Chapter 2

Baseballl This job ain’t so bad after alll He gave the ticket to an usher because he didn’t
recognize the seat. The usher started down the stairs so he restlessly followed as they kept stepping
down, well past any seat he would buy for himself. The usher seated him in a two person box seat
two rows back and just to the right of home plate. “Geez, I'm callin’ balls and strikes!” He could
hear the conversation as the managers waited for the umpire to exchange lineup cards: : : wives and
kids, the squeeze bunt in yesterday’s game, the merits of sun flower seeds versus chewing gum, and
the brunette in back of the third base dugout. His reverie faded as a man in a white suit and a
white Panama hat took the other seat of the box germinating the thought “Whoa: ::I’'m watching
a game with Mr. Clean :::” The stranger immediately enjoined with a genial smile brighter than
his white suit “Think Schrodinger will play today?”

Postulates and Probability

Just as Euclidean geometry is founded upon postulates, quantum mechanics is founded upon
postulates. You should not proceed beyond chapter 2 without knowing the postulates of quantum
mechanics. You should perceive that there are essentially only two questions that can be asked of
a measurement; these are what are the possibilities and what are the probabilities of each possi-
bility? Quantum mechanics uses other statistical measures commonly encountered in discussions
concerning probability, namely: expectation value and standard deviation or uncertainty.
Notice that the Schrodinger equation is a postulate of quantum mechanics. The solutions to the
spatial portion of the Schrodinger equation are known as stationary states. You should learn
the time evolution of stationary states in this chapter. The postulates introduce the state vector
as a description of a system. A complete set of commuting observables is required to uniquely
determine the eigenstates of a state vector when one operator is degenerate. You should under-
stand the terms probability density and probability amplitude. You should understand how
to form a quantum mechanical Hamiltonian operator. You will need to use the mathematics
presented in chapter 1 repeatedly.

1. What are the postulates of quantum mechanics? Compare and contrast each of the postu-
lates to analogous statements from classical mechanics where a comparison is possible.

The postulates are the dominant reason for most of the mathematics of chapter 1 and are the
basis either directly or indirectly for everything that follows.

1. The state of a system is represented by a vector |~ > in Hilbert space.
2. Every observable quantity is represented by a Hermitian operator.

3. A measurement of an observable quantity represented by the operator A can yield
only the eigenvalues of A.




4. If a system is in state |~ >, a measurement of the observable quantity represented by
the operator A that yields the eigenvalue fi does so with the probability

P(fi)o | <fi|~>";
where |fi> is the eigenstate corresponding to the eigenvalue fi.

5. A measurement of the observable quantity represented by the operator A with the
result fi changes the state of the system to the eigenstate |fi>.

6. The state vector obeys the time dependent Schrodinger equation
d
H|">=ih—|">;
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where 'H is the quantum mechanical Hamiltonian operator.

Postulate 1: The state vector |~ > replaces the positions and momentums (or velocities) of
classical mechanics.

Postulate 2: That observable quantities are described by operators is fundamentally different than
the classical description that every dynamical variable is described by a function of position and
momentum, for instance.

Postulate 3: Any real value is a possible result of a classical measurement. The only possible result
of a quantum mechanical measurement is an eigenvalue of the operator representing the quantity
being measured.

Postulate 4: There is no classical analogy. The interpretation of the square of an inner product as
a probability is unique to quantum mechanics.

Postulate 5: There is also no classical analogy for postulate 5. Classically, measurement of a system
does not affect the system.

Postulate 6: The time rate of change of the state variables of a classical system are governed by
Hamilton’s equations

dx @H dp eH
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The time evolution of a quantum mechanical system is governed by Schrodinger’s equation.

Postscript: Postulate 1 includes the principle of superposition. If |71 > and |"3> are
possible states of the system, then the linear combination, |~> =c¢;| 71> +¢o| 2>, is also a
possible state of the system. The | 7j> are generally the eigenstates of the system. The general
state vector is the superposition or linear combination of all eigenstates, i.e.,

o
|7>= Cl\A1>+C2|A2>+C3|A3>+"':ZCi!Ai>
i=1



in the case of an infinity of eigenstates. Each of the coefficients ¢j are scalars that indicate the
relative “amount” of eigenstate |7 > in the superposition that is the state vector |~ > and
are often called probability amplitudes because the probability of measuring the corresponding
eigenvalue is often |cj|2. A coefficient can be zero meaning that the corresponding eigenstate is
absent from that state vector.

Observable quantities are those that can be physically measured. There are two essential
properties intrinsic to operators that are Hermitian. First, they have eigenvalues that are real
numbers. Numbers used to describe physical quantities are necessarily real numbers. This fact is
essential to postulate 3. Also, the eigenvectors of Hermitian operators are orthogonal, therefore,
the eigenvectors form a basis that can be made orthonormal. This fact is essential to postulate 4.

The observable quantities of position and momentum remain focal. An extension of postulate
2 is that the matrix elements of the position operator X and momentum operator P in the
position basis are represented

<xX|X|X'>=%x-(x—X); and <x|P|x'>=—ih-"(x—-x):

Postulate 3 is self explanatory but definitely non-classical. The only possible result of a
measurement is an eigenvalue of the operator representing the physical quantity being measured.

A proportionality is used in postulate 4. The proportionality is replaced by an equality by
dividing by the inner product of the unnormalized state vector,
_I=fim> 2

P(fi) « |<fi|">]" = P (fi) = ===

or equivalently, by normalizing the state vector before calculating the inner product. Postulate 4
is the reason for the process of normalization.

A probability of “1” means a certainty and a probability of “0” means the absence of a
possibility. The probability of measuring each eigenvalue of an observable quantity must be between
0 and 1 inclusive, or 0 < P (fi) < 1. The sum of the probabilities of individual measurements
resulting in all of the possible eigenvalues must be 1. The probabilistic interpretation of postulate
4 is the reason that two state vectors that are proportional represent the same physical state.

Postulate 5 describes what is often called the “collapse of the wave function.” It is the state-
ment that the observer interacts with the system; that the observer is part of the system. Regardless
of how carefully a measurement is made, the process of measurement changes the system being
measured. Further, the measurement changes the system in a specific way, the measurement forces
the system into one of its eigenstates. Finally, once in that eigenstate, it remains in that eigenstate
until it undergoes its next interaction which is its next “measurement.”

Postulate 6 is the Schrodinger equation. It is not derived from the postulates of quantum
mechanics, rather, the Schrodinger equation is one of the postulates of quantum mechanics.

Postulate 6 requires the quantum mechanical Hamiltonian operator, H . The classical Hamil-
tonian operator is the total energy operator, H =T +V | where T is kinetic energy and V is
potential energy. Each of the dynamical variables of classical mechanics is replaced by an operator
for the transition to the quantum mechanical formulation, X — X'; and p — P. The clas-
sical Hamiltonian then goes to the quantum mechanical Hamiltonian, H — H. These quantum

3



mechanical operators are basis independent. They can be represented using matrix operators or
differential operators in any basis for further calculation.

The Schrodinger equation is not a postulate in the path integral formulation of quantum
mechanics, rather, it is derived from the postulates. This indicates that there is something more
fundamental about the path integral formulation of quantum mechanics. The path integral for-
mulation is not always satisfying because it is difficult to apply to calculations for even simple
systems. We will address the path integral formulation including its postulates in future chapters.

2. A system is represented by the normalized state vector |~ >. It is composed solely of two
orthonormal eigenstates, | 1> and | 2>.

(a) Write |~ > as the superposition of |71> and | "3>.

(b) What is the probability that the state is | "1 > following a measurement?

(c) What is the probability that the state is | “2> following a measurement?
)

(d) Show that the probabilities of parts (b) and (c) sum to 1.

This problem amplifies postulates 1, 4, and 5. The discussion of postulate 1 in the postscript
of problem 1 describes superposition. Postulate 5 indicates that a measurement changes the state
vector to one of the eigenstates. If the first eigenstate is the new state vector, that is the one to use
in the inner product in the probability calculation described in postulate 4. The proportionality
of postulate 4 can be replaced by an equality because |~ > is given to be normalized. Use
the superposition of part (a) for |~ > in parts (b) through (d), and you need to recognize the
orthonormality of the eigenstates. For part (d), what is the inner product of |~ > with its bra?

(a) |T=>=1c1|"1>+cC2| 2> is the desired statement of superposition.

2

(b) P1:‘<A1‘(C1|A1>+C2|A2>)‘
~ ~ ~ ~ 2
=|< tlc| 71>+ <T1co 2>‘

~ |~ ~ f~ 2 2.
=|Cl< 1| T1=> 4 < 1/ 2>‘ =|c1|%

because <71| 71> =1 and <7;| 2> =0 due to the given orthonormality of eigenstates.

2
(c) Pz:}<A2\(01!A1>+02!A2>)’
~ ~ ~ - 2
=}< a|Ci|T1=>+ <Ta|cy 2>’
~ J~ ~ |~ 2
Z}Cl< 2/ 1>+ €< 2>’ =|c|?;
because <75| 71> =0 and <3| 2> =1 due to the orthonormality of eigenstates.
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(d) <7 |7> =1 because |~ > is given to be normalized. Then

> =(<Tilei +<T2fcs) (e T1> F 02| T2>)

=<Ti|cic | T+ <Ti|cice| T+ <Taolcig

|” | 1>+ <T3c5Ca | 2>
= |C1|2<A1|A1>+CTC2 <A1/A2>+ C5Cy <A2/\/A1>+ \C2|2<A2|A2>

=|ci|*+ [ca|?=1;

where <71| 71> =<"5|72>=1 and other inner products are zero because of orthonormality.

Postscript: The |cj|? are probabilitites, thus the ¢j are known as probability amplitudes.

3. A system is represented by the unnormalized state vector |~ >. It is composed solely of the
two orthonormal eigenstates, | 71> and |"o>.

(a) Show that the proportionality in postulate 4 is replaced by an equality when |<7j|~>|? is
divided by the inner product of the unnormalized state vector.

(b) Show that P;j =|<7j|~>|? when |~ > is normalized prior to the probability calculation.

(c) Explain why two state vectors that are proportional represent the same physical state.

Postulate 4 indicates that an inner product of two state vectors is a probability. The normalization

condition, <7 |7 > =1, says only that it is certain that the system exists. It may be easier
o0

to see in a position space statement, / TF(X)T (X)dx = 1. If the system exists, it is certain
— 00

that the system is between —oo and 4oo. Certainty is expressed by a probability of 1. The same

condition <7 |A* A|7 > =1 for an unnormalized |~ > also says only that the system exists with

certainty. The normalization condition is simply an application of the probabilistic interpretation.

Since the state vector is given to be unnormalized, attach a proportionality constant, that is
A|7>=Aci|71>+ Ac2| "2>. You need to use the condition <7 |A*A|"> =1 to find

c |2
% and Py =
<7|”>

P, = LP for part (a):
! <" |”> '

The calculations of parts (a) and (b) are fairly duplicative—this is because the normalization

condition is just a statement of the probabilistic condition of certainty. Familiarity with this

duplication should provide insight into part (c), which is actually the point of this problem,.

(a) Since the state vector is given to be unnormalized, we attach a normalization constant, that is
A|7>=Ac;|71>+ Acz2|2>. Then, remembering that | ~1> and | 2> are orthonormal,

~ ~ ~ 2 ~ ~ ~ ~ 2
P10<}< 1] (Act| 1>+ Acy| 2>)‘ =|<Ti|Ac|T1=+ <T1]AC | Te> |

~~ |~ ~ f~ 2
:}Ac1< 171>+ Acy < 1/ 2>‘ :‘A01’2:’A‘2‘C1‘2:
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~ ~ - 2 - - ~ ~ 2
P20<’< 2| (Acy| 71>+ Acy| 2>)‘ =| <72 |Ac|Ti=+ <A | >
~ -~ 2
=|Ac < 2/ 1>+ Acy <72 2> T = |Acy|? = |A|? e | %
The sum of all the possibilities, in this case the two possibilities, must be 1. Then the sum
[AZ[en |2+ [A% ez |2 = [A]*([ed | + [c2]?) =1:

The condition that the system exists with certainty is

- R e 1
<T|IA*A|T>=1 = |APP<T|T>=1 = |A]’=—=
< \ >
Ci|2+ |co? 2 Cy |2
le; and P1:% and Pzz%;
<" |7> <" |”=> <" |”>

 a? I <TiT= 2 .

Therefore, Pj=———+— = —— in general:

<" 7> <" |”=>
(b) The normalization constant is found

e nwn i~ ) 1 1

<7 |7> <~|">
2
- - - 2 - C1 ~ - Co ~
P1O<‘< 1] (Ac| 71>+ Acy| 2>)) =<l "1+ <= "2>
< | > < | >
2
C1 —~ |~ Co —~ C1 |01’2
=l <117+ =< 1/\/2> = — = —=7=
<"|"> V<"|"> <7 |”=> <" "=

which is the same as P; from part (a). A similar calculation shows that Py is also the same as
found in part (a). Since the probabilities are the same, particularly now that we know the origin
of normalization condition, the procedure of using a normalized state vector allows the use of the
relation of equality in postulate 4.

(c) The interpretation of an inner product as a probability renders the “length” of a state vector
immaterial because the length is necessarily adjusted so that the probability of certainty is 1. The
probabilities of individual possibilities of any measurement are necessarily identical using |~ >
or A|7'> because of this adjustment. The conclusion is two state vectors that are proportional
represent the same physical state.

Postscript: Insisting state vectors are normalized prior to calculating probabilities usually
leads to shorter and cleaner calculations. You are likely going to be most efficient if you consider the
statement “normalize all state vectors prior to calculating probabilities” as a corollary to postulate
4 because the proportionality is then replaced by an equality.

Physicists will not usually write any symbology that differentiates two state vectors that are
proportional. For instance, |~ > and A|™ > where A is a scalar are both appropriate descriptions
of the state vector for the same photon. In fact, you may see equations like |~> = A|"> which
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is a true statement for all values of A if |~ > is a state vector. If |~ > is not a state vector, then
A =1 is the only value of A that will make the statement true. If |~ > is a state vector, it will
be adjusted so that the sum of all possible probabilities is 1.

The concept of this two-dimensional problem extends to arbitrary dimensions.

4. The “A-ness” of a particle or system in the state

1 3 00
|™>= |2 where A=10 4 0 is measured:
3 0 0 5

Normalize |~ >.
What are the possible outcomes of a measurement of the “A-ness” of |~ >7

)

)

) Calculate the probability of each possibility.
) Show that the sum of the probabilities is 1.
)

A measurement of the “A-ness” of |~ > yields the value 4. A second measurement of the
“A-ness” of |~ > is then made. What are the possibilities and probabilities of the outcomes
of this second measurement?

This problem is meant to amplify postulates 3, 4, and 5. Per the postscript to problem
3, we will routinely do the normalization of part (a) prior to any probability calculations. The
only possible results of a measurement are the eigenvalues of A per postulate 3. You need the
eigenvectors to calculate probabilities. You should solve for the eigenvalues and eigenvectors of
this diagonal matrix by inspection. Of course, if the three probabilities do not sum to 1 you have
made an error. Postulate 5 tells you how to approach part (e).

(a) The normalized state vector is found

1 1

. 1 - 1
1=(1; 2; 3)A*A g =|A]1?(1+4+9)=1 = A:\/—1_4 = |

(b) The possible results of a measurement are the eigenvalues 3, 4, and 5. The elements on the
principal diagonal of a diagonal matrix are the eigenvalues. (c) The eigenvectors are found by
inspection to be

1 0 0
|3>=10|; J|4>=([1]; |6>=|0
0 0 1
2
P(ev=3)=|(1; 0; 0) L ; = |2 (1+0+0)2—‘ S
O 4 \5)| V14 S lvIa | 147
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1 1 2
P =4)=1(0; 1; 0)— [ 2 = —(04+2+40)| =|— | = —:
(ev=4) ( )\/14 3 \/14(+ +0) V14 14
2
1 2 2
1 1 3 9
P =5 =1(0; 0; 1)— | 2 = —(04+0+3)| =|—| ==
(ev=5) ( ) 4(++) V14 14

B
ﬁ

3
1 4 9 1
@ 2Pt

—_

(e) Postulate 5 says that the state vector of the system is the eigenstate of ev =4 following the
0

first measurement, so the state vector is |7/> = | 1 |. The probability of attaining ev =4 as
0

a result of the second measurement is 1.

The probability of measuring either of the other two eigenvalues is zero. The probability of
measuring ev =3 or ev=>, is

0\ |° 0\ |
(o o) [ 1| =|©o1)[1]] =[(0+0+0)]*=]0]=0:
0 0

Postscript: Postulates 1 and 2 are sometimes overlooked because of an emphasis on calcula-
tion. Notice that the state vector |~ > satisfies postulate 1 and that A is a Hermitian operator
that satisfies postulate 2.

Notice also that the state vector is not pertinent to the possible results of a measurement.
Possibilities are determined soley by the operator. The state vector is pertinent only to the
probabilities of the possible results of a measurement.

5. What are the possible results and the probability of attaining each possible result of a
measurement of the “B-ness” of a system where

2 0 0 1
B=10 2 1 and the state is T>=12
0 1 2 3

The question asks only for possibilities and probabilities. The possibilities are the eigenvalues,
and the probabilities follow from the inner product of the eigenvector and the state vector. You
normalized this state vector in problem 4. You should find

1 0 0

1 1
>={o)i e ml1)i nemm| 1



If your probabilities do not sum to 1, you have made an error.

Using the normalized state vector, the probabilities of each possibility are

1 1 1 2 2 1
Pev=2)=1(1,0;,0) — | 2 =|—=14+04+0)| =|—]| =—3
( ) ( >\/14 3 ‘ 14( ) ‘ 14 14
2

1 2 2
1 1 1 5 25
Pev=3)=|—1(0;1; 1) — | 2 =|—(0+24+3 = —| = —:
( ) 2 ( ) V14 3 ‘ 28 ( ) ) v/ 28 28

2

1 2 2
1 1 1 —1 1
Pev=1)=|—1(0; 1;, —1) — | 2 = —(0+2-3 =|—] = —;
( ) 2( )\/14 3 ’\/28( ) ‘\/28 28

2 25 1 28 .
and —+ —+—=—=1; as it must.

28 28 28 28

6. The operator A is as given in problem 4 and the operator B is as given in problem 5. The
1

state vector of the system is initially |7> = | 2 | for the following questions.
3

(a) If we measure a value of 3 for A, what are the possible values of successive measurements of
B, A, B, etc., and their respective probabilities?

(b) If we measure A and get 4, what are the possible values of a subsequent measurement of B
and the probabilities of each possibility?

(c) Having measured a value of 4 for A, and then measured a value of 3 for B, what are the
possible values of another measurement of A and their respective probabilities?

(d) Having measured a value of 4 for A, and then measured a value of 1 for B, what are the
possible values of a measurement of A and their respective probabilities?

(e) If we measure 5 for A, what are the possible values of subsequent measurements of B and
their respective probabilities?

This problem should help to focus postulate 5. The state vector following a measurement is
the eigenstate corresponding to the eigenvalue measured. Use the new state vector determined by
the measurement in probability calculations consistent with postulate 4 to answer all five questions.

(a) If we measure A and get ev = 3, the state vector of the system is now in the eigenstate
1

of A corresponding to this eigenvalue, i.e., |~'> = | 0 |. This is identical to the eigenstate
0



of B corresponding to ev = 2. The eigenvectors of B corresponding to ev =3 or ev =1 both
have zero as their first component, so <evg =3|7'>=<evg=1|"'>=0. We will measure
ev =2 for B with probability of <evg =2|"'> =1. Subsequent measurements of A, B, A,
etc., yield ev =3, ev =2, ev =3, etc., where the probability for each measurement is 1.

0
(b) From the given measurement of A, the state vector of the system is |~'> = | 1 |. The
0
eigenvector corresponding to the eigenvalue measured is now the eigenstate of the system. Both
of the eigenvectors |ev = 3> and |ev = 1> of operator B are non-zero in the same component
that |~’> is non-zero while the corresponding component of |ev = 2> is zero. From that fact
alone, we can conclude that P (ev =2) = 0. Nevertheless, the probabilities of all possibilities are

2

0
P(ev=2)=|(1;00) |1 :\(0+0+0)]2:|0|2:0;
0
2
P(ev=3)= L(o- 1; 1) (1] _’L(0+1+0)2_’L2_}.
= = \/5 ) y 0 - \/5 - \/g - ’
2
P(ev—l)— i(O 1: —1) (1) —'L(0+1+0)2_‘L2_1.
V2 i 0 V2 V2 '
1 0
(c) If 3 was found for the measurement of B, the new state vector is |~'> :\/—5 1 |. Then
1
the probabilities for a subsequent measurement of A follow from postulate 4,

L (O] 2
Pev=3)=|(10,0)—=[1]|]| =|—=(0+0+0)| =]0]*=0;
(o) 75 (1] ] = | g 0 0+0)

A 2 11 P
Pev=4)=1{(0;1;,0)— [ 1 =|—(0+14+0 =|l—=| ==;
== @077 (] =m0 = 77] =3

2
P (ev=>5)=1(0; 0; 1)L (1) _ i(0+0+1) Ll
V2 V2 V2| 2]

(d) If we found 1 for the measurement of B, the state vector is |~/ > = In a

Il
ww’i
S~—
K
S = = o

calculation that is similar to part (c), we find for a measurement of A, P (ev
P(ev=4)=1=2,and P (ev=15) =1=2.
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0
(e) The state vector of the system is | 0 | after the given measurement. Again, both |ev =3>

—_

and |ev = 1> of the operator B have corresponding components that are non-zero but |ev = 2>
does not. The probabilities are P (ev =2) =0; P (ev =3) =1=2, and P (ev=1) =1=2 fora
subsequent measurement of 5.

7. Find the possibilities and probabilities of a measurement of Ly for a system in the state

1 0 —i 0
|m=>=1 2 where Ly=|1 0 -
3 0O 1 0

Some of the eigenvectors of £y have imaginary components so that the probability calculations
require use of complex numbers. The complex number facet is the only difference from problems
4 or 5. You found that Ly is Hermitian in problem 9 of part 2 of chapter 1, and in problem 19 of
part 2 of chapter 1, that the eigenvalues and eigenvectors are

1 1 1
1 . 1 1 .
’—\/2 >:§ —\/2| ; |O>:7_ 0 X and ‘\/2>:§ V21
- 2 \1 ~1

Using the normalized state vector from previous problems,

2

1 2
Pev=—V2)= %(1; V2i; —1)% g = T(HQ\F'_B)
4 14|—2+2\F|| :%(—Q—Qﬁi)(—2+2\/5i)
56(4+8) ;2 %;
Nt
P(ev=0)= %(1; 0; 1)\/11_4 2 :)%8(1+0+3 ;—Z:%;
1 1 1 2
P(ev=12)= 5(1;— ﬁ(g lbvir (1—2\/_|—3)
4 14%2*2\7- :5—16( 2+2V2i) (-2 -2V2i)
56(4 +8) = ;2 2%:%;
and the sum of the probabilities is %+%+% = 1—3 =1; as is necessary.
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Postscript: Remember that for any scalar fi, |fi|? = fi* fi, the product of conjugate quantities,
so |fi|? is the sum of the squares of the real and imaginary parts of the complex scalar.

8. Find the expectation values of A; B, and Ly using the operators given and the probabilities
calculated in problems 4, 5, and 7, respectively.

An expectation value is the anticipated average of many measurements made on an ensemble of
identical systems. An expectation value is defined

< A>-~ :ZP (fiy) fii :

It is the sum of the products of the eigenvalue and the probability of measuring that eigenvalue.
An expectation value is simply a weighted average.

. 1 4 9 64 4

< A>- = Ei P(fl.)fl.—ﬂ(3)+ﬁ(4)+ﬂ(5)—ﬂ—4?
2 25 1 80 6

<B>- = Ei P (fli)fli = 52 (2) + 55 (8) + 55 (1) = g = 25

</jy>A:%(—\/5)+1§4(0)+3(\/§):0:

Postscript: Probabilities are dependent upon the state vector, therefore, expectation values that
are computed using probabilities are also dependent upon the state vector. The expectation value
symbols have been subscripted with ~ to emphasize this dependence.

9. Use a normalized state vector |~ > to show that <Q >~ =<7 |Q|">.

The expression on the right is an alternative method of calculating an expectation value with-
out having to complete the eigenvalue/eigenvector problem. It is also a good method to check
calculations concerning small dimensional operators like A, B, and Ly .

This problem is a good exercise in applying some of the concepts and notation encountered
previously. Start with the definition of expectation value given in the last problem. Then suc-
cessively use postulate 4, the definition of a norm, the property that scalars commute, the eigen-
value/eigenvector equation, and the completeness relation to arrive at the desired expression.
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<Q>- :ZP(!i)!i:Z‘<!i’A> \2!i=Z<A|!i><!i T> (1)
=2 <TIntm<h|” @)
=y <7[Q|L=<|7> (3)

<710 (Z\!ax!i

>|A>—<A!Q\I\A>—<A|Q\A>i (4)

Line (1) is the definition of an expectation value, application of postulate 4, and the definition
of a norm. Eigenvalues are scalars so can be moved into the braket in line (2). The eigenvalue
equation, Q|¥;> = 1;|1;>, is used to arrive at line (3). The unsubscripted vectors < ~ | Q|
and |~ > are not pertinent to the sum so are removed from the summation to arrive at the first
expression in line (4). The summation remaining in the parenthesis is the completeness relation
which is a statement of the identity.

10. Check that <7 |Q|™ > yields the expectation values of A, B, and Ly calculated
previously.

Remember that an expectation value is dependent upon the state vector. You must use the state

1
~ 1 . .
vector from problem 8, |7 > = ﬁ 2 |, to attain the same expectation values as problem 8.
3
1 3 00 1 1
<A>-=<"T|A|"T>=—=(1,2;3)(0 4 0] —=
=—(1; 2; 3) g 1(3+16+45) o _ 42
14T 1 4 7
15
2 00 1
<B> =<"|B|">=— L (1;,2,3) 10 2 1 L2
vid 01 2)VvVidis
2 2
1 4
=—(L23) (443 | ==(L23)|7 2+14+24) Py
14 2146 3 14 7
1 0 0 1
<Ly>=<"|Ly|T>=—=(1,2,3) | i 0 —i|—==|2
1 —2i 1 —2i 1
— (1 23) | i-3i | == (12 3) -2 | == (-2i-4i+6i)=0:
14(, ; 3) |2i3| 14(, ; 3) 2i| 14( i —4i+6i) =0



Postscript: The subscript ~ is rarely appended to expectation values. The expectation value of
Q) appears as < {2 >, which is conventional. Remember, nevertheless, that an expectation value
is dependent upon a state vector.

11. Find the uncertainty of A using the operator and the state vector given in problem 4.

Two measures of central tendency are frequently encountered in quantum mechanics. The first is
the previously discussed expectation value. The other is uncertainty or standard deviation.

Uncertainty or standard deviation is defined in terms of the expectation value,
~ 2 ~1=2
ANA~ = < |(A—<A>I> | =>"7;

where the standard deviation on the left is subscripted because it is dependent on the state vector
| 7 >. A state vector is needed to calculate the expectation value, therefore, a state vector is
needed to calculate the uncertainty.

3 00 1
Use the operator A= |0 4 0 and the normalized state vector |~ > = 2

1
00 5 V14 \ 3

The expectation value times the identity operator means

41 00 42 0 0 NiT)
<SA>T=4-10 1 0)=1|0 420 You should find that AA~ = —— ~ 0:62:
00 1 0 0 42
2 ~ 2 L
(AAA) =< |(A-<A>Z> |~ >
. 3 00 420 0\]* , /1
=——(1;23)|(0 4 0]-[0 42 0 — | 2
14 005 0 0 4i)] V3
— 4 2
_ ! (1; 2; 3) _10? 2 8 é
U T3
'\ 0o o 2 3
11
1 -4 0 0\ /=¥ o0 0) /1
=—(L23) 0 -2 0 0 -2 o0][2
14 3 ) 8
o o0 2 0 0 2/)\3
1 -4 0 0\ /-11=7 . 121=49
. 9. 4 — - 9. —
=11 (1,23 0 -3 g —8=7 | =4 (1; 2; 3) 32=49
0o o0 2 9=7 27=49
1 1266 2-7-19 19
= — (121=49 4 64=49 + 81=49) = — —— = "——— = — ~ 0:39
i1 ( " " ) =1 49 2-73 49

~ 0:62:
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Postscript: The term “uncertainty” has the same meaning in quantum mechanics as the term
“standard deviation” does in statistics. The quantity “uncertainty” calculated in this problem
is the same quantity that is calculated for use in the Heisenberg uncertainty principle. We
introduce the Heisenberg uncertainty relations in chapter 3.

. . s . 2 1=
The conventional way to write the definition of uncertainty is Ad = <(A4 — < A>)">172,
where the state vector and identity operator are implicit.

2
Variance is the square of standard deviation, or (A.AA)2 =<7 (.A -<A> I) |7 >.

Variance is often a convenient intermediate result in a calculation of uncertainty.

12. Show that AA~ = <" |A2— < A>2T|">172,

This alternative is often the most direct way to calculate an uncertainty. A useful theorem from
an ordinary study of probability and statistics is that

<A+4+B>=<A>+<B>:

We use this result, but refer you to Meyer! or your favorite book on probability and statistics for
depth concerning this theorem.

This problem is essentially an expansion, summation of like terms, and a reduction. Work
from the variance and take a square root as the last step to get the uncertainty. You need
to use the fact that < A + B > =< A > 4+ < B > twice. You also need the fact that
<T|A<A>I|7>=<"| <A>?7|7>. Since this is not obvious and also to provide a
sample of what is expected, this is true because

<TIA<A>T|IT> =<7 |A<A> |T>=<A><T|A|T>=<A>< A>

—<AS? =< AS’<T T =< | <A T3> =<T | <A>?T|7>:

2 2

(AAA> :<"|<A—<A>I) |~ >

:<"|<A—<A>I)<A—<A>I>\">

=< |A—A<A>T —<A>TA+<A>2TI|"> (1)

=<7 |A - 2A< A>T +<A>*I|"> (2)

<T|A?|T> - <T|2A<A>TI|T> + <7 | <A>*I|7> (3)

<T|A "> —2<T | < A>T 7> £ <7 | <A>?I|7> (4)
<T|A?|T> <" | <A>?I|7>

=<T|A2-<A>?TI|”> (5)
= AA~=<T|A2-< A>T |7>12:

L Meyer Introductory Probability and Statistical Applications (Addison-Wesley Publishing Co.,
Reading, Massachusetts, 1970), pp.123-136.
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Line (1) uses the fact that Z? = Z. Line (2) can be written because an operator A commutes
with a scalar < A > and the identity operator. Line (3) uses <A +B>=<A>4<B>.
Equation (4) depends on the fact that < T|A<A>T|">=<"| <A>27Z|7>. Line (5
uses <A>+<B>=<A4 + B> again.

Postscript: You will encounter the same statement written AQ = (Q*— < Q >2 )1:2, where

the state vector and the identity operator are implied.

13. Calculate the uncertainty of the operator A from problem 4 using the result of problem 12.

The operator A, the state vector |~ >, and the necessary result are all stated in the comments
that preface the solution to problem 11. Calculate A?— < A >2 7, form the braket with the
state vector, then take the square root.

3 00 372 (1 00
AZ—<A>2T=(0 4 0 <7> 0 1 0
005 00 1
300\ /300 1 0 0
1024
=10 4 0]]0 4 0 -—<%%5- 01 0
005/\0 05 00 1
9 0 0 1024 49 0 0
=10 16 0 1024=49 0
0 0 25 0 1024=49
441=49 1024=49 0 0
= 0 784=49 0 - 0 1024=49 0
0 0 1225249 0 0 1024=49
—583=49 0 0
= 0  —240=49 0 |;
0 0 201=49
= AA-=<T|A-<ASI|7>"7
) —583=49 0 0 L[N\
= |— (1, 2 3) 0 —240=49 0 — | 2
vid 0 0 201=49) V14 \3
—583=49\ 1 . 1=2
= |1 (1 2 3) | —480=49 = [14‘49(——583——960—k1809)

603=49
¢2% ¢2749 19 V19
V2. oV 2. Va9 7

14. (a) Write the basis-independent Hamiltonian for a free particle.
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(b) Write the basis-independent Hamiltonian for a simple harmonic oscillator.
(c) Write the Hamiltonian for a free particle in position space.
(d) Write the Hamiltonian for a simple harmonic oscillator in position space.

f

)
)
)
(e) Write the Hamiltonian for an unknown potential in position space.
(f) Write the Hamiltonian for a free particle in momentum space.

)

(g) Write the Hamiltonian for a simple harmonic oscillator in momentum space.

The Hamiltonian operator is intrinsic to the Schrodinger equation. This problem is an intermediate
step to writing the Schrodinger equation for systems under the influence of various potentials.

Postscript comments to problem 1 concerning the Schrodinger equation indicate that the
classical Hamiltonian is H = T 4+V . The non-relativistic kinetic energy term is T = p?=2m. The
free particle is not influenced by any potential so the potential energy term for a free particle is
V (x) = 0. The potential energy function for a simple harmonic oscillator is V (X) = kx?=2.
The dynamic variables of classical mechanics become quantum mechanical operators, X — X
and p— P as H — H. A quantum mechanical Hamiltonian H is expressed in terms of the
basis-independent operators X and P is basis-independent.

In the position basis in one spatial dimension, X — X and P — —ih — . In the momentum

dx

. d
basis, P — p, X — ih d_p Substitute the appropriate differential operators into the basis-

independent Hamiltonian operators of parts (a) and (b) to attain the basis-dependent Hamiltonian
operators for parts (c) through (g).

(a)H:%: (b)Hz%%—%kXQ:
(e)H:%—FV(X):—%dd—;—FV(X)Z (f)H:%:%
() H=%+%kx2:%—§k%:

. d
Postscript: We will explain why X — X and P — —ih ax in position space in future problems.

Accept that these and the momentum based representations are correct and use them. These
representations are much more useful than the details that are necessary to derive them.

Notice that each potential is, or is assumed to be in part (e), a function of position only. This
leads to the dramatic simplification known as the time-independent Schrodinger equation.
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1
15. Expand |7> = —— | 2 | in the eigenbases of
14 3
3 0 0 0 —i 0
(a) A=[0 4 0 and (b)y Ly=|1 0 —i
0 0 5 0O 1 0

(c) Check your expansions by calculating the probabilities of measuring each eigenvalue using the
expansion coefficients.

A vector may be expressed in any eigenbasis that spans the appropriate space. The eigenvectors
of Hermitian operators can therefore be used to represent any vector of the same dimension.

The first step is to attain the eigenvectors by solving the eigenvalue/eigenvector equation, and
that has been previously completed for both of the given operators. Next, consider

|m”>=7|">= (Zn: |fii><fii|> |">:Zn: fii;> (<fij|~>) :Zn:ci|fii>;

i=1 i=1 i=1

where the ¢j are complex numbers that are the inner product of each < fij|~>. The process
described by this equation is known as expansion in an eigenbasis and the c; are called
expansion coefficients.

Per postulates 3 and 4, a measurement will obtain the eigenvalues with the probabilities
. s~ 2 2
P(fli):‘<fli’ >{ :}Ci‘ ;

given that the eigenvectors and the state vector are normalized. The |fij> that form the basis
vectors must remain normalized for |cj|? to be correct probabilities. The eigenvectors of A
are unit vectors that are inherently of unit length. The eigenvectors of Ly, however, contain
normalization constants of 1/2 and 1=v/2 that cannot be absorbed into the expansion coefficients
in part (b).

(a) The expansion can be done by inspection when the eigenvectors are unit vectors, nevertheless,
3
|~ > :Z | fij>< fi; |~
_ ( L)

1 0; 0 2
\/14 3

_|_

S O = o=

(1+0+0)+ (04+2+0) +

. . 1
)(0, 1; 0)\/—1_4
0
1
0

~ ~N O = O
=] — W N =
I
—

[
>~

OO = OO ==
=1 =
s
w

1

[an)

vy

2

S

O = O
+

[a—
i‘ ’
—_
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where the last expression is the expansion of the state vector in the eigenbasis of A.

(b) The expansion of the state vector in the eigenbasis of Ly is

3
7> =) [fii><fi;| ">

i=1

1 1 1 (1 1 (1L 1 1 (1
== | =V2i —(1V2i 1) — 2]+ |—=—=10 —(1;0;1)— | 2
1 3 ( )\/ﬁ 3 V2 \ \/5( ) 14 \ 5
RS | RS
2\ 4 2 V14 \ 3
11 1 T 1
== -V2i || —(1+2V2i-3)+ |—= [0 || —= (1+0+3
2 1/1_ 2\/14( ) 2 |4 \/28( )
1 1
+ s V2i || == (1-2v2i-3)
1 /14
1420 |1 L 4 |1 (1 1-vEi 1 L
St L N V5T [ (SR By (R | i L Y By
V14 2\ 28 (V2 |4 V14 ]
(c¢) The six probabilities are
121 2 |2 4 3 PP 9
PB3)=|—| =—: PUA=|——| =—: POB)=|——| =2 f - and
(3) ‘ i e (4) ‘ 7 e (5) ) 7 ” or A; an
2
P (_v2) —1+V2i | [=1-42i\ [-1+V2i) 142 3
S Vi4 N V14 V14 T 14 14
4 > 16 8
PO)=|— | =—=—:
(0) V28 28 14
2
—1—/2i 142\ [ =1 —2i 142
P(\/g):i\/il _ —i-\/_l V2i :—i—:i; forﬁy:
V14 V14 V14 14 14

Postscript: Combining all the constants in the last line of part (b) yields a simpler expression,
but the simpler expression hides the expansion coefficients ¢ij = <fij|~ >, and the capability to
calculate probabilities from the simpler expression is compromised. The expansion coefficients are

so closely related to probabilities that they are also known as probability amplitudes.

Using expansion coefficients to calculate probabilities is dominantly the easiest method for
some of the problems that we will encounter in future chapters. The other reason to introduce
the technique of expansion in an eigenbasis is that it is essential to the time evolution of the

stationary states that are the solutions to the time-independent Schrodinger equation.
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16. Discuss how the time-independent Schrodinger equation, H|E;> = E;|E;j>, follows from
the time-dependent Schrodinger equation stated in postulate 6.

A quantum mechanical Hamiltonian is either time-dependent, H = H (t), or is time-independent,
H # H(t). A time-dependent matrix operator would have elements that are functions of time.
A Schrodinger equation in which the Hamiltonian is independent of time is known as a time-
independent Schrodinger equation. This is a qualified misnomer because the state vector
is a function of time so the Schrodinger equation is not completely time-independent. When
H # H (t), the time-dependence becomes simple and probabilities, expectation values, and un-
certainties are time-independent. The quantum mechanical Hamiltonians for the free particle and
the simple harmonic oscillator are time-independent, for instance.

Total energy is represented & — ih — . The differential operator form is seen in the time-

dt

dependent Schrodinger equation.

The Hamiltonian is the total energy operator. Energy is an observable quantity so the Hamil-
tonian is necessarily a Hermitian operator per postulate 2. Any state vector can be expanded in
terms of the eigenvectors of the Hermitian Hamiltonian. The eigenvectors of the Hamiltonian are
the energy eigenvectors, represented | Ej>, and the eigenvalues of the Hamiltonian are the energy
eigenvalues, denoted Ej. Thus,

~ L do - =
H| >:|ha > — H|T>=E&|7> — HI|E>=E|Ei>;
and assuming that H # H (t), the last equation is simply an eigenvalue/eigenvector equation so

that € can be nothing other than the energy eigenvalues, or H|Ej> = E; |Ej>.

Postscript: The time-dependent Schrodinger equation must be used when H = H (t). There
are some exceptions, but the time-dependent Schrodinger equation is usually difficult or impossible
to solve analytically. The usual approach to a Schrodinger equation with a weakly time-dependent
Hamiltonian is to find a time-independent solution and then model the time dependence as a
perturbation. A numerical solution is often the only recourse if the Hamiltonian is strongly time
dependent, .

We will derive the representations introduced in problem 14 in later problems. The represen-

. d
tation £ — ih at is different. This representation is beyond our scope.

17. Show that |Ej(t)> =e 'Ei™ |E;> for a system described by a time-independent Hamil-
tonian and a time-dependent state vector.

This problem is an introduction to time evolution. It is concurrently an introduction to station-
ary states. Stationary states are the energy eigenstates | Ej > of a time-independent Hamiltonian
and the solutions to the time-independent Schrodinger equation. Notice that the stationary states
evolve in time proportionally to the exponential of the energy eigenvalue.
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Use the given conditions of time-dependence of the state vector and time-independence of the
Hamiltonian in the time-dependent Schrodinger equation to reason that

h o |E (0> = Ei] E (1> )

for individual eigenstates of H . There are many fundamentals used to arrive at this equation. A
time-dependent state vector can be denoted |~ (t) >. Is it a superposition of eigenstates? Why
the energy eigenstates? Why are the energy eigenstates functions of time? Why can the equation
be written for individual eigenstates? Why are the eigenvalues constants, Ej and not E; (t)? The
answers to these questions lie in properties of the eigenvalue/eigenvector equation, the technique
of expanding a state vector, and postulate 1. Equation (1) is a variables separable differential
equation, so separate the variables and integrate both sides from 0 to t. The last step is to
substitute the conventional notation |E;j> for |E; (0)>.

The time-dependent Schrodinger equation is ih% |7 (t) > = H|™ (t) >; where the time-
dependence of the state vector is indicated explicitly. The state vector can be expanded into
a linear combination of the eigenvectors (postulate 1) of the total energy operator H . Denote the
energy eigenstates |E;(t)> because the eigenbasis is that of the total energy operator H. The
eigenstates must be functions of time if the state vector is a function of time (postulate 1). A
state vector can be an individual eigenstate, therefore the time-dependent Schrodinger equation
applies to each eigenstate individually (postulate 1). If the Hamiltonian is time-independent, the
eigenvalues are time-independent (eigenvalues are determined solely by the operator). Therefore,

i< JE: (6> = Ei] Ex()>; 1)

where the eigenvalues are constants and not functions of time, again, because the Hamiltonian is
independent of time. This is a variables separable differential equation that can be arranged

d|Ei(t)> _Ei /d|E / ,
Ewm> i T ) TE®m> ), "

where the independent variable is primed to differentiate it from the upper limit of integration.
Multiplying numerator and denominator of the right side by i, the last equation implies

—iEi ,

ln(|Ei(t’)>>t: -

0

0
= In|Ej(t)>— In|E;(0)> = —iEjt=h

(
Ei()>)\ ..
= ln<w>_|E.t—h
|Ei(t)>

(0)>

) —iEjt=h
]E

- ’El(t)>_e|Eth|E()>:e7iEit:h‘Ei>

=

after substituting |Ej> for |E; (0)> as is conventional.
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Postscript: The time evolution of an energy eigenstate is described by the product of e~ 'Eit=h

and that energy eigenstate. The state vector is a superposition of all the eigenstates, so

m>=)Gl|Ei> = |T()>=) c|E>e T
i i

where H # H (t). The energy eigenstates |E;j> are known as stationary states. The probability
of a measurement is unaffected when H # H(t). The probabilities are “stationary” as time
advances. Expectation values and uncertainties are “stationary” since probabilities are unaffected.
Stationary states are the result of time being separable from other observable quantities. The
prerequisite for time being separable from other observables is a time-independent Hamiltonian.

This problem explicitly uses time as an independent variable within ket vectors. Time is the
only quantity that can be used this way. Time is not an observable quantity in the same sense
as position and momentum. Time is intrinsic to all spaces. The notation |~ (t)> says only that
time moves forward (or backward) in every space. |~ (t) > may be represented in any space
by forming the inner product with an appropriate bra, for instance, <x|~ (t)> = " (x;t) in
position space and <p|~ (t)> =" (p;t) in momentum space.

18. (a) Find the time-dependent state vector for

L1 3.0 0
|T(t=0)>=— | 2 where H=(0 4 0
Vid | 3 00 5

(b) Calculate the probability of each possible result of a measurement of energy as the state vector
evolves in time.

Part (a) requires you to apply the result of problem 17. Remember that |~ (t) > is a superposition
of all time-evolving eigenstates, in this case

3
|7 ()>=) ¢|Ei>e BN

i=1

Having expanded this state vector in the eigenbasis of this operator previously, there is little to do
for part (a) except to write the answer. Part (b) is a numerical example illustrating the fact that
the time evolution of stationary states does not affect calculations of probabilities.

(a) The energy eigenvalues corresponding to the energy eigenvectors are Ej = 3; 4, and 5, so

1 0 0 e—i3t=h
|~ (t)> = N 0 | e Bth L 2 1 | et 3 0 | e-ist=h — 1 9e—idt=h | .
V4 \o V4o Vit VT | 5g-istn

which is the time-dependent state vector exhibiting time evolution.
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(b) The probabilities are

—i3t=h 2
1 y idt=h 1 ist=h |2
PE=3)=|(1;0; 0)— [ 2e-14= :—‘e‘ -‘
( ) ( ) V ]_4 3e—i5t:h 14
1 ot for_ 1 1
_ e—l3t—h) (e+|3t—h) g0 .
14 ( 14 14
—i3t=h 2
1 y idt=h 1 iat=h |2
P(E=4)=|(0; 1; 0)—— | 2e-1= :—‘2e‘ }
( ) ( ) V14 \ gq-ist=h 14
1 . sl 4 4
_+ 2e—|4t—h) <2 e+|4t—h) _ a0 2.
14 ( 14 14
—i3t=h 2
P(E 1 © i4t=h 1 i5t=h 2
—5)=|(0; 0: 1)—— | 2e-4t= :—‘Se‘ )
E=5)=| o) y

V14 3g—i5t=h

1 —i5t=h)( +i5t=h) 9 0 9.
_14<38 3¢ BEVAREYE

The probabilities are independent of time and they are the same probabilities that were attained
when time was not considered.

19. Consider a system described by the Hamiltonian

(a)

(b)

3 00
1
H=10 5 0]; whichat t=0 Iisin thestate |~ (0)> = —
00 7 VI o

If the energy is measured, what results can be obtained, and with what probabilities will these
results be obtained?

Calculate the expectation value < H > = <7 (0)|H |~ (0) >. Then show that your
expectation value agrees with your calculations from part (a) using <H > = Z P(Ei)E;.
i

Expand the initial state vector |~ (0)> in the energy eigenbasis to calculate the time depen-
dent state vector |~ (t)>.

If the energy is measured at time t, what results can be obtained, and with what probabilities
will these results be obtained? Compare your answers with the t = 0 case of part (a). Explain
why these probabilities are independent of time even though the state vector is time dependent.

Suppose that you measure the energy of the system at t = 0 and you find E = 7. What
is the state vector of the system immediately after your measurement? Now let the system
evolve without any additional measurements until t = 10. What is the state vector |~ (10)>
at t =107 What energies will you measure if you repeat the energy measurement at t =107

This problem is intended to provide insight into the meaning and applications of the postulates
of quantum mechanics. The first questions for a measurement of any system are what are the
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possibilities and what are their respective probabilities? Postulate 3 addresses the possibilities
and postulate 4 determines the respective probabilities for part (a). Notice that the given state
vector is normalized. Using your probabilities and eigenvalues from part (a), you must find that

T(0)|H|T(0)== ZP Ei for part (b). Use the procedures of problem 15 to expand

the state vector in the energy eigenbasis. Use the procedures of problem 17 illustrated in problem
18 for part (c). Postulate 3 addresses the possibilities and postulate 4 determines the respective
probabilities for part (d), without regard to time dependence. You have made an error if your
answers do not agree with part (a). Remember to complex conjugate the components when you
form bras! When you find E = 7 for part (e), the state vector changes in accordance with postulate
5,s0 |7 (0)> — |E =7>. There is one possible result with a probability of 1, and the other
two possible results have probability zero.

(a) The only possible results of the measurement of energy are the energy eigenvalues which are
3; 5; and 7: The probabilities are
2

1 1 1 2 1
P(Ei=3)=|(1,0;,0) — — ()] ==
Ei=9=\( )x/ﬁ 3 Y| "1
2
P (Ei=5)=(0; 1;0)L ii = L(g)QZE;
vIid |\ o V14 14
2
vid |\ o V14 14
Notice that the sum of the probabilities is 1

(b) The t =0 expectation value of the energy is

1 300 ] 1
<H>=<"(0)|H|"(0)>=—(1;3;2)[{0 5 0] — |3
(0)[H]™(0) 14( ) =
v 00 7/)V 2
! (1; 3; 2) 135 ! (3+45+28) = 0 _ 3 543, and
= — = — X I. 1
VIS L] u- 7 @
1 9 3+45+28 76 38
P (E:)E: — il = = = ~543:
Z DE =783 0T 7 14 a7 s
(c) Expanding the state vector in the energy eigenbasis,
|7 (0)> =) |Ei><E;|”(0)>
i
1 ) 1 0 . 1 0 1 1
=0 (100) 3]+ 1 (0; 1,00 —=(3]+[0(0;0,1)— |3
o ()2
V14 0 V14 0 V14 | 4



With the time zero expansion, we can easily write the complete time-dependent state vector

|7 (> =) |Ei><E;| 7 (0)>e &

(MY 3 (Y 2 (%) (e
— 0 e—l3t=h + 1 e—l5t=h 4 0 e—l7t=h — 3 e—i5t=h
V 14 0 V 14 0 V 14 1 V 14 2e—i7t=h

(d) At any time, the only possible results of a measurement of energy are the eigenenergies of the
system, which are 3; 5; and 7. The “time-dependent” probabilities are

e—i3t=h 2

2

isten 1 ; 1 1

P(3)=[(1; 0; 0)et™®™" — | 3e PN || =\ — (140+0)e| =—;
e el B ey | el v e b v
) e—i3t=h 2 ) 2 g

P(5)=|(0; 1; 0) et — [ 3e=®¥h | | —| —_ (04+3+0)e’| =—;
(5) = ) V14 \ g g-itt=h V14 ( ) 14
. e—i3t=h 2 ) 9 A

P(7)=|(0; 0; 1)et"™" — [ 3e=®th || —| — (04+0+2)e’| =—:
M=\ ) V14 | 9g-itt=h V14 ( ) 14

These are exactly the same probabilities obtained in part (a). There is no time dependence in the
probabilities because the eigenvectors of the Hamiltonian have only a time-dependent phase that
“cancels” in the sense that € = 1 in this calculation. Time dependency will “cancel” in one
way or another in all cases that the Hamiltonian is independent of time, i.e., H # H (t). The
probabilities are “stationary” in time, which is the meaning of the term “stationary states.”

(e) An energy measurement with the result E =7 forces the system into the energy eigenstate

0 0
T(t>0)>=(0|e ™" = |T(t=10)>= |0 | e TION,
1 1
so the probability of measuring E =7 at t =10 is
0 2
(0; 0; 1) [0 | e O = (0+0+1)elT01TON = 1.0 = 1;
1
and the probability of measuring any other eigenenergy is zero since
0 ? 0 2
(1’ O, O) ei30=h 0 e—i70=h _ (0, 1, 0) ei50=h 0 e—i70=h =0:
1 1

20. Consider a system described by the Hamiltonian
1
H= (é i’) ;  which at t=0 isin thestate |~ (0)>=— <2> ;
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(a) Is ‘H Hermitian?
(b) Solve the eigenvalue/eigenvector problem to attain the eigenvalues and eigenvectors of H .

(c) If the energy is measured, what results can be obtained, and with what probabilities will these
results be obtained?

(d) Calculate the expectation value of the Hamiltonian using both
<H>=<"(0)|H|"(0)> and <H>=> P (E)E:
i

(e) Calculate the time dependent state vector |~ (t)>.

(f) If the energy is measured at time t, what results can be obtained, and with what probabilities
will these results be obtained? Compare your answer with the t =0 case in part (c).

(g) Diagonalize ‘H using a unitary transformation. Transform |~ (0)> and both eigenvectors to
be consistent with this unitary transformation.

(h) Calculate |~ (t)> and both t> 0 probabilities in the basis in which H is diagonal.

(i) Suppose that you measure the energy of the system at t =0 and you find E = —2. Find the
state vector of the system immediately after your measurement and at time t = 10 in both
the basis in which H is diagonal and in the basis of part (b). What energies will you measure
if you repeat the energy measurement at t =107

This problem emphasizes the postulates and their applications using a Hamiltonian that is not
diagonal. It is in two dimensions to minimize the calculations though you will likely find the calcu-
lations to be substantial. Parts (c¢) through (f) may be more interesting than similar calculations
using diagonal matrices because the off-diagonal elements contribute cross terms. Review chapter
1 techniques to diagonalize the Hamiltonian for part (g) if required. Understanding diagonalization
is the initial step to understanding simultaneous diagonalization, and simultaneous diagonalization
is the foundation underlying the essential concept of a complete set of commuting observables.

Expand the state vector in the energy eigenbasis using |~ (0)> = Z |Ej ><Ej|™(0)>

j
where |Ej > are the normalized eigenvectors of the Hamiltonian matrix for part (e). The only

(

time dependence is that of the energy eigenvectors |Ej (t) > = exp(—iE;jt=h)|E; (0) >; per
previous problems. The probabilities for part (f) are identical to those from part (c). Transform
H using UHU T for part (g). Form U from the eigenvectors of H as done in part 2 of chapter 1.
Transform the state vector T |~ (0)> to establish it in the same basis as U H U T of course,
probabilities for part (h) are identical to those found in parts (c¢) and (f). You should find that
calculations done in the basis in which the Hamiltonian is diagonal to be shorter and easier than
the non-diagonal basis.

o[ D) )

therefore, H is Hermitian. Postulate 2 says that this is important to quantum mechanics.
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(b) To attain the eigenvalues, det <1 ; f 1 Eﬁ> =((1-fi)2=9) =0

= 1-2fi+fi*-9=0 = fi?-2fi—-8=0 = (fi—4)(fi+2)=0;

= fi=-2; 4, are the eigenvalues of the Hamiltonian operator. For fi= —2,

L3y (fay_ _,(2a ., a + 3b = -2a N b=-a
31 b) b 3a + b = -—2b a=-b
1

- 1res(d) = e ()

is the normalized eigenvector. The eigenvector corresponding to the eigenvalue 4 is
L3y fay_,(a L a + 3b = 4a N b=a
3 1 b) b 3a + b = 4b a=>b

1
= |4>=A (1) = |[4>=— <1> is the normalized eigenvector:
1 /2 \1

(c) We can now address the t =0 probabilities which are

P(4):‘%(1; 1)\/%_3@)2:‘%(%3) 2:‘%6 2:3—2.

The probabilities sum to 1, as they must.

(d) The expectation value is

~ ~ 1 . 1 3 1 2 1 ) 249
<i> =< O 0> == @3 (5 ) = (5) -5 (51

1 11 1 49
= — (2 =—(22427) = — ~ 3:77:
13( 3)(9> 13( +27) Tk
1 25 2 100 98 49
H ZI: (Ei) B 26( )+26 % 26 26 13

The value of using a second procedure is that it is a check for all previous calculations.

(e) The expansion of the t =0 state vector in the energy basis is

7 (0)> =) |Ei><Ei|"(0)>

-7 (4) 7 () () e 7 ()

(e (ot ()

(

- — 1 ]‘ i2t=h 5 1 —iat=h __ 1 _ei2t=h +5e—i4t=h
= | (t)> ——2 = <1>e —l——2 =\ 1 e ——2\/§ ei2t=h+5e—i4t=ﬁ

1
1

)

)



(f) The complex components are conjugated to form time-dependent bras so the probabilities are

2

I Ciowen 1 _gi2t=h | g5 g—idt=h
P(-2)= ) (1 —1)e™™ i3 ( gi2t=h | 5 o—idt=h
2
1 : foay - S . N . Lo
_ _ a(—i2t+i2t)=h (—i2t—idt)=h _ ,(—i2t4i2t)=h (—i2t—idt)=h
= e +5e e e )
2/ 26 (
2 2
— ; (_1 4 5%—i6t=h_ 1— 5%—i6t=h> — )_L — i
226 v 26 26
1 . en 1 _gi2t=h | 5 g—idt=h 2
P(4) = NG) (1 1)¢€ i3 < gi2t=h | = o iat=h
2
1 . cory . ey . cory . ey
_ (i4t+i2t)=h (i4t—i4t)=h (i14t+i2t)=h (14t—i4t)=h
=|——=|-—¢ +5e + e +5e )
21/ 26 (
2 2
1 6t=h 6t=h 5 25
_ —gloeny 5 pglothy 5 ) = | 2| = 22
24/ 26 ( ?A v 26 26

(g) Placing the eigenvector corresponding to the smaller eigenvector on the left and the eigenvector
corresponding to larger eigenvalue on the right yields the unitary transformation matrix,

(3 - ()

fpe L (1 =1 (1 3y L1 1y _1
= Wnu="={1 1)\s 1) 71 1)72
L f-2-2 4-4\ (-2 0).
2\ —-2+42 4+4) \ 0 4)°
A consistent unitary transformation for the this is found using
<i|H|i>=<i|Z|H|T|i> = <i\u<L{T\H\L{> (L{T\i>);
so since we transform operators as U tTHu , the kets transform as o t |i> : The state vector is
~ 1 — 1 1 — 1 _
o 1) e (8) - () - (2):
v2 A\l 1 13 \3 26 \2+3 26 \ O
The eigenvectors are easily found by inspection but notice that they also transform correctly,

-5 (0 D5 )0 -56)-()
(%0400 -0)
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(h) The t =0 expansion is

:\/% é)(—1+0)+\/i2_6((1))(0+5)——%6<(1)>+\/L2_6<(1)>,
G ——%6<(1))6'2t:h+i26<(1))ei4t:h—%6<5§I—2|t;:h>

P (-2)=|(1: 0) = (5o uen

2

1 _ei2t:h 1 . 2 1 Lo i 25
P(4)= (0 1 s _ (5e |4t—h> _ (5 e+|4t—h) (5e |4t—h) _ 2.
@) ‘( ) % ( 5eith V26 2 2
(i) According to postulate 5, if you measure an energy of E = —2, the t = 0 state vector becomes

0m= (1) - e ()

in the basis in which H is diagonal. The state vector is

|7 (0)> :% <_11> = |7 (t)> :\/L? <_11>ei2t:h:

in the original non-diagonal basis. Using operators, bras, and kets consistent with the appropriate
basis, identical results necessarily follow. For instance,

2

P (-2) = | (1 0) e ([)e |~ (1)~ 1;

P(4)=|(0; 1)eM=n <(1)> g2t=h 2

= | (0+0)ei6t2"‘}2:0;

2 2
P (_2) — \/L? (1’ _1) e—l2t=h \/Lj <:;-> el2t=h — ‘ % (1 4 1) eO — 1,
1 iat=h _L ie=n | _ |1 ien | _ ().

21. A system is described by a Hamiltonian H and by a second observable A where

2 1 1 1 0 1 1 1
H=|1 0 -1 and A=[0 0 O for which |7 (0)>=— |1
1 -1 2 1 01 V3 1

(a) Show that H and A commute, i.e., show that [H; A] =0.
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(b) If the energy is measured, what results can be obtained and with what probabilities will
these results be obtained? If A is measured, what results can be obtained and with what
probabilities will these results be obtained?

(c) Calculate the expectation values of the Hamiltonian < H > and the Lambda operator < A >
using the initial state vector. Then show that your expectation values agree with your part
(b) probabilities and eigenvalues by using the general expression <Q>=73%";P (I;)1;.

(d) Calculate the time dependent state vector |~ (t)> in the energy eigenbasis.

(e) Transform to the basis that simultaneously diagonalizes H and A. Calculate the new form
of the initial state vector |~ (0)> in this diagonal basis.

(f) Repeat parts (b) and (c) in the diagonal basis. Which basis do you prefer? Why?

(g) Calculate the time evolution of the state vector in the diagonal basis. Calculate the possibilities
and probabilities of measuring the energy, E;j, and the “lambda-ness,” ,j, at time t.

(h) Describe the state vector immediately after each measurement and the result of each mea-
surement if you do a gedanken experiment by alternating H and A measurements starting
with an H measurement, i.e., you measure H; A; H; A; H,.::, for the three possible cases:

1) You find 2 when you first measure H .
2) You find 3 when you first measure H .
3) You find —1 when you first measure H .

(i) Explain how the two-measurement process removes the degeneracy in A .

This problem features two Hermitian operators that commute. Operators that commute have a
common set of eigenvectors. The eigenvectors of Hermitian operators are orthogonal so can be
made orthonormal. A is degenerate so that a measurement of the eigenvalue 0 does not uniquely
determine the state vector of the system. Since A commutes with H, together they form a
complete set of commuting observables for the system. Part (i) should reinforce that the meaning
of a complete set of commuting observables is that the state vector of the system can be uniquely
determined by making two measurements in the instance that one of the operators is degenerate.

This problem unifies significant amounts of the mathematics of chapter 1 and quantitative
interpretations of the postulates. The results of problem 38 of part 2 of chapter 1 are easily
adapted to some of the questions for this problem because it uses the same two operators. Work
to understand the concept of a complete set of commuting observables in the light of two, small-
dimensional operators, one of which is degenerate. A complete set of commuting observables
is often necessary to describe realistic systems in infinite-dimensional or continuous space—the
concept is the same encountered here.

Operators that commute have a common eigenbasis. It is essentially impossible to find a com-
mon eigenbasis by solving the eigenvalue/eigenvector problem for a degenerate operator. Solve the
eigenvalue/eigenvector problem for the non-degenerate operator H to find the common eigenbasis

1 (1 1 [

-2 |; |E=2>=— 11; |[E=3>=

1
E=—1>= —
| e\ A V3

and

— o
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1

1 1

1
—— :O>:— E——

76 A 7z

Parts (b) and (c) are straightforward calculations using postulates 3, 4, and appropriate expressions
for expectation values. Part (d) asks for the energy eigenbasis so expand the state vector in the
eigenvectors of the Hamiltonian. You should find that the unitary operator for part (e) is

|,1:0>: —2 ;

—1

\,:2>:
1

1=/6 1=/3 1=y2 -1.0 0 000
U= -22v6 1=v3 0 = UlHu= 0 2 0]; and ufAu=[0 0 0
—1=v6 —1=v3 1=v2 0 0 3 0 0 2
(a) The operators A and H commute, because
101\ /2 1 1 2 1 1 10 1
[A; H]=AH-HA=|0 0 0|1 0 —-1]—-f(1 0 —-1)J|0 0 O
1 o1/ \1 -1 2 1 -1 2 10 1
303 30 3
=(oo0oo0o]-{0 0 0]=0:
303 30 3
(b) Calculate the eigenvalues of H,
2—fl 1 1
det (H — f|I) = det 1 —fl -1
1 -1 2l

(2—f)2(—fl) + (1) +(=1) = (2—fl) = (2 —fl) — (=fl) =0

= (A—4f4+02)(—f)—1-1—24+f—2+f+fl=0
= A3 442 -fl—-6=0 = f*-4fi>+fl+6=0
= fl-3)(fl—2)(fl+1)=0 = fl=3; 2; —1 are the eigenvalues of H:

To find the eigenvector associated with the eigenvalue fl = 3,

2 1 1 a a 2a+b+c = 3a —-a+b+c = 0
fl=3 = 1 0 -1 b|=3[Dhb = a—c = 3 = a—3b—-c = 0
1 -1 2 c c a—-b+2c = 3c a—-bh—-c = 0
Add the top and middle equations to attain b=0 = ¢ = a. Following our convention, let
a=1 = c¢=1 then normalize,
1 2 2 1 1
Lo HA*AlO0 | =|A1+0+1)=|A|"(2)=1 = A=— = |3>=—10
( ) 1 Al Al 7 73\
2 1 1 a a 2a+b+c = 2a b = —c
fl=2 = 1 0 -1 b|=21[b = a—c = 2 = a = b
1 -1 2 C c a—b+2c = 2 a = b
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using the top equation to attain the middle equation. Let a=1 = b=1 and ¢=-1 and

1 1
1 1
(L1 —1)AA| 1| =|AP(1+141) = |APB) =1 = A=— = [2>=——
2 1 1 a a 2a+b+c = —a 3a+b+c = 0
fl=—1 = 1 0 -1 b]l]=-1(b = a—c = -b= a+b-c 0
1 -1 2 c C a—-b+2c = —¢ a-b+3 = 0
where adding the middle and bottom equations yields a = —¢ = b = —2a. Choose
a=1 = c¢=-1 and b= —2 then normalize,
1 2 2 1 1 L
1, =2, —))A*A | -2 | = |A|(1+44+1) = |A]7(6)=1 = A= —= = |-1>=—| -2
(2 Al 2] <A A — 7l

Applying similar procedures to the operator A,

1-, O 1
det (A— ,I) = det 0 -
1 o 1—,
= (1-2,+.%)(
2

)—,=0 = ,-2,2+,5—,=0
= ,(,—2)=0 = ,=0;0; 2 are the eigenvalues of A: For , =2;

1 01 a a a+c = 2a a = ¢ 1 (1
0 0 0 bl]=2[hb = 0 =20 = b =0 = |,=2>=—10];
1 01 c c a+c = 2 a = ¢ V2 1

in a normalization procedure identical to that of |E = 3> : The other two eigenvalues are , = 0.
We now desire two eigenvectors that are orthonormal to |, = 2> and each other. We know that
eigenvectors exist that meet these conditions because A is Hermitian. There is, however, only one
eigenvector equation,

=0 = [ooo|[b]l=0lb] = 0 =90 = b= o0
1 0 1 c C a+c = 0 = —C

The middle component is arbitrary—it can be anything. You know that A and H share a common
eigenbasis because they commute, so choose

1 1

1 1
,=0>=— -2 and |,=0>=—1 1
| 5\ | T\

These choices satisfy the requirement of the eigenvector equation, the top component is opposite the
bottom component, and these choices are orthogonal and normalized, or are already orthonormal.
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The possibilities of a measurement are the eigenvalues per postulate 3. The probabilities of
i 1|7 (0)> per postulate 4. If the energy is measured, the possible
results are the eigenvalues of the Hamiltonian, —1; 2; or 3: The corresponding probabilities are

2

2

(N ! 2 2 4 2
= i a1 =g a-e-n] < |l -5 -F
2 2
P(2) = %(1; 1 13() é1+1—1) :’% :%,
1 2
P(3)= jg(l 0; 1)¢1§ : —'%(HOH) gzgz

The possible results of a measurement of A are its eigenvalues, 0; 0; or 2. In calculations that
are identical to those for P (E;j), the probabilities are |<,;|”™ (0)> |2,

Pi=0)=2: Pa=0)=gi = P(=0)=5; and P(,=2)=":

1 LA U T A N 4\ 6
<H>=—3(1; 1; 1) 1 —? —; 7 i §(1 1; 1) (2) =5 (@+0+2) =5 =2;
1 1o 1\ , (1 ) 2 )
<A>:\/—§(1; 1; 1) (1) 8 (1) NG i 5(1 1; 1) (2) :5(2+0+2):—

The sums of the products of the probabilities and the corresponding eigenvalues are

<H>:ZP(Ei)Ei:g(—1)+1(2)+§(3): 242418 .

2
and <A>:ZP(,i>,i:§

(d) Expanding the initial state in terms of the eigenvectors of H,

1 1
1 1 1
T3> =D iE<jT(0)>=— |2 | —= (1 -2 -1)— [ 1
|~ (0) jIJ J17(0) Vo \ ] \/g( )\/g 1)
T i i(l- L —1)i 1 T (1) i(l-o- 1)i }
V3l v v3 )] vz i) v2rl T VB
1 1 1
1 1 1
=—|2|(2)+—=| 1| ()+——=|0](2
6v3 \ _ =2) 33\ () 2V/3 1)()
1 (! 1 (1 1 (1
=- +—= +—=10];
33\ 1] 3vV3\_4 3\



and then multiplying by the appropriate time-dependent phase factors,

TO> =) [i><j[7(0)>e S
i

-1

1
1 eHitn | R
3v3 \ 4 3v3
_git=h | g—i2t=h | g3 g—i3t=n
_ 1 9eit=h | g—i2t=
3V3 git=h _ g—i2t=h | 3o-i3t=h

in its most compact form. The probabilities at t > 0 are the same as at t =0 but we do not ask
as this question is not asked here because the algebra with the cross terms can be numbing. We
hope the point was made in the previous two dimensional problem. A more efficient approach is

transforming to a diagonal basis.

(e) Per part (a), [A; H] =[H; A] =0.

of H by placing them from left to right in order of ascending eigenvalue is

The unitary matrix & formed from the eigenvectors

1=v/6  1=/3 1=V/2 1=v/6 —-2=6 —1=6
U=\ -22v6 1=v3 0 = ut=|1=v/3 1=v/3 —1=v3
—1=v6 —1=v/3 1=V2 1=v2 0 1=v/2
The diagonal operators are
1=vV6 —2=v6 —1=V6 2 1 1 1=v/6  1=v/3 1=V/2
UHu=11=v3 1=v3 —1=v3 |1 0 —1]|-22v6 1=v3 0
1=V/2 0 1=/2 1 -1 2 —1=v6 —1=v/3 1=v2
1=v/6 —2=y6 —1=V6 —1=v6  2=v3 3=v2 -1 0 0
=11=v3 1=v/3 —-1=V3 2=v6  2=V3 0 = 0 2 0
1=V2 0 1=V2 1=v/6 —2=v3 3=v2 0 0 3
1=v6 —-2=v6 —1=V6 1 0 1 1=v/6  1=V/3 1=V/2
ulau={1=v3 1=v3 —1=v3 |0 0 0| | —2=v6 1=v3 0
1=v2 0 1=v2 1 0 1 —1=v6 —1=v/3 1=v2
1=v/6 —-2=v/6 —1=V6 0 0 2=V2 00 0
=|1=v/3 1=v/3 -1=V3 00 0 =10 0 0
1=vV2 0 1=v2 0 0 2=vV2 00 2
If we transform the operators (L{T|H|L{), we must transform kets (UT\A>>, S0
1=v/6 —2=v/6 —1=v6 1 1
ut 1~)> = 1=v/3 1=v3 -1=v3 | = [ 1
1=v2 0 1=v2 ) V3 \1
, [(1=2-1)=V6 | (226 1 -2
=—|(1+1-1)=3 |=—|[ 1=vV3 | =—| V2
S\ (14+041)=v2 3\ 2=v2 18\ 2v3



(f) The eigenvalues are on the main diagonals so are trivial to attain for both operators. The
eigenvectors are also found by inspection. The probabilities of measuring the eigenvalues of H are
2

P(—1)= | (1 0 0) L ?/25 2 P 4 2

R v R WY I kv B e S

A I - A 1

P(2)=|(0; 1,0)\/—1_8 2{/_% = As| "9
92\ |? 2

s 1 V3 12 2

2 1 2
Identical calculations for A yield P(,1:0):§; P(,2:0):§; and P(2):§: In
agreement with previous results, expectation values are
1 -1 0 O 1 -2
<H>=(-2V2;2V3)—| 0 2 0| = | v2
VI8 \ g 0 3) VI8 \ 23
1 2 1 36
:1—8(—2;\/5;2\/§) 22 :1—8(74+4+36):1—8:2;
6v/3
1 0 00 1 -2
<A>=(-2vV2;2vV3)—= [0 0 0| = | V2
VI8 \g 0 2/ VI8 \ 23
0
1 1 24 4
=g (-2 v2;2v3) | 0 =5 (0+0+24) =0 =2
43

The calculations are much simpler in the diagonal basis. The eigenvalue/eigenvector problem for
A is made unnecessary by the process of diagonalization. The absence of cross terms is a significant
algebraic advantage. Finally, a basis of unit vectors offer conceptual advantages over a basis of
eigenvectors having multiple non-zero components. (Do the probability calculations for t > 0
using |~ (0)> from part (d) if you are in need of further argument).

(g) The time dependence of the state vector in the diagonal basis is

"> =) [i><i|T(0)>e "HE
j

1 ) -2\ 0 ) —2 _
=10 (50,0)— | v2 |e™+[1](0;1;0)—| V2 |e ="
0 VI8 \ 2v3 0 VI8 \ 2v3
0 . —2 _
+10](001)—~ [ v2 |e N
1 VIB \ 2y3
1 0 0 —2elt=h
_ 2 0 | eit= + V2 1| e-izt=h o 2v3 0 | e-t=h — 1 V2 e-i2t=h
Vv 18 0 Vv 18 0 v 18 1 V18 2\/§e—i3t=h
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Probability calculations are duplicative,

1
P(E=-1)=P(,1=0)=|(1; 0; 0) <_L18> 8 git=h

_4 (e—it=h> (e+it=h> _ 2,
18 9’

e+i2t=h> (e—i2t=h> _ 1.
9 )

0
P(E=3)=P(,=2)=|(0; 0; 1) 0) e 3th

12

18

() ) -

1
9

2
2\/§ —i3t=h
V4 18

These are identical to the t = 0 probabilities, as expected.

0
(h) If H is measured and E = 2 is obtained, the state vector is |~ (t > 0)> = | 1 in
0
the diagonal basis, per postulate 5. A measurement of A can yield only , = 0 because the
corresponding eigenvector is identical to the state vector and no other eigenvector has a second
component that is non-zero. In other words, P (, = 0) = 1; per postulate 4. Subsequent alternate
measurements of H and A can yield only E = 2 and , = 0. If H is measured and E = 3
0
is obtained, the state vector is |~ (t > 0)> = | 0 | in the diagonal basis. A measurement
1
of A can yield only , = 2 per postulate 4. Subsequent alternate measurements of H and A
can yield only E =3 and , = 2. If H is measured and E = —1 is obtained, the state vector

1

is |7(t=>0)>= 10| in the diagonal basis. A measurement of A can yield only , = 0.
0

Subsequent measurements of H and A can yield only E = -1 and , =0.

(i) If we measure A at t =0 and find , = 0, then the state vector is one of the two eigenvectors of
A corresponding to , = 0. We do not know which. Postulates 1 and 4 indicate the best possible
interpretation is that |~/ (t>0)> is in the linear combination of the two , =0 eigenvectors

1 0
|7 (t>0)>=c [ 0] +ca| 1
0 0
Therefore, E = —1 or E = 2 are possible for a subsequent measurement of 7 . If a measurement
1
of H yields E = —1, then the state vector is |~”(t>0)> = | 0 | : If a measurement of
0

36



0
H yields E = 2, then the state vector is |~”(t > 0)> = [ 1 | : Measurement of both A
0

and H determines the state vector uniquely. In other words, the degeneracy in A is removed by
measuring both A and H.

Postscript: Notice in part (g) that the square of the expansion coefficients are the probabilities.
This is true in all orthonormal bases. Thus the expansion coefficients are also known as the
probability amplitudes. The probabilities are more generally |c;j |2 = Cj Cj because the expansion
coefficients are generally complex numbers.

Again, part (i) should reinforce that the meaning of a complete set of commuting observables
is that the state vector of the system can be uniquely determined by making two measurements in
the instance that one of the operators is degenerate. The concept of a complete set of commuting
observables is employed in many realistic systems. It is much more difficult to comprehend when
employed to describe a realistic system using a basis that is infinite-dimensional, instead of three-
dimensional, composed of special functions, instead of unit vectors: : : ensure that you understand
the idea addressed in part (i).
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