Quantum Mechanics - Sheet 2

1. Recall the result referred to as “conservation of probability”:

dp 05
o 3?—0 (1)

This equation applies to any wavefunction that satisfies the Schrédinger equation, even if it is not
normalisable.

Ezercise: Why is this called conservation of probability? By integrating (1) between oo, derive a
condition under which a normalised wavefunction remains normalised for all time. Can you find a
(normalised) wavefunction that violates this condition? What is the corresponding potential, V7

Normally, p(z,t) = |¥(x,t)|?, but for a stationary state wavefunction

Uz, t) = yx)e 0,
po= @)

9 _
oxr —
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Equation (1) then implies that
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So the probability current is constant for both large positive and large negative x. Since j is inde-
pendent of x, we must have

1—|A]? = |BJ. (2)

This is an instance of conservation of probability. The stationary state 1)(z) = Be’*® corresponds
to a wavefunction W(z,t) = Be!*=Et/h) _je  a wave travelling to the right. Similarly, the state
p(x) = e + Ae** represents a superposition of right and left propagating waves. If we interpret
the scattering state 1 as a beam of particles, then | A|? is the proportion that are reflected and |B|? is
the proportion that are transmitted. Another way to say this is that |A|? is the probability that any
given particle will be reflected, and |B|? is the complementary transmission probability. Equation
(2) then says that all particles are either reflected or transmitted.

. We have

0, zz<0
Vi) =} Uy, 0<z<a,

0, x>a

so we need to solve
Evy, x <0
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We are interested in the energy range 0 < E < Uy, so we can define
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The scattering solution is then

ek 4 Aemhr 1 <0
Y(x) =< ae® + 37, O<z<a.
Betkr T >a

(Note that this is precisely an example of the scattering state in Question 1.) Applying continuity of
¥ and ¢’ at x = 0 and = = a, we obtain four equations relating the amplitudes A, B, «, 3

1+A = a+p
ik(1-A) = la—-p)
aela +ﬁe_la _ Beika
l(ae!® — ge~'4) = ikBe'ke,
Hence ‘
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But E = Uy/2 = k = [. Therefore

A= —itanhka and B = e "*%sechka.

So P(Transmission) = sech®ka.

FEzercise: Plot P against ka. What happens in the limit of large barrier height (Uy — oo) or width
(a — 00)? This is called the ‘classical limit’. Why?

. On sheet 1, we had Af Ay = (e + 1)9, where
d d

A= — +tanhz, A'=—— 4+ tanhz.
dx dx

So if ¢(x) = e’**(tanh x — ik), then

A¢ — (k2 + 1)eikw

ATAYy = (B> +1)
i.e. energy e = k2.
For z << 0, we have 9(z) ~ (—1 — ik)e*?.
For z >> 0, we have 9(z) ~ (1 — ik)e*®.
So 1) represents an incident wave of amplitude (—1—1ik) and a transmitted wave of amplitude (1—ik).
So the transmission probability is

|+1—dk*  1+k*

| — 1 —ik|? 14+ k2

If we now suppose k is complex then we may write k = k, + ik;. The (scaled) energy of the
wavefunction is now
e = (k2 — k?) + 2ik.k;.

We also have

¢($) ~ (—1 + k; — Z'kr)eikrz_kﬂ, x<<0
Y(x) ~  (+1+ K — ik )ethrr=Rie g << 0



For k, > 0 we may therefore still regard v (z) as a rightward propagating wave. The wave grows in
size if k; < 0 and shrinks if k; > 0. However, if we take one of the limits & — 4%, then 1 remains
bounded Vz. We also see that the energy e is real in this limit. In fact, ¥ (x) = £sech(x) for k = =+,
which is exactly the ground state wavefunction we found on sheet 1.

Assuming it still makes sense to talk about transmission amplitude for complex k, we have
1—ik  k+i
~1—ik k—i

We say that T has a ‘simple pole’” at k£ = ¢, and a ‘simple zero’ at k = —i.

T = if k. > 0.

4. There are two ways to tackle this question:

e Method 1 - Without using operators

‘We need to solve
R d% 1

2.2
S S =F
2m dx? + M v v
Define y = (m—h“’)l/2 T, = %, SO
d*y
TyQ — ' = —a.

So we expect 1 = H(y)e /2, where H(y) is bounded as |y| — co. Then H satisfies
H" —2yH' + (a —1)H = 0.
So if H(y) = > hmy™ o then

2m+1—-«
h = . 3
T (m4 1) (m + 2) 3
To ensure 9 is bounded, we require o = «,, = 2n + 1 for some integer n. Thus E, = %hwan =

(n+ 3)hw.

We can now use the recursion relation (3) to obtain the first three energy states, which are
X0 X 6*92/2, X1 X ye*yz/2 and xg (1—2y2)e*92/2. (These can all be normalised, but I won’t do
it here.) We see from (3) that x,, is even/odd if n is even/odd. Since fjoooo (even) x (odd) dx =0
(assuming the integral is defined), we see that the even states are orthogonal to the odd ones. We
can also check explicitly that xo is orthogonal to y2. We know this must be the case because H
is Hermitian, so energy eigenstates of different energy are always orthogonal - see lecture notes.)

e Method 2 - With operators

(We'll be using some results from Question 5 here. You may want to have a look at that question
first.)

Define A = p — imwx. Then

ATA = p? +imwlz,p| + m2w?a?

= p? — mhw + m2w?z?

So AT Ay = 2m(E — Shw)ep.
Referring back to Question 8 of Sheet 1, we find that the base state is the solution of Ay = 0,

which we may easily show to be yp S However, we also find that the commutator

[A, AT] = 2mhw, and so if ATAvY = i then
ATA(ATY) = AT[A, AT]y + AT(ATAvp)
= (2mhw + p)(A%Y),
so (Af1)) is also an energy eigenstate with eigenvalue (u 4 2mhw). Similarly, we may show that

(Av) is an eigenstate with eigenvalue (u — 2mhw). In fact, we have the following theorem:
Theorem: Suppose we have an operator with the following properties:



(a) The Schrodinger Equation may be written in the form

AT AY = u(E).

(b) The commutator of A and its Hermitian conjugate is
[4, AT] = ),

where A\ # 0 is a constant.

Then the base state yo satisfies Axg = 0 and the remaining normalised eigenstates satisfy
Xn = \/%ATXn_l, and have eigenvalue n\.

Ezercise: Prove this theorem. You'll need to explain why there aren’t any other eigenstates
than those listed above.
So we have a formula for the eigenstates of the 1D harmonic oscillator: x, o< (A")"xo. (You
should check that this formula reproduces the same y; and y2 we found previously.) We can
use this formula to show that all energy states are orthogonal:
(Xns Xn+m) X (Xn, (AT)an)
= (Aana Xn)
X (Xn—ms Xn)-
Repeat this procedure until we're left with (xn, Xn+m), where m > n. Then
(Xns Xn+m) < (Xns (AT)an)
= (A" My, (AN,
X (07 Xm—l) =0
Ezxercise: Prove that (unfortunately) it’s only possible to find an operator A with properties (4a)
and (4b) if the potential is quadratic. So the harmonic oscillator is essentially the only system that

can be solved in this way. However, the oscillator is of great importance to quantum physics; Dirac
showed it does a very good job of describing a single boson particle.

. We say an operator A has the Hermitian conjugate A" if (A4, ¢) = (v, At¢) for all pairs of normal-
isable wavefunctions v, ¢. If A = A, then A is Hermitian. But then

(A)y = (b, AV)
= (Av,1) because A is Hermitian
= (¢, AY)”
= (A)y-

So A has real expectation (and real eigenvalues).

There are three important rules for Hermitian conjugates:

(a) AT = A* for any constant A

(b) (A+B)I = AT + Bt

(c) (AB)I = BTAT
Ezercise: Prove these rules using properties of the bracket notation (-, -).
So, for any two operators A; and As, we find

{ilA1, A2]}T = —i[A1, A]" by (5a)

= —il(4142)" — (A24)"] by (5b)
= —i[A]A] - AjA]) by (5¢)
= i[A], A}).

So, if Ay and Ay are Hermitian, then so is i[A1, As).



6. How do we go about solving the time-dependent Schrodinger Equation, supposing we have the initial
wavefunction? The solution is to write the initial function as a superposition of energy eigenstates.
We know exactly how each of these evolves individually, and the initial superposition evolves just
as a superposition of these time-dependent states. This question involves applying this process to a
particular potential; we begin by finding the energy eigenstates:

For x < 0 and = > a, we must have ¢ = 0, since the potential is infinite. Even though there is an
infinite discontinuity in the potential at x = 0 and = = a, we still expect the wavefunction to be
continuous, so ¥(0) = ¢ (a) = 0.

For 0 < x < a, we need to solve —%w” = FE1. To get solutions, we need E > 0, so we may find
k> 0s.t. k? = 2mFE/h? and solve
W+ kP =0.

The normalised eigenstates are
b, 1) = (2/a)/? sin(knz)e  Ent/",

where k, = nm/a and E,, = h?k2/2m = (n7h)?/2ma?.

The general solution of the Schrédinger Equation may be written as a linear superposition of these
eigenstates. Since the states are sine functions, such a superposition is in fact just a Fourier series.

If ¢(x,0) = Cz(a — x) then

l(z,0)[I* = 1
:>/ C?2%(a—x)?dx = 1
0

1/2
=C = <3g) .
a

We wish to write ¢(z,0) = > >° | bptn(x,0). But then

(?l}m(% O)a ¢(fﬂ7 0)) = Z bn(d’m(l'v 0)7 wn(fL‘? O))
n=1

= bon|¥om (2, 0)|1* = b
So
bm = (1/1m(9570)7¢(%0))
= (2/a)*(sin(mmz/a),Cx(a — x))
= (2/a)1/2C'/0 z(a — z)sin(mrz/a) dz

- e

8Ca? .
So ¢(x,0) = Z Wsm(knx)
n odd 4
8Ca? -
Soo(xt) = 22 sin(kpx)e Ent/h,
(x,1) nzoc;d oy S (kn)

Since ¥ (x,0) contains no components of v, for n even, nor does ¥(z,t). So the probability of
measuring the energy to be E,, is zero for even n. In general, the probability of measuring the energy



to be E,, at time t > 0 is

]P)<En) - ‘(wn(xvt)7¢(x7t))’2'
But ¢(z,t) = me?/)m(x,t)a
so P(E,) =

> Wnl@, ), bt (1))
[bn (¥n (2, 1),

(z,1))|* (since states are orthogonal)

Yn
= |bu(¢n(x,0),¢,(x,0))> (for energy eigenstates)

= |bn|2'

The important point is that these probabilities do not change with time. This is only the case for
energy eigenstates, not for the eigenfunctions of other operators in general.

For this particular problem, P(E,,) = |b,|? = 960/(nm)® for odd n. These probabilities are determined
entirely by the co-efficients in the Fourier expansion of ¢(x, 0); by far the largest is b; = (960/7%)1/2 ~
0.999. This co-efficient is large simply because (x,0) “looks a lot like” ¥y (x,0) = (2/a)'/?sin(rz/a)

(see Figure 1).
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Figure 1: Comparison of the initial condition to the lowest energy eigenstate

7. Using the notation (A), = (¢, Avy), we find

(T)n =

/a (2z/a) sin®(nr/a) dx
0

_ /0 " (@/a)(1 = cos(2nmz/a)) da

= a/2.

Also,

/Oa (222 /a) sin®(n7/a) da
= a*(1/3 —1/27%n?).



Then
(&= (@)n))n = (2% — (2)n)”

_ a6
12 m2n? )’

In the limit n — oo, we find (Ax)? — a?/12, which is precisely what we would expect for a uniform
probability distribution over the interval [0,a]. So a quantum particle of high energy has the same
statistics as a classical particle. However, if you plot the probability distribution associated with the
n-th state, |¢,|?(z), you'll see that it’s far from uniform, especially for large n!

. In this question we consider a very simple quantum system: one with only two allowed energy states.
As we saw in Question 6, the probability amplitudes of these states do not change with time, so to
do anything interesting we have to measure some other quantity, S. The operator associated with
S is defined entirely by its action on the two energy states. Since Sx1 = x2 and Sy2 = x1, we may

1
think of S in terms of the matrix < (1] 0 > . Finding the eigenstates of S is then equivalent to finding

eigenvectors of this matrix.

The (normalised) eigenvectors are (1;@) and (j{){%), corresponding to eigenfunctions ¢4 =

%(Xl + x2), with eigenvalues 1. In these states, the expected energy is

¢+, Hoy)
(x1 £ x2, H(x1 £ x2))

(E)y =

—~

(x1 % x2, E1x1 £ E2x2)

(E1 + E3) since x7 and xo are orthonormal.

N~ N RN

For convenience we now define E = (E; + E3)/2 as the expected energy of both S-eigenstates.

Suppose we measure the value of S to be +1 at time ¢ = 0. Then

P(0) = ¢ = \2()& + X2)
=Y(t) = i(xlefibﬁt/h_{_XzefiEgt/h).

V2

The probability of measuring +1 again after time ¢t is

P(1) = (¢4, %)

1 : )
where (¢+,1/}(t)) = i(Xl + X2, Xleszuf/h + X2e71E’2t/h)

— l(e—’iEHt/h + e—’iEQt/h)
2

. AFE
—iEt/h
e cos (2 t)

AE
_ 2
SoP(1) = cos ( 5T t> ,

which clearly vanishes at time t =71 = g—%. After time T'/n, we have

Ap = (o4,9(T/n))
o—iET/hn oo (AET>
2hn
_ BT 2
=1 ST + O(1/n%),

7



and so

Pn — |An|2n
= cos®" A—ET
2hn
AE_\?1 )
= limp_ocPy, = 1

9. Since p has real eigenvalues, p* has positive eigenvalues, so we would expect (p?) to be positive.
Indeed, since p is Hermitian, (p%), = (¢, p*0) = (ptb, ptb) = [[p]|* > 0.

Therefore (H) = (T") + (U) > (U), so a lower bound on (U) is also a lower bound on the total energy
of any eigenstate. In particular,

EOE<H>¢0 > <U>7¢)o
= (%o, Uto)

+oo
- / oPU (x) da

—+00

> (in,U() [ ol ds

—00

= (min,U(x)).

[In fact, the base state of a quantum system typically has energy slightly above the minimum of its
potential (for example, see Question 4). The reason is the uncertainty principle: if a particle has
energy just above the global minimum of its potential, then it cannot have significant kinetic energy,
and so its position and momentum are both known to a high level of accuracy. But the uncertainty
principle forbids this, so a quantum system must have its minimum energy state above the minimum
of its potential. We’ll make this argument more rigorous in Question 10.]

If H is a Hermitian operator and Hy = Ex then

((H,Al)x = (GHAx) — (x, AHx)
(Hx, Ax) — (x, A(EX))
= (E" = E)(x, Ax)

since the eigenvalues of a Hermitian operator are real (see Question 5).

But
1
Ha] = o]+ [U(),
= 5plpal+ 5 [pa]
= 2mp » L om p,x|p
ih
= ——p.
m
So (p) = 0 in the eigenstate .
Also,
1
[H2p] = o —[p* ap] + [U(x), p]
L.y
= 5" alp+ (U]

ih
= D0 ikl (z).
m
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10.

So 2(T)y = (zU'(x))y. If U(z) = ka™, then zU'(x) = kna™ = nU(x), so 2(T)y, = n({U).
But (T)y + (U)y = (H)y = E. So

(U +2/n)(T) = E

n

This is called the virial theorem because it describes the typical partition of energy in a quantum
System.

We have already seen that the base state for the quantum harmonic oscillator has energy Fy = %hw

However, we can prove this result using just the uncertainty principle. In Question 7, we saw

(Az)® = ((z—(2))?)

Similarly, (Ap)2 = <p2> - <P>2~ So

(B) = <pz+1mw2x2>

L@+ 02 + S0 4 ).

We need to find a lower bound for (E). The expression above clearly shows that (E) > 0, since every
term on the RHS is positive. In fact, we already proved this in Question 9.

Suppose the function that minimises (E), is xo. We can easily find functions x(z) for which (),
and (p), are both arbitrarily small; actually, both are zero if we x is symmetric. However, we cannot
make both (Az) and (Ap) arbitrarily small since we know that

(A2)(&p) > S

Using this relation, together with the AM/GM inequality, we can find a lower bound for (E):

(B) = 5((ApP+ (7)) + gme?((Aa)? + (@)
> o (Ap) 4 ymu (A
> w(Ap)(Ax)
-



