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1 Problem #1: Anharmonic Oscillator.

Consider the anharmonic oscillator in one dimension with the Hamiltonian

A 1
2pm + 2mw0x + Azt (1)

1.1 Zero Point Energy Shift.

Calculate the change in the zero point energy resulting from the anharmonic term in the Hamilto-
nian to leading order in .

Given the perturbation V' = A#%, the shift in the zero-point energy (ground state) is
§Ey = X (n]&*|0) , (2)

which in the coordinate representation is

_ Mo > 4 mw0r2/2h c m
Eo ,/WHA/_OOx \[ WE (3)

with ¢ = mwg/h. Note we will be using primes to denote perturbed quantities. This yields the

result

3AR? 1 3A\R?
§Ey= 2l = Bl = —hwo 4+ s
0 4mPw? 07 ™0 + 4m2w?

(4)

For this potential to be solved using perturbation theory, the energy imparted by the perturbation
must be negligible compared to the energy of the state. In this case, for the ground state,

2 wim?
N 20
<<3 h

(5)
for the potential to be considered a perturbation.

1.2 R.M.S. Vibrational Amplitude.

Calculate the change in the r.m.s. vibrational amplitude, i.e., Azyps = <O]:U2|O>1/2, also to leading
order in A.

To determine the new r.m.s. vibrational amplitude of the ground state, we first must determine
the new ground-state wave functions ¢. In the energy basis, the perturbed ground state is

n| Azt 23 (n|(at + a)*
= |0) +Z E(‘))\_ |0) =|0) — h::o (27:;1()) Z< ( :; )*10) n) . (6)

n=1

O\

We can expand the operator, yielding

(n|(a’ +a)*|0) = (n|(a")*0) + (nlata(a’)?|0) + (nla(a’)?|0) + (nla®(a")?|0)
+ (n|(ah)%aa’|0) + (n|ata?a’|o) + (n|aataa’|0) + (nla®at|o)
+ (n|(a")3a|0) + (n]ataa’alo) + (n|a(a)?al0) + (n]a%a’a|o)
+ (nl(a")*a*|0) + (nla’a®|0) + (naa’a?|0) + (nja*|o)
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which reduces significantly if we note some important facts. First, any inner product where the
right-most operator is the annihilation operator, will destroy the ground state, and each of those
inner products is zero: Aa |0) = 0, where Ais any product of creation and annihilation operators.
Additionally, any remaining inner products are zero if there are the same number of creation and
annihilation operators, because the final state will again be the ground state. Since the sum never
has n = 0, the inner product (n|0) = 0. This leaves us with four surviving terms (1,2,3,5 in the
above expression):

(n|(a" + a)*|0) = (n|(a")*|0) + (nla'a(a")?|0) + (nla(a")*|0) + (n|(at)*aa'|0) (7)
= 2v6 (n|4) + 2v2 (n]2) 4+ 3v2 (n]2) + V2 (n|2) , (8)

so each inner product is nonzero for only one value of n. Therefore, the perturbed ground state
has a wave function given by

10) = 10)

YJ [6\26 2+ zf

|4>] =10) —[2) - B4) , (9)

- 2,,3
dmAwy
where v and 3 are the respective constants.

We may now find the vibrational amplitude in a similar fashion:

; 1/2 h ) . it . 1/2
Aty = (0710) = \[ 5o [(O1@T10) + (0ad|0) + (@]aTalo’) + (01| . (10)

Let us carry out the indicated operations on |0):
(@h?10) — a(ah)?(2) - p(a")* |4)
+aal|0) — aaal [2) — Baal |4)
+ata|0) — aata|2) — gata|4)
+a’|0) — aa®[2) — Ba’ |4)
we can discard any terms that result in states that are not |0), [2), |4) because we will be taking

the inner product with |0). Additionally terms where a acts first on |0) are zero. This leaves the
result

(Azy,)? = ( O> (0] {\@!% —aV12|4) +0) — a(3) [2) - B(5) 4)

Ca(2)[2) — B4) [4) - av3|0) — pVI2 |2>] ,

collecting terms we have

h

2mwy

[(0] = a2 = B [(1 - V20)[0) + (V2 — 50— 2v38) 2) - 2VBa+98) |0)] . (11)

Finally, we get the value of the perturbed r.m.s. vibrational amplitude of the ground state:
; h
Adl = V(1= v20) — a(V2 — 5a — 2v/38) + B(2v/3a + 95) (12)
2muwy
h
= /=21 - 2V30 + 5a2 + 4V3ap + 987 . (13)
2mwy
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which after plugging in for o and /3 gives the result

1 h
Azl = 3 \/ < (279X212 + 32m*w§ — 96Am2wih) | (14)
which to leading order in A, is
Azl o~ _h (m2wd — 3XR) . (15)
rms ngwé 0

Dimensionally, the right hand side has units of inverse length, which does not match the right hand
side.

1.3 Energy Level Spacing.

Calculate the energy level spacing between the ground-state (n = 0) and first excited state (n = 1)
and compare with the level spacing between the n = 1 and n = 2 levels, again to leading order in
A

Let us calculate the shifts for the first and second excited states. We will follow similar logic for
calculating matrix elements (and discarding when appropriate) as in the previous section:

2

5By = A (n|#tn) = A <%’ZO> (@t +a)n) | (16)
let us begin by noting that only terms with two of each operator will survive. If the number of
times the state is raised is not equal to the number of times it is lowered, the resultant state will
be orthogonal to the original state, and the inner product is zero. Additionally, for the first excited
state, if the operator has two annihilation operators on the right hand side, the state is killed:
Aa? |1) = 0. Selecting the correct terms from the expression at the end of page two yields the
result

5By =\ 6ol = B (17)
t= 2muwy 4 m2w?
hoy’ 39 Ah2
0Fy = A 246+1246+4+9)4d) = ——— . 18
o= () ror12e0 ka0 ) = (18)
We can now see the energies of the three lowest states of the one-dimensional anharmonic oscillator:
1 3 AR?
E) = —hwy + -~ —5— 19
07 g0 + 4 m2w? (19)
3 15 An?
El = Zhwy + — —— 2
17 o™ + 4 m2w? (20)
5 39 AR?
El = — —— 21
2 27:1'4"-)0 + A m2w(2) ) ( )
and the energy spacing is
A2
AlO = hwo + 3? (22)
maw;
Ah?
A9 = hwy +6—— . 23
21 0+ g (23)
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It is interesting to carry out the calculation done at the end of section 1.1, to see how large the
parameter A can be to be considered a perturbation. For the n = 2 state, this is

9 3,,2
A< 5“07? , (24)
and for the n = 2 this is 5 o
10
A< @wogn (25)

Clearly the coefficients are monotonically decreasing, so at higher and higher energy levels, the
parameter A\ must get increasingly small for it to be a perturbation. For a fixed, albeit small value
of A, the perturbation expansion will always break down at a large enough energy level. This
makes sense, because higher energy states have access to a larger range of z, so at large values of
x, regardless of how small A is, the quartic term dwarfs the quadratic term.
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2 Problem #2: Potential from Classical Proton Radius.

Assume the proton is a sphere of uniform charge density with radius, R = 1 fm (1fm = 1073 cm).
Show that the electrostatic potential energy of the electron in the Coulomb field of the proton is

2
3-4%] r<r

_é
v=: £ (26)
{—ef r>R
Calculate the shift in the ground state energy of Hydrogen that results from “smearing” the proton

charge uniformly over the radius of the proton. Is this shift significant compared to the leading
relativistic corrections of order a*mec??

It is easy to see that outside the proton, the electrostatic potential is that of a point charge. We can
determine the potential inside the proton using Gauss’ law. The proton has charge e distributed
evenly throughout its classical volume, so the charge enclosed by a sphere of radius r < R is
Qenc = er3/R3. Gauss’s law then says:

/ E-dA = 990 o gre(Br?) o (27)
. = - TE =e—
g €0 0 R3 ’

therefore in Gaussian units, the electric field is then E = er/R? inside the proton’s classical radius.
The line integral of the electric field gives the potential difference at two locations. Compare the
potential at the surface to a point inside:

r R
gb(r)—qﬁR:—/RE-dE:;g/ rdr:Q—;(RLﬁ). (28)

The potential at the surface is simply Q/R, so we see

e |1 r?
=—|=|1-= 1 2
o =55 (1-7) 1] (29)
and the potential energy is simply the charge of the electron times the electrostatic potential:
2 2
Vir<R)=—— (3 . T) . (30)
We can now write the Hamiltonian for the electron in the region inside the classical radius of the
proton as
2 2 2
- D e T
H=_—-—(3-— 1
2m 2R (3 R2> ’ (1)

but for it to be in the form of which perturbation theory applies: H = p?/(2m) +V + V', where V
is the coulomb potential, we see the perturbation must be

O Y P P "

where ©(x) is the Heaviside step function. The whole Hamiltonian is

~ 2
TO (T L S _
A== L o7 <3 RZH@(R r) . (33)
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The shift to the ground state energy of the electron in the Hydrogen atom due to this perturbation
is

SEy = 1 (e7/a0| ﬁ - ﬁ 3 ﬁ O(r — R)|e™/0) (34)
mad r 2R R? ’

explicitly writing out the integrals yields

1 R 6—27"/(10 3e2 R e2 R
0By = — |é? v — = “rfaqy 4 — 2= 2r/aqy 35
0 mg[e/o r 21—‘{/06 Toms )y, T B9
with dV = 4rr2dr. The integrals are
R
1 _2R
/ e 2r/a0pqy = 790 <ag —e 0 (ap+ 2R)> (36)
0
L 2 1 g 28 2 2
/ e~ /a0 2qr = —qq (ao —e 0 (2a0R +af + 2R )) (37)
0 4
i —2r/ag, 4 3aj 1 _onm 2 2 3 4
; e r dr:T—Zaoe ag (ao (3@0 (2a0R+a0+2R )+4R )—|—2R ) , (38)
plugging these back in to Equation 35 yields
e? 3 _2R
d0Ey = San B [2R + 3ag (ap + R) (ao —R—e¢ @ (ap+ R))} (39)
e? 3 2 3 T 2
= [2R — 3agR? + 3a3 — 3age” % (ap + R) ] : (40)
0

after inserting the values ag = 5.29e—9 cm and e = 4.8e—10 esu, and the classical radius of the
electron the value of the shift in the ground state energy is

0Ey = 1.19734e—12 ergs = 0.747 €V, (41)
which we can compare to the relativistic correction
0B = a*mec? = 2.32e—15 ergs = 1.45¢—3 eV, (42)

and see the correction due to smearing the charge along the “surface” of the proton is much larger
than the relativistic correction. I believe this is due to MATHEMATICA having difficulties with such
small numbers. Consider an aprroximation to this expression, below.

The integrals could have been approximated: for r < R, R < ag, so e /% ~ 1, so Equation 35
becomes

4e? R 3 1 4e? [ R? 2e2R2
SEy ~ — — 2y — === )=2 = 3.89¢—9 eV 43
°=E ) [r °R" +23374] T (10) 5 ad e=9eV, (43

which is a few orders of magnitude off from the exact answer, but still small compared to the
relativistic correction. This makes more sense than the solution given in Equation 41.
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3 Problem #3: Hydrogen Atoms in Electric Field.

Hydrogen atoms, originally in their ground state, are placed in a uniform electric field £ = &z. De-
rive an expression for the induced electric dipole moment, (P) = (y|(—er)|1g), of the ground state
of hydrogen that is valid to leading order in the electric field. Specify precisely which matrix el-
ements contribute to the dipole moment. Construct upper and lower bounds for the dipole moment.

To begin, we must calculate the shift of the ground state wave function due to this perturbation,
which involves calculating the matrix elements

Viem = (ndmle&2|100) (44)
which in the coordinate representation is
00 T 2w
Vintm = €6 / / / (12 sin Odrd0de) (r cos ) R (r) Ruo (M) Y (0, &)Y (0, 6) . (45)
o Jo Jo

where

Ro(r) = \/ <2)3 (L2 DL fnag < o > L2 (2r fnag) (46)

nag ) 2n[(n+0)!]3 nag

with the generalized Laguerre polynomials denoted by L. We can exploit the orthogonality of the
spherical harmonics by noting that Yy cos§ = Y/ V/3, which makes the integral

(&%) T 27
Voo = e (r3dr)RE ,(r)Rio(r) / Y2(6, )Y, ™ (0, ¢) sin 0dOd¢ (47)
\/> 0 0 0
_ f/@;auaom /0 (5 dr) Ry (r) Rio (1) | (48)

we note this yields the selection rules A¢ = £1 and Amy = 0. So the perturbed ground state wave
function, to first order, is

1 1
0) = [0) +Z (n O]eé"z\ OO>’ 10) | (49)

where E,, = E;/n? where E; is the Rydberg constant. The induced dipole moment is given by
(P) = (0'|(—er)|0") = —e (0'|r cos ¢ sin Bi + 7 sin ¢ sin j + 7 cos Ok|0') | (50)

where |0') is the ground state |100). The ground state will only have contributions to the pertur-
bation from orthogonal states with £ = 1 and m = 0, and thus have no azimuthal dependence, so
the expectation value of r is

(n10|r cos ¢ sin i + r sin ¢ sin 6j + r cos Ok|n10) = (n10|r cos #|n10) k , (51)

because the azimuthal functions were integrated over a full period ¢ = [0, 27], so they are zero. This
also shows that because the ground state has no polar dependence either, the z integral is zero as
well and (0|r cos #]0), where |0) is the unperturbed ground state. We can now expand Equation 50,

(P) >, (100|e& 2|n10) >, (n10]e& 2| 100)
— = T (nl 1 1 2
<oor+nzzj1 B g (ol 12 |00>+nZ:j1 g "0 (52)
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which results in four terms, the last of which is the inner product of two infinite sums. This term
will be ignored because it is second order in the electric field, which is assumed to be small for the
perturbation expansion to be valid. The expression above is then

(n10le&z|100)

>, (100]|e& z|n10) R
<nl()\z\1oo>+nz::1 BB, (100|z|n10) , (53)

(P) _
— = (100]e€'z|100) +n; .

so the induced dipole moment is

1 10|z|1
(P) — 2% Z nfmg]z\ 00) 252] n O]z\ 00 \ ’ (54)

(némy)’

note the primed sum indicates it excludes |nfm,) = [100). We can identify as twice the quotient of
the second order correction to the ground state energy E7 and the electric field. From here, we can
follow the method used by Shankar! to put upper and lower bounds on the value of the induced
dipole moment. We know for any n’ > 2 the energy of the n/th state is always smaller in magnitude
than the second state:

En’ = (fﬁ (n’)2 ’

which is true if n > 2 as we claimed. This allows us to say that

Ey=1% 11
{2 2 E2>En/:>1>

2028 &
[(P)| < Epa Z! (nfmg|2100) > , (55)
the sum can be written as
> [{nlme[100) P = —| (100|2[100) |* + Y ° (100|z[nlmg) (nfmy|z[100) (56)
(nmy)’ nlmy

after pulling out the first term in the sum, which we have already shown is zero. Additionally we
can see the completeness relation in the remaining term, which is simply the identity:

> [(ndme]100) > = (100]2%[100) = af , (57)

(ntmy)’
because the expectation value of a squared coordinate is simply the Bohr radius. The upper bound
on the magnitude of the induced dipole moment is then
2026 5, 2e%6 5,  168aq)

P < ang = ag = )
[P < |E1— Eo| * 3(e2/2a0)| ° 3

(58)

where the Rydberg constant £ = €?/2ag in Gaussian units. Clearly, if we take the absolute value
of the terms as done previously, each term adds to the total (and none subtract) so the total must
be greater than keeping only the first term in the sum. The right-most expression of Equation 54
yields

| (210|2]100) |?

P)| > 2¢2¢
[ (P)| > 2e B 5,

16
= - ao| (210]2[100) 2, (59)

'Principles of Quantum Mechanics, 2™¢ ed. pg 460.
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the matrix element in the coordinate basis is

1 o] I 2 r
210(z|100) = - ’I“Qd?“/ sin9d9/ de(r cos §)e "/ _e=T/200 o5 0 60
01100 = g [ | [ a0t coso)erio (60)
27 <y —3(r/ag) T 2
= rie 2% dr [ sinf(cos 6)“do (61)
V32ra} /0 0
2 2842\ /2
=l s )3 (62)
2°/%qay 3 3
920—5 2
| (210]2]100) |2 = 3T0 : (63)
so the lower bound is 15 9 "
16 22q, 2
()] > a0 (3) gal. (64)
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