Variational Principle: Harmonic
Oscillator

Ground State

1. Trial Wave Functions
1= @[X_, a_] = EXp[—a XAZ]

In[31):= P'Lot[(p[x, 1], {x, -5, 5}, PlotRange - A'L'l.]

out[31]=

Norm

ni7= Integrate[yix, a] - ¢[x, a], {x, -Infinity, Infinity}, Assumptions - a > 0]

out[7]=

=

Normalized Trial Wave Functions
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niel= @IX_, a_] i= EXp[—a x'\z]/Sqrt[
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2. <H>(a)

n[12l= DIg[X, al, {X, 2}]

out[12]=
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nial= HIX_, @] :=-n'\2/(2 m)D[¢, X, 20+1/2 m wh2 xA2 ¢

inf14l= HIX, @IX, all

Out[14]=
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<H>(a)
niel- Integrate[yix, al« HIX, wix, all, {x, -Infinity, Infinity}, Assumptions » a> 0]
out16]=
mw? ah?
+
8a 2m
mw?>  ah?
n[17):= Hl[a_] t= +
8a 2m

3. Minimization

inf19)= Plot[Hl[a] /. M > 1, A-» 1, w > 1}, {a, O, 5}

Out[19]=

n21:= Solve[x”2 == -1, Xx]
out[21]=
{X > -i}, {Xx > i}



in23)= Solve[D[H1[a], a] == O, a]
Out[23]=

muw mw
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Ground State Energy

In[25]:= Hl[w]
2h

Out[25]=
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Ground State
mw
In[26]:= W[X, —]
2hn
Out[26]=

First Excited State (?)

1.
n27k= yIX_y a_] i= X EXp[-a x'\z]
nio= Plot[y[x, 5], {x, -5, 5}, PlotRange » All]

Out[30]=
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Normalized trial wave Functions

ni32l= Integrate[y[x, al - yIX, al, {x, -Infinity, Infinity}, Assumptions - a > 0]

out[32]=
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n33l= yIX_, a_] 1= X Exp[-a x"2]/$qrt[
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2.

In[34]:= Integrate[y[x, al - HIX, yIX, all, {x, -Infinity, Infinity}, Assumptions » a> 0]

Out[34]=
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In[371= H2[a_] =

8a 2m
3.
ini3gl= Solve[D[H2[a], a] == @, a]
Out[38]=
mw muw
o= e 20)

First Excited State Energy

In[39]:= HZ[H]
2h

0out[39]=
Bwh



First Excited State

mw
o= y[x, —]
2h
Out[40]=
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“Arbitrary” State

n411= K[X_, a_] t=1/(X"2+a)
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ni42l= Integrate[k[x, a] - k[X, a], {X, -Infinity, Infinity}, Assumptions - a > 0]

Out[42]=
T

2 a3/2

n43= K[X_, a_] =1/ (X"2+a) / Sqrt[

n471= Plot[k[x, 5], {X, -5, 5}]

Out[47]=
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2.
nieg)- Integrate[kix, al < HX, k[X, all, {x, -Infinity, Infinity}, Assumptions » a > 0]
out[4s]=
1 2
— Ma w2 +
2 4ma
1 ,
Inf49)= H3[a_] ¢= — M a w +
2 4Mma
3.
In[50]:= Solve[D[H3[a], al == 0, a]
out[50)=
A A
{{a - - , {a- }
V2 mw V2 mw
Ground State Energy
h
In[51]:= H3[
'\/E mnw
outls1)=
wh
\2
wh wh . .
Ii56)= | — = — /(w n) i FullSimplify # N
N
outls6]=

0.207107
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Ground State

In[58]:= P'Lot[Eva'Luate@ ], w[x, M]}l mo1,A>1, w- 1}, {x, -5, 5}]
2h

{K[X , 7

mnw
out[58]=

f\

0.6

0.4

0.2

rﬁ—T—T—T/f/i‘ N ‘i\f\j§f~7—ff
_4 -2 2 4

Observables

<XA)>

m w m w mw
nieo)= Integrate[y[x, —|x*2 y¢[x, —], {x, -Infinity, Infinity}, Assumptions > — > @]
2h 2h h

out[60]=
h
2mw
h
nie2)= Integrate[k[x, ]x22 «[x, B
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{x, -Infinity, Infinity}, Assumptions 5 ——— >0
b b b ﬁ '\/: ]

Oout[62]=
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h h h . .
In[64]:= - /I FullSimplify /7 N
2 Mw 2Nw 2Mw
Out[64]=
0.414214
< XN4 >

m w m w mw
niesl= Integrate[y[x, —|x"4 ¢[x, —], {x, -Infinity, Infinity}, Assumptions > — > @]
2h 2h h

Out[65]=
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nies)- Integrate[k[x, ————]x"4 «[x, ——],
'\/E mw V2 mw
{x, -Infinity, Infinity}, Assumptions » ——— > 0]
Vm Vw
42V x4 A mwh?
.-+ Integrate: Integral of does not converge on {-co, co}.
5 2
77(2 mXx- w + \/5 h)
out[66]=
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In‘cegrate[—2 , {X, -, w}, Assumptions - > 0]
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