Problem 1. Consider a 1D quantum harmonic oscillator of frequency w, initially prepared
in the state |¢) = \/L§(|O> + [1)), where |n) stands for an egenstate corresponding to quantum
number n.

(a) Is this harmonic oscillator in a stationary state?
(b) Will the Heisenberg uncertainty principle hold at any later moment of time?

Do not just answer questions. Make sure to prove, show, or explain your point.

Solution:

(a) Because the potential (mw?z?/2) does not depend of time, the time-dependent wave function
of the system is given by
U(x,t) = L¢0($)6_1E0t/h + Laﬁ(az)e‘”ﬂlt/h
’ 2 V2
1 —iw —iw
— E@ t/2 <¢0(l‘) + ¢1(.’L‘)e t),

where E, = hw(n 4+ 1/2), and ¢,(x) = |n) are the energy eigenvalues and eigenfunctions
of the Hamiltonian, respectively. Note that ¢,(x) are real functions. In a stationary state,
the expectation values of physical observables and particle density are supposed to be time-
independent (as the term “stationary” suggests). In our case the density is

p= 10 0P = 3(63) + G@) + do(mn()e ™ + b(x)on(a)e™)
= 2 (5@ + G(@) + 260(x)n(0) cos ).

Clearly, p depends on time. Therefore, our harmonic oscillator, inititally in state [¢), is NOT
in a stationary state.

(b) In order to see whether the Heisenberg uncertainty principle holds or not, we need to
compute the product AzAp = /(22) — (£)2/(p?) — (p)2. Let us do it, keeping in mind that
|n) are real functions in the coordinate representation and p is a hermitian operator, for which
(k[pln) = (n|plk)* = —(n|plk):

(0|2 W) = (<o\§:|0> (121 + 2(1]2]0) coswt) ,

| =

(U] 32| W) = %<<o|:z=2|0> + (1]2[1) + 2(1]22)0) cos wt) ,
(wl510) = 3 ({01910} + (11511) + 2i(1}pl0) sinwr)

. 1 R R .
(W[5*w) = 5 ((015%10) + (LIA11) +2(1[5*|0) cos wt)

The matrix elements of &, 22, p, and p? in the harmonic oscillator basis are known and can
be taken from textbooks/notes (otherwise the integrals with ¢y and ¢; can be easily evaluated
using their explicit form):

. 1
(n|2]k) = ,/% (\/E(sn,k,l +VET 15n,k+1) ,

1



(n|2?|k) = (\/ k—1)6npo+ (2k +1) 6 + +/(k + 1)( k+2)5nk+2>,
~ . (67
<n|p’k> = _Zh\/j <\/E5n,k71 —Vk+ 15n,k+1> )
(n|p?|k) = («/ k= 1) 8ns o — (2k + 1) Gup + /(k + 1)( k+2)5nk+2>,

where o« = mw/h. With that our expectation values become

1
U|2| W) = coswt , U|22|U) = —
(Wlal¥) = ——= (w]a°|)

(U|p|¥) = —h\/g sin wt , (U|p?|¥) = h*a

The product AzAp is then

1 1 h
AxAp = \/— ~ o cos? wt \/h2a - h2 sin? wt = 5 \/(2 — cos? wt)(2 — sin® wt) >

« 0%

h
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Thus, the Heisenberg uncertainty principle does hold for any value of time t.



Problem 2. Some physical system has the observables that are represented by the following
operators:

500 100 030 1 0 0
A=101 2], B=10 0 3], C=13 0 2], D=0 0 —i
0 21 030 020 0 ¢ 0

(a) What are the possible results of the measurements of these observables?

(b) Which of these observables are mutually compatible? Find a basis of common eigenstates.

(c) Find the operator that, when acting on an arbitrary state, leaves only the component
corresponding to the positive values of observable D.

Solution:

(a) The possible results of measuring observables A, B, C, and D are the eigenvalues of the
corresponding matrices. Let us find the eigenvalues and the corresponding eigenvectors for all
four observables:

1 0 1 0 1
a, = —1, |a1>:ﬁ —11 , as =3, |a2>:ﬁ 1 , a3 =5, a3><8 ,
1 0 1 1 0
by = -3, ]bﬁzE —11 , by=1, |by) = 8 , bs =3, ‘bg)zﬁ 1),
1 3 1 2 1 3
o =—13, \cl>:\/—2_6 —\gl_?) , =0, ]02>:\/—1_3 _03 . c3=113, |03):\/—2_6 \/21_3 ,
1 0 1 1 0
d, = -1, |d1>:ﬁ i , dy =1, |dy) = g , ds =1, |d3>:ﬁ 1)
Thus, the possible results are:
A —1,3,5
B: -3,1,3
C: _\/LT 0, \/Li
D: —1,1, 1.

(b) By direct calculation we can determine that [A, B] = 0, i.e. operators A and B commute.
This is the only pair of operators that commute in the set of four. Thus only A and B
are mutually compatible. Because A and B are compatible, we can choose a common set of
eigenstates for them, i.e. these eigenstates are eigenstates of A and B simultaneously:

1 0 1 0 1
|a/17b1> = = _1 ) |a/27b3> = = 1 ) |a37b2> — 0
V2 V211 0



(c) Here we essentially need to find a projection operator P that projects on the subspace
spanned by |dy) and |d3), because these two eigenvectors correspond to positive eigenvalues:

P = |dy){dz| + |ds){ds] =1 — |di)(du,

L (O 1 L (20 0
P=—|1]—=0 1 =)+ |0])(1 00 =-[01 —i
V2 i) V2 0 2\0 i 1



Problem 3.
a) Find the eigenstates of the position operator, Z, in the coordinate representation.
g p P P

(b) Now consider two particles in 1D that are stuck to each other and move with a definite
value of the total linear momentum P (= Kh). Write the wave function of this system in
the coordinate respresentation. You can ignore the normalization.

(c) What is the wave function of the system in the momentum representation?

(d) Suppose we measure the coordinate of the first particle and obtain a. In what state will
the second particle be left (i.e. what state will the second particle be projected onto)?

(e) Suppose we measure the momentum of the first particle and obtain py (= koh). In what
state will the second particle be left?

Solution:

(a) Here we need to solve the equation

Afa(w) = afal),

where A is the operator, a is its eigenvalue (labelled by «; obviously « can take any real value
as this is the position), and f,(x) is the eigenfunction corresponding to eigenvalue . In our
case A = r and the equation becomes

(2 — a) ful) = 0.

By looking at this equation we can see that the solution should be zero at any point x # «. On
the other hand, at point # = « the solution should not be zero (otherwise the solution would
be zero everywhere and that does not make sense). Moreover, the wave function should be
normalized. The only function that has these properties is the Dirac delta function:

fo(z) = 0(z — ),

(b) Because the particles are stuck to each other the wave function that describes their relative
motion is the Dirac delta function 6(x; — z2). On the other hand, their motion as a whole in
1D, which is completely independent on their relative motion (essentially there is no relative
motion — the particles are stuck to each other), is characterized by a definite linear momentum
K. We know that the eigenstates of the linear momentum operator are plane waves, /5%, In
our case x can be either x; or x5 — it does not matter because when particles are stuck to each
other x1 = x9. Therefore, the total wave function of the system in the coordinate representation
is

(1, 2ath) = (21, 15) = AT (2y — ).

This wave function cannot be normalized in the usual sense of the term (just like a plane wave
corresponding to a free motion cannot be normalized). However, it can be normalized in the
sense that we could say that there is a certain number of particles in a unit volume V', in which

case A =1/\/V.



(c) To obtain the wave function in the momentum representation we need to do a Fourier
transform (in both coordinates, z1 and x3):

o0 oo
//w(xl,xg)e_iklrle_im?dxldxg

—00 —0O0

o0 oo
= 5 elK”“é(acl — xz)e_ml“’le_m”deldxg
T

—00 —00

_ é/ei(Kklkg)wgdx2
21

—00

= Ab(ky + ks — K).

(k1 kol)) = (k1 ko) =

¥ =

o0

In the above expression we used the identity d(z) = 5= [ e**dk.
(d) Measuring the position of the first particle (important: measuring the position of the first
particle only, not both) and obtaining a results in the projection of the total wavefunction onto

the eigenstate |1 =a) = 6(x; — a). This yields
(x1=al) = / §(zy — a)A ™™ §(x) — x9)dwy = A5 (x5 — a) = Ae™|zy=a).

Thus, the second particle is in the state (apart from a multiplicative constant) correspondng
to position a. This makes sense as the particles were stuck to each other.

(e) Measuring the momentum of the first particle results in the projection of the total wave-
function onto the eigenstate |k1 =ko) = (k1 — ko), where we have defined kg = py/h. Note that
d(k1 — ko) is a wave function in the momentum representation. This yields

(k1 = ko|)) = / S(ky — ko)A (ks + ko — K)dky = AS(ky + ko — K) = Alks =K —k) .

—0o0

Thus, the second particle is in the state (apart from a multiplicative constant) corresponding
to momentum K — ko (or just —kq if measured in the reference frame where the system as a

whole is not moving). This also makes sense because the total linear momentum of the system
must be K. Indeed, K + ky — kg = K.



Problem 4. Consider two spin 1/2 particles. Suppose the operator that describes the interation
between them has the following form

V:G+581'SQ :(Z+bﬂl'0'2,

where a, and [ are real constants, b = ﬁh2/4, and o’s are Pauli spin matrices. The total spin
of the system is S = S; + S..

(a) Can V, S?, and S, be measured simultaneously?
(b) Determine the matrix form of V' in the uncoupled representation.

(c¢) Determine the matrix form of V' in the coupled representation.

Make sure to indicate clearly in which order you place basis states as the matrix form of V'
depends on this order.

Solution:
(a) Let us first rewrite V' in a different form using the relation S* = S? +S2 —2S,-S, :

V:a+§(82—s§—sg).

V, 8%, and S, can be measured simultaneously only if the operators commute with each other.
We know that S? commutes with S, (this takes place for any angular momentum). We also
know that S? and S, commute with al (the first term in V). Therefore, we are left to verify
whether S? and S, commute with S;-Sy oc S? — S? — S2. Apparently they do, because

[S?,8%] =0, [S?,S%] =0, [S?,83] =0,
and
[527 82] - 07 [Sza S%] - [Slz + 8227 S%] - 07 [SZ7 Sg] - [Slz + SQZ? S%] - 0 .

Therefore, we can give a positive answer: yes, V, S, and S, can be measured simultaneously.

(b) The uncoupled basis states are products }51 = %, m1> }52 = %, m2>. Let us drop the obvious
constant labels s; and sy and denote ‘mi:i%> as |£). Then our four basis states |mq, msy) are

or simply
To evaluate the second term in V., let us express S;-Sy through the lowering and raising
operators:
1 1
Siw =508 +5i-),  Sy=5(%—95), i=12
2 21
S1:Se = 51254 + S1yS2y + 51252,

1
= Z(Sl+ + 517) (52+ + 527) (Sl+ - 517) (S2+ - 527) + 51,59,

B 1
4
1
= §(Sl+52— + 51_82+) + SleZz
h2

= —(01+027 +01-024 + 201z02z) .

8
7



Then for V we have

b
V=a+ 5(0’1+sz + 010924 + 20’120'22)

The general formula that describes the action of the lowering and raising operators on states
|si,m;) can be taken from the textbook or lecture notes and is

Sii\si,mi) = h\/si(si -+ 1) — mz(mz + 1) ‘Sl,mlj:1> .
In our case of spin 1/2 particles it takes a particularly simple form:

Dl sl sldeo e

2

+1> —0, S

Si 5

of, in terms of ¢’s
oir|+) =0, ou|-)=2/+), oi|+)=2]-), oi-|-)=0, i=12
The action of S;, (or o;,) is also known and trivial:

1 Bl
N _ Pl ) = i~ 1,2.
j:2> :|:2‘:|:2>, oilE) = ££), i=1,2

With that the action of V' on |my,ms) is

S

VI++)=(a+b)]++), Vi+ =) =(a—b)|+—)+2b|— +),

Vi—+)=(a=b)|—+)+2b|+—), V]|—=)=(a+b)|——).

Multiplying these by (m;, ms| on the left we can compute the elements of matrix V:

+4H) 1+ =+ =)

{
{
<_
- 0 0 0 a+b

+
+

] a+b 0 0 0

_I_

— | 0 a—b 26 0

+

| 0 26 a—b O

(¢) The coupled basis states are |s,m, s1, $2), where s denotes the total spin quantum number
(possible values are s = 0,1) and m is the quantum number of the projection of the total spin
on the z-xis (ranges from —s to s). For brevity we can also drop the obvious constant labels
s1 and so. The four basis states are

’0 0>7 ‘1_'_1)7 ’1 0>7 |1_1>‘
Here it is convenient to adopt the form of V' that involves S

Veat D(s?-8t-S) =at Uo? ol o)),

The action of S? or &2 on the basis states is

S%|s,m) = h?s(s +1)|s,m) o?|s,m) = 4s(s + 1)|s,m) .

3
S?|s,m) = 152\5,m> o?|s,m) = 3|s,m), i=1,2.



The action of V' on the basis states is then
V0s,m) = [a +b(2s(s +1) — 3)} |s,m) .
With this we can easily determine the matrix form of V:

0 0) J1+1) [1-1) [1-1)

(0 0 a—3b 0 0 0
(1+1] 0 a+b 0 0
1 0 0 0 a+b 0
(1-1| 0 0 0 a+b



