetic. Therefore
it is an excited state and the wave function has a bond. In the limit of
the condition the right hand side is tangential to the left hand side and
the only solution is k¥ = 0. This means that for too small g1 the excited
solution will fall into the continuous spectrum.

2. —g4 <k < —gy —g_. Here the right hand side is increasing starting from
zero up to 1 but the left hand side is decreasing and is less than 1. There
is always at least one solution in this regime. Also both 1+ g% and 1+ ﬁ
are negative and therefore A and B have the same signs. This corresponds
to € = 41. This corresponds to the low energy ground state of the system.

If we start turning off one of the two potentials we will have two bound states
until Esq. 4 is not satisfied any more. During the transition A/B will grow
which means that the wave function will have more weight around the x = a
delta potential.
Now consider the case g = g1 = g. Now A = eB and the wave function
can be written as:
P(z) = Ae~Flz=al | ¢ ge=klatal (5)

We can see that for e = 1 ¢(x) is symmetric and for e = —1 it is antisymmet-
ric so € indicates the parity. The reason that the wave function is of a particular
symmetry is that the Hamiltonian is symmetric and therefore its eigenfunction
must be also eigenfunction of parity.

After I restore the original units, the quantization condition reads:

h2k

—4ka 2
= 1 —_—
= 1+ )

2k

< 2 and in order to
mlg|

There is always one bound state in the range 1 <

have a bound state in the range 0 < :fjéf‘ < 1 the following condition must be
satisfied:

1 malg|

2 h?

Notice that the parameter a|g| is the one determining the number of bound
states. Too small g (weak potential) or too small a (too close together) will
make the antisymmetric excited wave function disappear as discussed before.

We recall that for a single delta potential at = = 0 the wave function is e~ *I*!
where k = —gmh~2. For large enough ga we have two bound states and the
wave function of eq.. 1 certainly has the form of a symmetric or antisymmetric
sum of two single-delta potential wave function. However to say so the value of
k must be right. We notice that for fixed g but extremely small a the left hand
side of the quantization condition vanishes which gives the right value of k. On
the other hand for very small a we can ignore the ka terms in the exponents



in the wave function which will give something vanishing for ¢ = —1 and for
e = 1 it will give the wave function of a single delta. Also the left side of the
quantization condition will be one and there will be two solutions one with k = 0
(for e = —1) which is not a bound state and another with k = —(2g)mhA~2 which
corresponds to the wave function of a delta potential with twice the height.

3)

We will use contour integration method. First we consider an incoming wave
function of the form:

i(w) = ™"
with A = V2F. Schrodinger equation can be written as:

<E N ;;ﬁ) () = Ula) = g_b(~a)d(z + a) + g4(a)d(x — a)

In Fourier space this equation can be written as:

2
(£-%5) v = 9w + gov@e

The general solution of the Schrodinger equation is:

dk
e

va) = i)+ [ Gret i)

dk eik(w—&-a) dk eik(x—a)

_ e“‘”—kgfw(—fl)/ : +g+¢(a)/§m
2

27 E — %2 + i€
In the lecture notes it was shown that:

/ dk eik(m—a) 1 izl

%E—%—Q—ie:ae

Using this directly gives:

_ pi\T _ 9— iXz+al 9+ ix|z—al
bla) = e () el ()P

Now we impose the conditions:

w(_a) — e—ika + %w(_a) + w(a)%e%a)\
bla) = e pip(—a)T=e? 4 Ty (a)

i\ i\

We can solve this system of equations for ¢(—a) and ¢ (a). We write the
system in matrix form:

1+i%E i%ezi“’\ Y(a) _ eiha
,L'QTJreQi)\a 14 ZQT— w(_a) - efi)\a



The determinant of the matrix is:

_ g+ g— 9+ 9— diax
D = (1—1—2)\)(1-‘!-2)\)4')\)\6
= 1- g&gf (1 —cos(4Xa)) +i [g+ ;’:gf + g;gf Sin(éb\a)}

The solution is
( (a) ) _ 1( 14+is —ife?ier ) ( eira )
Y(—a) ) D\ —i%EePr  14i% e~ira
which eventually gives:
Dipa) = e
Di(—a) = e 4 Qg%e“’\a sin (2Aa)
The solution for = > a is the transmitted wave 1r(z) = Ae'** then A =
e~ % (a) = e~ (a) and the transmitted amplitude is:
DA = 1

The reflected amplitude is a bit trickier because it is not the whole wave

function at @ < —a but only the e~*** component. For x < —a the wave
function can be written as:
w(x) o ei)\w — w(_a)g.;efi)\aefi/\m + w(a)giGMGGMI _ Befi)\a:
2 A
where the reflected amplitude B is given by:
9- —ixa 94 ira
DB = Dy(—a)=— D =
d(-a) e 4 Dla) e
= (e’”‘“ + 29%6”)‘“ sin (2)\(1)) %e*i/\“ + %62”‘“
(gf — % - 219%977) sin (2\a) — i (gf + %) cos (2)a)

Note that for A — co D — 1 and B — 0. In this case there is perfect
transmission.

4)

One can show that the amplitudes satisfy the conservation of particle number
thus:

|DA)® + |DB)* =1
First we deal with D

2
2 9+9- 2 g+ t+9- | g+9- .
D = [17 - (17005(4)\61))} +{ e 4 5 bm(zua)]
2 2 2 2
B gr g- 93 9-
= et etiee

+297+97_ [(1 — gf%) cos (4ha) + (gf + %) sin (4)\a)}



The argument is:

ﬁ + g% + sin(4Xa)
X ] 4 cos(4)a))

9+9-

arg D = arctan

The transmission coefficient and the phase shift are:

1

dp(E)=—argD

The reflection coefficient and the phase shift are:

1
E)y = 1-T(E)=1-——
R(E) (B)=1- 5m
2+(ﬁ47%>muzm)
dr(F) = argB =+ arctan —arg D

F-2
9+ 9-

The question about the resonances is not as trivial as it seems. The reso-
nances are determined by the behaviour of the determinant D. More specifically
close enough to a resonance with energy E, D ~ E — E, + il where I is the
width of the resonance. The transition amplitude is proportional to |D|_2 and
around a resonance it can be approximated by a Lorentzian. From the for of D
it is clear that we are looking for the characteristic energies that make the real
part of D zero. Then the imaginary part at this energy will give the width T
The equation we need to solve is thus:

g+9- A2
RD =0= cos (4N) — 1+
A2 () 9+9-
or: 22
cos(4A) =1 —
9+9-

The existence of the resonances is controlled only by the parameter g, g_ >
0. This equation can be solved graphically. The right hand side is a parabola. If
g+9— < 2 the right side falls faster than the cosine and there is only one trivial
solution. Right after g1 g_ > 2 a second solution occurs. As g;g_increases the
parabola will become tangential to the valley of cos(2A) around 4\ = 27 + 7
which will give one extra resonance which will split in two slightly after this
occurs. Pairs of resonances with increasing energies are added every time the
parabola becomes tangential to some valley of the cosine. The number of reso-
nances goes to infinity as gy g_ increases.



2 The Tunnel Effect

We consider three regions (z < —a, || < a and & > a) in which the particle
satisfies the free particle Schrodinger equation and we also assume that the
particles are hitting the barrier from the left, so that there is no left traveling
component in the wave function (e~%*?) in the right side. The wave function
can be written then as:

Aie*® 4 Bie T p < —q

Y(x) =< Ae™® + Boe™™ x| < a
Azetk® T >a

where k = h='v2mE and A = h=1\/2m(E — Up). Notice that this is ac-
tually the general solution for any possible energy since if £ < Uy A will be
imaginary.

Continuity of the wave function and its derivative at z = a results in the
equations

A3eika _ A2eika 4 B2e—i)\a
2 A thka  _ A iXa B —ila
\ 3€ 2€ 2€
We can solve this system of equations easily if we remember that:
a b\ 1 ( d —b
c d T det \ —¢ a

The solution is:

As . k
A — 3 i(k—X)a 1 v

2 2 ° +3)
As . k
B _ 8 i(k+X)a 1~

2 5 € 1-=3)

Similarly for z = —a:
Alefika + Bleika _ A2€7i)\a + B2€i)\a
. k
= Asette (cos (2X\a) — iX sin (2/\a))
) . A . A ;
Alefzka _ Blezka _ EAzefz)\a _ EBQSz)\a

= Age'ke (cos (2Ma) — z% sin (2/\a))

Using the same inversion we can solve for A; and By and then express them
in terms of As:

Ay = Aze*™ 7 (cos (2)\a) + icosh psin (2)a))
B 1Az sinh psin (2\a)



where we defined:

F
so that
sinhp = _L
P 2/E(E — Uy)
2F — Uy
coshp =

2/E(E — Uy)

Now we can evaluate the transmission and reflection coefficients:

T(E) = |A3Af1‘2 = (cos? (2\a) + cosh® psin? (2)@))71
= (1 +sinh?psin? (2\a !
( psin® (2a)
R(E) = |BiATY = |BiA;' " |[4sAT![* = T(E) sinh? psin? (2Aa)

These equations can also be written:

R(E)+T(E) = 1

0 in2 (2
1E(E - Tg) sin® (2)a)

R(E) = T(E)

where the first equation is a direct consequence of particle conservation.
The phase shift d7(E) of the out going wave is the argument of ﬁ—f

or(E) —arg (€** (cos (2\a) + i cosh psin (2)a)))
—2ka + arctan (cosh p tan (2Aa))
2F — U,

2/E(E — Uy)

—2ka + arctan ( tan (2)\a)>

Also the reflected phase shift:

2/E(E — Uy)

O0r(E) = —2ka + arctan < 5E T,

cot (2)\(1))

For a classical particle there is no reflection: a classical particle with energy
larger than the peak potential energy, would just slow down as it traverses the
potential barrier but it would keep moving forward. Therefore R.jqssical(E) = 0
for E > Uy. Quantum mechanics predicts that there is a probability that
the particle actually bounces off the potential. However for large energies
E > Uy the reflection coefficient vanishes like E~2, so the high energy regime
is the classical regime. On the other hand if E is really close to the peak
of the potential E — Uy < Uy, sin? (2Xa) =~ 4)\?a? = 8ma’h~2(F — Up) and



T(E) = (1+ 2U0ma2h*2)71. We see also that the term sin® (2\a) will in-
duce fluctuations in the reflection and transmission coefficient as a function of
VvV E — Uy. These fluctuations are a purely quantum mechanical phenomenon.
In the special case when sin (2A\a) = 0 = n% = 4a we have perfect transmission
like in classical mechanics. This corresponds to energy:

71_2,32
E =10 2
o+t 8ma2n

The phase shift for transmission is é7(E) = —2ka = 4/ % + 72n? which
for large energies is just 7n. In this case the reflection phase shift is not defined.
In this case the length 2a of the potential region can fit an integer multiple
of half DE-Brogli wavelengths T (X is the wave vector, sorry for the confusion).

2)

In case E < Uy the intermediate region is classically forbidden. In this case
a classical particle would just bounce off. So in this case Regssicar = 1 for
any energy in this range. However a quantum mechanical particle has a small
probability of going through. To study the potential in this region consider
imaginary A = i |\| where |\ = h='\/2m(Uy — E). The coefficient 2sinhp =
% - § will remain the same but the term sin® (2Aa) — —sinh? (2|A\|a). The
reflection and transmission coefficient in this regime become:

2

T(E) sinh? (2)\a)> )

I
=
=

—E) ., Us
h2(2x\a) = (14 —20
vz " (2Aa) ( Y7

R(E) = 1-T(E)
The term sinh® (2\a) may be small but not zero and therefore there is a
small probability that the particle will tunnel through the obstacle. Notice here

that there are no fluctuating terms in this case and there is no way to get perfect

transmission or reflection. Now consider the limit Uy — E < Uy then ) is small,

sinh? (2\a) ~ 4\2a2 = 8mh~2(Uy — E)a? and T(E) = (1+ 2Ugma*h~2)"",

which is the same as in the previous part for the same regime. In the other
limit £ <« Uy we get T(F) = %sinh72 (2X\pa) with A\g = h=1y/2mU,. In the

case that Aga > 1 this can be approximated to: T(E) = %6_4’\0‘1.

3 Particle in a One-Dimensional periodic poten-
tial
1)

Consider an arbitrary function ¢(x). Then U(z)i(z) = U(x)y(z) and the
following is true:

TOU(z)p(x) = Ulx+DyY(z+1)

10



= Ux)yp(z+1)
= U@)T0)y(z)
Since ¢(z) is arbitrary, [T(l)7 ﬁ(x)} = 0 and since the translation operator

commutes with the momentum {T(l)7 H} =0.

The eigen functions of T'(1) satisfy:
TO)(x) = Yle +1) = 2(x)

If we have periodic boundary conditions then for some large L = NI:

Y(z+ L) =2Ny(z) = ¢(a)

This means that z must be a root of unity and with no loss of generality we

can write it as: _
5= ezkl
Lets write © = nl + [2] where 0 < [z] < [ is the modulo of the division of x
with [. Then:

() = 2"([2]) = e Vy([a]) = e*Tem My ([a]) = e*Fup(z)  (6)

Because [z] is a periodic function, so is uy([z]) = e~y ([z]).

2)
In this case a = [. and e?*Ne = 1 g0 that:
2T
k=—m
aNm

for any integer (positive or negative) m.

3)
Again the natural system of units is here to help us with the notation:
h=m=1=1

Since the translation operator T(l) commutes with the Hamiltonian we can
search for eigenstates ¢ (z) that are also Bloch states (that is they are eigen-
functions of both operators).

It suffices to solve this equation in the interval S = [—3,1] because the
values of the wave function everywhere else can be determined by its values in
S. We have two boundary conditions:

1. Continuity of the wave function implies

Yi(5 = 0F) = (3 +0%) = eu(—3)

11



2. Continuity of the derivative of the wave function (everywhere but the
location of the peaks) implies that:

YRS~ 0F) = UL +0%) = (-1 +07)

For x # 0 we have the solution:

W(z) = Yr(x) = Arcos(Az) + Brsin(Azx) x <0
| %ur(x) = Appcos(Ax) + Brrsin(Az) x>0
where A = v2FE. The continuity of ¢ at x = 0 makes

A
A[ = A]] = 5 (7)

. The delta peak results in a discontinuity of the derivative

5 (0rr(0%) ~1(0)) = 90(0) = NBir — By) = g5

We can express this as:

+
> >

B =

By =

| |
(SIIRE TS

Substituting in the wave function we get:
A g . B .
o) =5 (cos()\x) + < sin (A \x|)) + 5 sin (\z)

Also from the boundary conditions we get:

1 - 1
1/)11(5) = 6““1/}1(—5) =
Ancos(é)—i—BHsin(i) = eikAjcos(i) —eikBIsin(i)
2 2 2 2
1 L 1
1/)31(5) = ezk%(—a) =
—Arr sin(%) + By cos(%) = e*4; sin(%) + et By cos(%)

These two equation with the help of 7, 8 and 9 can be written as:

iA{cos;sin];—kisin;\sinﬂ—Bsin20052 = 0
ANk g Xk Ak

A in — —_— — —_ —_ B —sin — =
|:SIH2COS2 )\coszcos2]+z (:052s1n2 0

12



Dividing both sides of each equation with the corresponding coefficient of B
gives:

. A g k

iA {cot 5 + )\} tan 5 = B (10)
k

iA {tan;\ - i] cot 5 = B (11)

The only way for this system of equation to not have a trivial solution
A = B = 0is when the determinant is zero. In other words one of the coefficients
should be left undetermined because there is not way that the normalization
constant can be determined (the Schrodinger equation is linear). Making the
determinant zero for this set of equations is like equating their right hand sides,
so that their ratio is one:

ok tang — ¢ _ 1—cosk
4 1+cosk

where we used
k k
cosk:2cos2571:17251n25 (12)

To obtain the quantization condition we solve for cos k to get

1—tan®®  cot 2 + 22 —tan 2 in A
cosk = 2?‘: 2 )\)\ By 2 :COS>\‘i‘gSln (13)
1+ tan® 3 cot § + tan 5 A
We can express the wave function as:
d(@) = e My (x)
where u, () is a periodic function which defines in the interval [—1, 1] will
be:
ik cos(Az) + (ig — $)sin(Az) =<0
uk(r) = e { cos(Az) + (ig + ) sin(Az) = >0 (14)
where g = [cot % + %] tan% = [tan% - %} cot g

4)

Because cosk is a periodic function the whatever solution we obtain for A will
also be periodic in k therefore we will just restrict our selves in the first Bril-
luin zone [—m,7w]. Because also cosk is symmetric in this interval the set of A
solutions is also going to be symmetric, so we will consider that k£ belongs to
[0, 7].

To understand that this equation corresponds to bands we can plot the right
hand side as a function of A (ie the energy). It will start at 1+¢g at the origin and

13



then it will fluctuate while approaching a simple cosine at large A\. Occasionally
it will go “off bounds”, that is outside the [—1,1] interval for some A, in which
case there is no solution. Lets consider the extrema:

cos)\_ Sin)\—O:>tan)\— A
oI T S

—sinA+g¢

The extreme values of the function are:

A2
g+ +1
cos)\(1+gtan)\):cos>\ 1+2L =+ g
A A% , 2
g A2+(%+1)

where I used: cos? A = (1 + tan® \) ~'. By taking the difference of the squares of
the numerator and the denominator we can show that this value is always greater
than one. So the right hand side of the quantization condition oscillates between
extremes larger than one. Clearly in a region around the extremes there is no
solution for lambda (band gaps) but once the function gets within the bounds
it will continue to change monotonically until it gets out of bounds again taking
therefore all possible values between —1 and 1 exactly once. Therefore each
band has as many states as there are k’s in the Brilluin zone ([—m,7]). From
part two we saw that there is 1 state in every QW’T so that in each Brilluin zone
there are N states and this the number of states in the band. At the limit
L — oo the k states form the continuous set [—7, 7] and the bands are also
continuous (because the right hand side is a continuous function.

We note also that for A = 7n the function becomes +1 and this is one the
the energies corresponding to the boundaries k = £+ of the Brilluin zone.

In the case of large g and for A < g the quantization condition reads:

sin A
cosk ~
97X
At the extrema tan \ = ), sin® \ = ’\—22 and the values of the function are

Y
iﬁ which for relatively small A will be of the order of g. This means that

the function fluctuates between large extreme values and therefore it will be
very steep when it is within bounds. Another way to see this is to consider its
derivative at the center of the band cosk = 0 = sin\,, = 0 = A\, = 7n for
n =1,2,... which corresponds to energies

. The derivative is £{ and is large for g > X. We can approximate the right side
with a Taylor series to get £5- (A — A,). The band width 5-A\ = 2 because

m

cos k changes by 2 from one side of the band to the other. Using A = v2F gives

% = 2L and the bandwidth is

AE 4
E

14



. From 14 the wave function in the interval [—3, 1] becomes ~ (i + sing(z)) w
which is zero at the locations of the peaks x =integer.

In the opposite limit where g < A the right hand side of the quantization
condition is almost cos A so the divergence from the free particle spectrum will be
negligible. There are going to be only few non allowed energies centered around
the extrema. To get the non allowed values take the square of the quantization

condition and make the right side greater than one:

2¢gsin A cos A 25in? A
g I g S

A A2 !

cos® \ +

which after some manipulations becomes:

2gcot A g2
= 1
X e

If we ignore the second order terms we get cot A > % and the non allowed
states are the ones that are the the tails of the cot A at A,, = nr. In this regime
the cot A & =~ = =5 so that

2g
AN~ =
)\’ll

which means that for large energies the width of non allowed states vanishes.
When £k is away from the boundaries of the Brilluin zone then we can approxi-
mate A = k and g = 0. The wave function becomes then the free particle one.
This picture breaks down close the the Brilluin zone boundaries. There cos k
obtains an extremum and so does A. Then the dispersion F = E(k) looks like
the free particle one apart from the high symmetry points where it “breaks” so
that the derivative there is zero.

4 Quantum States of the Linear Harmonic Oscil-
lator

1)

To simplify notation we will define the dimensionless position and momentum

mw .
T = —X
. V
1 ~
s p
P mwh

This is equivalent as using natural units A = m = w = 1. In either case the
Hamiltonian becomes: A A
2 + p?

H =
fiw 2




The commutator of the dimensionless position and momentum operators is
[2,p] =1

The creation and annihilation operators are dimensionless and can be written
as

4 E—ip
- (15)

i+

a = 7 (16)

with commutator:

To get the second line we used the linearity of the commutator along with
[,2] = 0 and [p, p] = 0.

2)

In terms of creation annihilation operators:

(X P\ (X 4P
R ) V2

1 ~ ~ A A A A
- 7 (X2 + P2 iPX + iXP)
1 ~ ~ A A
- (X2 L P24 [X,PD
2
or 1
H=hw (d*& + 2)
3)
If we apply the Hamiltonian on this state
hiw
H10) = =~ 10)

16



because the term a'a annihilates the state. So |0) is an eigenstate with
energy %“’, the zero-point energy. To show that this is indeed the ground state
we take the expectation value of this hamiltonian with a random wave function

) i
¢> + >

(W|H|Y) = ho (vlata
The first term is proportional to the norm of a|v) and is therefore > 0. It
is equal to zero if and only if a|¢) = 0 and this proves that |0) is the ground
state.
One can prove inductively that

a,a™] = nat™"

It clearly holds for n = 1 and lets assume that it holds for n. Then we have
forn+1

la,a"" ] =a' [a,a'™] + [a,a'] &' = na'a™ " +a" = (n+ 1)a'"
This can be written as:
aa™ = na™ 1t +a™ma (17)

Applying the Hamiltonian to the state |n):

1
hwA, (aﬁa + 2) at™0)

, 1.
hwA,, (naTaT"—l +ata™ma + 2@*”) |0)

hwA, (n + ;) at™|0) = <n + ;) |n)

The middle term in the second line annihilates the vacuum state. Because
the Hamiltonian is Hermitian and the eigenstates correspond to different eigen
energies, then they must be orthogonal:

(n| H |m) = En (n|m) = (n|m) Ep,

This is obtained by applying H first to the left and then to the right. For
m # n and F,, # E,, the only possibility for the relation to hold is if (n|m) = 0.
The normalization constant is evaluated using 17:

|An| 2 a"a™ |0) = (0]a"aa™ |0) =
a" ! (na'mt +aa) |0y =

|
|
olatat" 1|0y = n|A,_4| 2

(0
= (0

Because Ag = (n|n) = 1 this iteratively gives |A,| > = n!.

17



Finally the eigenstate is:
atm

In) = 0) (18)
7
An interesting property that one can derive from this expression is
iy = Al (o) = = (a1 4 ata) 0) = VAl — 1) (19)
aln) = a—=|[0)=— -
n! Vnl
aimn
i) =t (0= VAT Tn+1) (20)
a n n
N

4)

Inverting equations: 15 and 16 gives

R a'+a
s =
V2
. at —a
= 1
g V2
Also
5 a? +a* +a'a + aal
€T =
2
3 a" +a® +a%a+a%a’ +a'a® 4 aa' + aa'a + a'aal
€T =
2v/2
It is then straightforward to show that:
].. <n ‘X‘ n’> = % \/H<n—1‘” >\";§\/7T/<"‘n _1> - -\ 2mw (fan 1,n’ + \/76n n’— )

2 (o) = VLT, [ (i )
3.

<3‘X3‘2> B < h )3/2 (3]a%a + aa + ataat| 2)
 Lnw 24/2
3/2 3/2
= (h) (\/3-2-2+\/4-4.3+¢3-3-3):3(%)
2mw 2mw

For the last matrix element we picked the terms with one @' more than & and
used equations 20 and 19 repeatedly.

18



5)

The importance of the coherence states relies in the fact that they minimize
both Ap and Az which makes them the most classical of all quantum states.
Using a Taylor expansion and equation 18:

|2) =

n=0

|n)
DI
Applying a and using equation 19 at each term in the Taylor expansion gives
22"
Z a|n) = alo) +Z Valn—1) = z|z) (21)
n= 0

Similarly one can get (z|al = (2| 2* with the same procedure after taking
the conjugate defining equation of the coherent states.
The inner product of the two coherent states is

+

(z\w) _ <0| ez*dew(ﬂ' |0> _ <O| ew& ez*dez*w[d,fﬂ'] |0> _ ez*w <0| ewdTez*& ‘0> _ ez*w

where we used the Baker-Haudorf-Campbell identity for A = a and B = af.
Expressing equation 21 using spacial coordinates and the natural system of

units we have 5
(x n ax) $(2) = V3r(a)

To solve this differential equation multiply both sides with e2®” and after
some manipulation it will transform to:

3%3 {e%ﬁw@)} - \/§ze%‘r2¢(fﬂ)

with an exponential as the general solution, thus:
ba) = Neheev®

For the normalization constant we evaluate

(z12) = 2 > —22+V2(z" +2)z 1z +2)?
5 = N| [ (2)|" dz = e dx = \/me?
[N oo e

where (z]z) = exp(|z|?). We can use a real normalization constant:

N = (elg)iateriC+a?
Restoring the units will give the required result.
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5 Bound States of the Poeschel-Teller
In this problem we will use the natural system of units
h=m=a=1

In this system A\ = /2|E|, 2Uy = s(s + 1) and the Schrodinger equation

becomes:
0? 20U,

S — =0 _(x) =2E

5oV o) = 26(2)
1)
For |z| — oo we can neglect the exponentially vanishing potential and for bound
states get

9? 2
_@w(x) = —2|E|(x) = = 2(x)

The solutions corresponding to the bound states are the vanishing ones:
b(x) ~ Ne 1!

1. At x — +oo, tanh(z) — 1—2e72% so that u — e =% and ¢(z) = Ne™** —
Nu?. Therefore

w(u) =~ N (du (1 - u))_% u? ~ N’
2. At the limit z — —oo, tanh(z) = —1 + 2¢** so that u — 1 — €** and
Y(z) = Ne* — N (1 — u)% Then:
wu) ~ N (@dul —u) 2 (1-u)? — N1 —u)

Thus in both limits w(u) becomes a constant.
Around the origin the potential is almost constant because cosh(z) =1 —

5”2—2 + ... and therefore
1 0?

—5 5,2 (@) + Uot(2) = Byp(2)

The solutions here is

w(z) =N <ei\/2E—2Uoz + e—i\/QE—2UOm>

[N

At the origin u — 5% and thus (4u (1 — u))? — 1. andw(u) — N (eiv 2E-2Uo(1-2u) 4 =iV2E—-2Uo(1-2u

20



2)
Using the trigonometric identity

cosh™?(z) = 1 — tanh?(x) = (1 — tanh(z))(1 + tanh(z))
the potential in terms of u becomes

U(u) = —4s(s+ Du(l —u)
The second derivative in terms of x for some function ¢(u)

00 0y = O (0ude)_0uds  (Ou)'ds
90z T oz \ozou) 9z2ou \or) ou

And also for some f(u)g(u) with f(u) = €™ and 2% = g(u) the second
derivative is

52 _&f | 0fdg 0%
wf(u)g(u) = @94‘2%%‘*‘f@
_f of ou 9%\ dg ou\ > 9%g
= 8ng+<28w8m+f8x?>8u+f(6:r) o0
0 dlng\ g 0%g
_ 2.0 7 / 2 / YJ 2Y J
= 90°¢'f5 n(af¢) + fq <2¢ + >8u+fq 502

B ou\>|9%g Ol(qf?)dg (0*Wnf Olnf
= f(ax) [auﬁau aﬂ( gz ou mln“”))g

A
2

If we apply this for f(u) = (4u(l —u))? and g(u) = w(u) we get:

_ Ou 1

qw) =5 = Feol?@) —2u(1 — )
oln(qf?) 1 1\ 1—2u
ou o ()\+1)(u_1u>_()\+1)u(lu)
OInf Olnf o PV 1 AA 1 1 \?
2 T ou gu ) = 2<_u2_(1_u)2>+2(2+1)<u_1—u>
A2 1 1
- Iu2(1_u)2—A(A+1)u(1_u)

The Schrodinger equation
32

0a?

() = A(x) — 20 (2)i(2) = 0
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will become:

0 = f@;)Q{w’/(uH(Ml)ww/(“)A(”l)%]

8Upu(l — u) + AR <8u>2 — AQ] fuw(u)

+ 4 u2(1—u)? \Oz

2 :
Because (2%)” = 4u?(1 — u?) the last two terms cancel and the equation
reads:

w(l —w)w”(u) + A +1) (1 —2u)w’(u) = AN +1) —s(s+ 1)) w(u) =0

This is of the Hypergeometric form with the parameters

af = AMA+1)—s(s+1)=A—=s)(A+s+1)
¥y = A+1
at+pB+1 = 20A+1)

It trivial to show that a = A —sand 8 =X+ s+ 1.

3)
The hypergeometric equation has a general solution
UJ(U) = AF(O/,ﬂ,’}/,U) +BU‘177F(B_A/+ 1,04 _’Y+ 132 _Vau)

The hypergeometric function F(a, 8,7, u) is analytic everywhere in |u| < 1
with a Taylor series:

Fla,B,v,u) = chunzzwu”

where (a), = a(a+ 1)(a+2)...(a +n — 1) is the Pochhammer symbol
(rising factorial).

In the limiting case u — 0 both hypergeometric functions converge to a
constant and u'~7 = u~* which diverges. Therefore in this regime the dominant
term is the divergent second term. However, as we showed in the first part,
w(u) converges in to a constant in the same regime. From this we conclude that
B = 0. In the case of u — 1 we showed that w(u) converges also into a constant.
The ratio of two successive terms in the hypergeometric series is:

Coy1 _ (@4 n)(B+n)

& (n+1)(y+n)

This ratio converges to 1 for large n which is consistent to the regime of
validity |u| < 1. However if the series does not terminate then starting from
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some large n = Ny > «, 3,7 we can replace the coefficients of the series with
¢n = CN, 90 that these terms contribute a

oo oo 1
E cNOu":cNOuNO g u”:cNUuNol "
n=~Np n=0

Therefore if the series does not terminate the large-n terms sum into a func-
tion that diverges for u — 1. To remedy the problem we have to assume that
the series terminates which means that there is some n > 0 such that:

(@a+n)(B+n)=0

Since a = A—s and 8 = A+ s+ 1 this condition implies that either s = A+n
or s = —XA—n—1. Because A\ = 2|F| > 0 and n > 0 this means that either
s > 0or s < —1 and therefore 2Uy = s(s+1) > 0. There are no bound states for
Up < 0 and this is the mathematical proof of this physically obvious statement.
Without loss of generality we will pick s > 0 because even if s < —1 we can
parametrize it as s = —1 — s’ where s’ > 0 and then 2Uy = s'(s’ 4+ 1). In this
case we get

A=s—n

Since A > 0 this reads to n < s. There is a maximum number of allowed
bound states which increases as the depth of the potential increases:

Nmaz = [5]

where [s] is the floor function.

4)
The energy of the bound states is
1
E = —3 (s —n)?
where n = 0,1,2,...,[s] and s > 0 is a measure of the strength of the

potential and can be expressed in terms of Uy as

1 1
= ——+ —+/1+ 8,
s 2+2 + 38Uy

or restoring the original units

2
1+1 +8mU0
§ = ——4 = —_—
2 2 h2a?
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