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Quantum Mechanics I Nov. '98.

Practice Problem Handout (T. Hiibsch)

1. Boxed Particle

We will consider perturbing the “particle of mass M in an Lx L square box”. The system
with the ‘unperturbed’ potential

Vi(z,y) = {

0 while0<z,y<L,
oo otherwise,

is exactly known:

© _ 2 . T, o Y
|m,n) "~ = L81n(m7rL)sm(n7rL) (1.1a)
him?

are the exact expressions for the ortho-normalized ‘unperturbed’ wave-functions and ‘un-
perturbed’ energy levels. For the record, we write the ‘unperturbed’ Hamiltonian:

. r: 92 92
0) _ _
H Wi (8:1:2 + 8y2) +Vi(z,y) . (1.2)

The system is degenerate, and in part owing to the x < y symmetry, whence Er(,?,)n =
ET(LOQH although |m, n)(o) # |n,m>(0) unless in fact m = n. In addition, there is accidental
degeneracy between states |m,n>(0) and \q,r)m for which n?+m? = ¢?+r2. Nevertheless,

we shall see that for simple enough perturbations, this degeneracy will pose no problem;
we will be able to avoid the nonsensical vanishing denominators.

1. As the first perturbation, consider H®) = az. The original problem, with the Hamil-

tonian (1.2), is separable in Cartesian coordinates as HO = I;[S)) + I:I?SO), and we find that
the same is true of the perturbed Hamiltonian:

A=, + i1, = [A0 + A0] + 4O . (1.3)

Thus, the perturbed problem will also have wave-functions in the v,,(z) flo)(y), where

7(10)(y> = |n);0) = \/Zsin(nr¥) and only the ¢,,(z) will differ from 7,[17(3)(1') = |m)(xo) =
2 sin(mr).

We will need the matrix-elements of H() are:

(0) (0) (0) (0)
{ ) { )

m,n| HY |m/ 0/ =a (m,n|z|m 0y, (1.4a)
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_ a[“><m\x|m'>;°>} [“”(n\ ]1\n'>“”} , (1.4b)

Y

_ O‘[_Wz(Sme/ <1—(—1)Am>} [6%] C (140)

m2 _m/2)2 2

where the y-integral follows by ortho-normality, and the z-integral is the only one we
needed. It was evaluated as follows (sorry for the hasty incomplete result on the hand-
written note).

L
(O)<m|33 |m’>;0) = %/0 dz sin(mn¥) x sin(m'rF) , (1.5a)
= i_I; OW d¢ sin(mg) ¢ sin(m'e) , (1.5b)
= i—l; Oﬂ d¢ %[COS [(m —m/)¢] — cos [(m + m')¢ﬂ¢ : (1.5¢)
_ £{cos[(m—m’)7r] B 1 _ cos[(m+m/)7] 1 }
w2l (m—m')? (m—m’)? (m+m')? (m+m/)2]"’
Li(-1mm -1 (=1)mtm —q
- ﬁ[ (m—m/)2  (m+m/)? } ’ (1.5¢)
2L (=1)A™ — 17 (m+m')? — (m—m/')?
e o
_2Lp1— (=A™ dmn/
ey 50
mm’ _ (_1\Am
- _7r2(§7,l; — m'2)2 [1 (21) } ' (1.50)
We integrated by parts
™ ¢ ) T 1 ™ ) 1 T
/O de cos(N o) = [Nsm(z\hﬁ)}o - /. désin(No) = M + 3 [cos(z\w)}o . (1.6)

introduced the abbreviation Am % (m—m/), used that cos(N7) = (—1)", and than

also that (—1)m*m" = (—1)m—m'+2m’ — (_1)Am(_1)2m" — (_1)Am  Note the factor

2(1 = (—=1)2™): this equals 1 if Am is odd and vanishes if Am is even. So, in particular,

the matrix element is identically zero if m = m’. Note also that the J,, s factor implies
that n = n/. To summarize,

L /
Salmm n=n' and Am = (m—m') odd ;

(0) (0)

(m,n|z|m/,n') =<  w2(m?—m?)? (1.7)

0 otherwise .

We can now address the physically interesting questions.
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a. Even without any calculation, we know that the degeneracy created by the z < y sym-
metry will be lifted (lost). This is simply because the new Hamiltonian, H=HO 7D
no longer commutes with the P,., symmetry operator. Thus, the energies (expectation
values of the new Hamiltonian) of a state |m,n) and its < y “mirror” state, P, |m,n)
will be different. In fact, if |m,n) is an eigenstate of the new Hamiltonian, P, |m,n)
will not even be an eigenstate! To see this differently, note that the ‘unperturbed’ energy
eigenvalues can be written as E,(T?)n = ‘TET(r?) +yET(LO). With the perturbation depending only
on z, the exact energy eigenvalues will admit a similar separation, E,, , = “E,, + YE,.
Here, however, YF,, = yEflo) while *E,,, # xET(,g) will be shifted by an amount depending on
«, which is an arbitrary parameter. Therefore, for some special values of a we may find
some (new) degeneracy, but all of the degeneracy of the ‘unperturbed’ case will be lost.

b. The first order shift in the energy is equal to the diagonal matrix element of H1)—
which is zero: see Eq. (1.7).

c. The first order correction to the wave-function is

(0 - (0)
(m/,n'| HY [m, n)

CO N _ ;O
‘m7 n) - Z (0) _ (0) m,n > ’ (18@)
(m’,n")#(m,n) Em’,n’ Em’n
3 L1 — (=1)A™)§,,
B 16aM L Z (m2—m'2)2 2 n,n , ,>(0) (1 Sb)
- h271'4 m'2 +n/2 —m2 — n2 ’ ’ ’
(m/,n’)#(m,n)
16aM L3 mm'  1—(=1)2" o
— i Z (7 — )’ 5 |m',n) ", (1.8¢)
m’'#m
16aM L3 m(m + 2k — 1) )
- — Z — —3 [m+2k —1,n) (1.8d)
hom k> (iom)/2 (2k —1)3(2k +2m — 1)

Note that the condition (m’,n') # (m,n) on the summation merely prevents both labels to
be equal, i.e., the sum extends over all wave-functions other than |m, n)(o), whose correction
we are calculating !! We then used that the On.ns factor in the matrix element enforces the
y-labels (n,n’) to be equal, whereupon the z-labels (m,m’) must be different. In the final
line we substituted (m—m’) = Am = 1—2k since Am must be odd for the matrix element
to be non-zero. Now m’ = m + 2k — 1, and since we had that m,m’ > 0, it follows that
m+2k—1>0or k> (1-m)/2, as specified in the last sum.

d. The second order correction to the energy is
() - (0)2
‘ O<m’,n/| H® |m,n>0 ‘

@ __
Biin == > 5O _ o

(m/,n")#(m,n) m’,n’

, (1.9a)

0)

LA correction of |m,n)® proportional to itself would be irrelevant as this would have merely

produced a rescaling of the original wave-function—a multiplicative factor which would in the end
be reset by normalization.
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2 12 2

12802 M L* 3 (BETON <%<1 - (—1)Am)) O (L9%)

== 2 5 2 2 _ 2 _ 2 ) :
h°m (Y () m'< +n ms —n

_ 128a*MIL* m2m’? <1 — (—1)Am)2 (1.90)
- h27TG T (m’2 _ m2)5 2 ’ :
L 1282 M L* Z m2(m + 2k —1)2 (1.94)
B R (2k —1)5(2k +2m — 1)> ° '

k>(1-m)/2

It is not our goal here to evaluate the sums; we merely note that for any given m,n,
the sums converge fairly rapidly (as ~ k=5 for the wave-function, and as ~ k=8 for the
second order shift in the energy) to some well-defined numbers. Instead, note that the
perturbative corrections all feature a factor of A~ 2. This is typical; compare with all other
examples in the text (for the Hydrogen atom, recall that the Bohr radius is proportional
to hz). Furthermore, note that the corrections of n'" order are proportional to a™. This
parameter may be thought of as the coupling or control parameter of the perturbation:
in the limit o — 0, we recover the ‘unperturbed’ results. Indeed, the whole perturbation
series of both the Energy eigenvalues and the wave-functions (and any other observable!)
turns out to be a formal? power series of this .

— 00—

2. As the second perturbation, consider H®) = a(z + y). This time, [Py, ﬁ(l)} =
0, whence the degeneracy stemming from the x < y symmetry will persist. Since the
perturbation is a sum of a purely z-dependent and a purely y-dependent term, we can
account for them separately. Now both IEf,g) and VBV are being shifted equally, by an
amount proportional to a?, to lowest order; see (1.9)—one simply adds terms with the
roles of z, m, m’ and y,n,n’ swapped. a being arbitrary, the accidental degeneracy will be
lifted in general, and only special choices of o will result in some (new) degeneracy.

3. The third perturbation, H®) = a(z — y), does not commute with the symmetry
operator P, so that all degeneracy will be lifted (lost) for general o. The expressions
for the shift in the energy and the change of the wave-function are obtained from those
above, by subtracting terms with the roles of x, m, m’ and y,n,n’ swapped.

PN

Most importantly of all, however, note that the vanishing of the first order perturbative
correction of the energy eigenvalues certainly did not imply no correction at all. The
vanishing of the diagonal matrix elements of H® stems from a symmetry property: the
energy eigenstates in a 1-dimensional box are either symmetric or antisymmetric with
respect to the reflection about the mid-point, x — (L—z). The diagonal matrix elements
involve integration over squares of eigenfunctions which are necessarily symmetric with

2 This series must be regarded as a formal one, as convergence has not been proven in general.
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respect to this reflection. The perturbation being antisymmetric with respect to this
reflection, the integrals vanish, as with (upon shifting the integration variable)

+a
/ dz f(z) =0, if f(=x) =—f(x) . (1.10)

—a

2. Oscillators

Simple perturbations of the linear (and multi-dimensional) harmonic oscillator exhibit
more of the hallmark of this popular paradigm: exact solubility.

Consider perturbing the standard oscillator

- R od? 1
HO = - — — 4 —Muw?s? 2.1
oM dz? T2 2.1)
by adding the perturbation R
HY =z + Bz 4+, (2.2)
where «, 3, are suitable constants. Use the creation/annihilation operator formalism:

gy _ O goia o o h
H 2Mw(a +a'a+ aa —i—a)—f—ﬂ e

ah - h
A - ~2 LSS N
_2Mw(a +2N+1+a)+ﬁ\/2MW(a +a)+7.

The matrix elements are:

S 0 h
“im| HO |ny” = 2?\‘4—w [\/n(n—i—l)ém,nﬂ + (20 + D)opmn + \/m(m—i—l)(Sergm]

(@' +a) +~,
(2.3)

| h
+ ﬁ m [\/E(;m,n—i—l + \/E(sm+1,n:| + 'yém,n 9 (24@)

Thus, the first order shift in the energy eigenvalues are

h
EW = ;4—w(2n+ 1) 4. (2.5)

The first order correction to the wave-functions are

n)" = 75 |V Dn =2 — 42 (n 1) [n+2)”

B Jn S 0) (2:6)
+ 7[ nin—1) —+vn+1|n+1 } .
T [n—1) [n+1)
The second order corrections to the energy eigenvalues are
202 1 (n+2)(n+1)  n(n—1) B*h n+1 n
£ =~ o] R I
" ol 2w T —ohw ) 2wl hw T Thwl BT
a?h B2k
— e g 1} - [ 1] , 2.
4M2w3[ SR Ty (2.70)
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Amusingly, the perturbed linear harmonic oscillator problem

H & + 1MW+ ad® 1 o+ (2.8)
- = - w T ax X .
2M dz? 2 T

can also be solved exactly. We simply shift the coordinate, the frequency and the zero-point
energy:

H=——— 4+ -M&*2*+V, 2.9
oMz g T (29)
where
g B
— Vo = 2.10
: x+Mw2—|—2a ’ o =7 2(Mw? +2a) ’ (2.10a)
&Vj—w—l—Aw—:l:\/w2+2—a Aw——w:t\/wz—l—Q—a (2.100)
= = M = M’ .
and where d% = % since the shifts are constant. However, the Hamiltonian (2.9) obviously

looks the same as (2.1), except that the constant Vj has been added. Thus, the energy
eigenvalues are

E,=ho(n+ i)+ V. (2.11)
In terms of the original parameters in (2.8),
o 32
E,=hw(n+3i)1/1+ + - : 2.12
Wt I 3 T e 2 (2.12)
Of course, this can be expanded
1 o?
E,=h D+ ]
wn+3) |1+ Vo? 3 + o3
RN i 20 |
T oOML? Mw? 17

recovering the first and second order shifts in the energy eigenvalues obtained above and
more. (Try expanding the wave-functions |n) o< H,(¢)e=2¢", where ¢ = NE =D

Obviously, this latter method is not only easier but also produces the exact re-
sult (2.12). Note that this means that the perturbation series in fact converges to the neat
expressions in (2.12). It should be equally obvious that this is about the only type of 1-
dimensional problems so easily solved. (Try perturbing similarly various multi-dimensional
oscillators.) For perturbations involving higher powers of z, it is typically fastest to use
the creation/annihilation operator method used in the first part of this practice problem.

DON’T TAKE MY WORD FOR THESE RESULTS!
CALCULATE YOURSELF!



