= ClearAll ["G obal " %" ]

n2= (*These sol utions cover the plotting portion of the
homewor k. The math portion is self evident fromthe exanpl es givenx)
(xLet's first set up sonme basic eigen states and energies that we will use throughoutx)

n@El= (+#Infinite Square Wl %)

in4l= PSi Il SWn_, x_1:=Sqrt[2/a] Sin[xnx/a];
Engl SWn_]:= (nxwha/a)”2/ (2m);

in[el:= (*Si mpl e Harnoni c Oscil | at orx)
7= A0 = (mw/ (mh))”". 25;
EIx_1:=Sqrt [mw/A] X;

psi SHO[n_, x_]:=A0/Sqgrt [2"nn!] Herm teH[n, &[x]] Exp[-E[x]1"2/2];
EngSHO[N_] : = Aw (N +.5);

1= (*Pl ane Waves)

2= psi PWMk_, x_1:=Exp[tkX];
EngPWk_1:= (ak)*2/2m

np4]:= (*Let us set c=h=a=mew=1, so that x and t will be values of order unity. This
i s done because computers don't nuch |ike very small or very |arge nunbers =)

mps= ¢ =1; A=1, a=1, m=1, w=1;

in[16l:= (*Probl em 1)
(*W are asked to use the foll ow ng quantitiesx)

7= E1 =10; E2=1; cl=Sqrt[1/2]; c2=cl;

nf1gl= (*For a linear conbination of two states (non-conpl ex),
we can wite it's Probability Density time evolution as Psi Sq[x_,t_]: =
cl1n2 psi 1[x]"2+c272 psi2[x]"2+2 cl c2 psil[x] psi2[x]
Cos[(E2-E1) t/a]. Let use inmmedi ately generalize this to conplex states,
since we will also use this for the plane wave state. %)

npol= PsSi SQ[x_, t_]:=Abs[clpsil[x]]"2+Abs[c2psi2[x]]1"2+
2 Re[ Conj ugate[clpsi1[x]]c2psi2[x] Exp[i (E2-El)t /A]];

o= (*Let's use two orthogonal states of the infinite well. There
is no way to pick eigenstates that match the the energi es given since,
n=m sqrt (E1/E2), nust be an integer. Let's just use the 1st and 4t hx)

in21:= Ppsi 1[x_]1 = psi | SW1, x]
psi 2[x_] = psi | SW4, x]

outz1]= V2 Sin[nx]

ou22)= V2 Sin[4rx]
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in[23):= Pl ot 3D[Psi Sqrx, t1, {x, 0, 1}, {t, 0, 1.5}, AxesStyle-Directive[FontSi ze - 20], AxeslLabel -»
{style["x/a", FontSize-20], Style["t/n", FontSize-20], Text[Style["|&|*", FontSize-20]]},
Col or Funct i on- " Rai nbow', Mesh - None, MaxRecursion- 5]

out[23]=

3
P12
1

in241:= (*you must use a t~a/|E2-E1|
to see the effect appropriately. Likew se the x axis should match the nodel used. x)

ns)= (*Let's try two orthogonal states of the harnonic oscilator. Again,
there is no way to match the energies given to actual statesx)

in[26):= Psi 1[X_] = psi SHO[O0, X]
psi 2[x_] = psi SHO[3, X]

2

oupze- 0. 751126 7

ouiz7- 0.108416e 2 (-12x +8x3)
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infg= Pl ot3D[PsiSq[x, t1, {x, -3, 3}, {t, 0, 1}, AxesStyle-Directive[FontSi ze - 20],

AxesLabel -» {Styl e["xv mw/h", FontSize- 20], Style["t/n", FontSize- 20],
Text [Style[" |2|?", FontSize- 20]]}, Col or Functi on- " Rai nbow', Mesh » None, MaxRecur si 0n->5]

mew/hO 5

npoj= (*Finally, let's try two orthogonal states of the free particle (plane wave state). %)

0.0

no)= k1 =8Sqrt[2mELl] /A; k2 =Sqrt [2 mE2] / &;
psi 1[x_] = Exp[i k1l x]
psi 2[x_] = Exp[i k2 x]

ouzl= e?tV8 X

ouaz et V2 x
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in[33):= Pl ot 3D[Psi Sqrx, t1, {x, -1.5, 1.5}, {t, 0, 1.5}, AxesStyle- Directive[FontSize- 20],
AxesLabel -» {Styl e["xVZ m /a", FontSi ze » 20], Style["t/a", FontSi ze - 2017,
Text [Style[" |2|?", FontSize- 20]]}, Col or Functi on- " Rai nbow', Mesh » None, MaxRecur si 0n->5]

out[33]=

in[341:= (*Probl em 2«)
n3s)= (*Let's define the wavefunction between 0 and a=1x)
6= PsiO[x_]:=Sqrt[30/a”5]x (a-Xx);

na71= (*Let us approximate it using the eigen states of the infinite square
wel|. The projectionto eigen states gives their respective anplitudesx)

in3sl:= cn[n_] = I ntegrate[psil SWn, x] Psi0[x], {Xx, O, a}]

2+/15 (-2+2Cos[nx] +nxSin[nn])

n3 3

out[3sl= -

npo)= (*Let's see the first 5 ternms explicitlys)
nuoj= Tablefen[n], {n, 1, 5, 1}]

815 845 8

73 ’ 97T3’ ’ 2571'3}

out[40]= {

ng1= (*Only the n=odd terns survives)

n42):= (*We approxi mates the wavefunction as an expansion of the basis up to 5th order )



in43):= Psi Approxl = Sum[cn[n] psi | SWn, x1, {n, 1, 1}]

Psi Approx3 = Sum[cn[n] psi | SWn, x], {n, 1, 3}]
Psi Approx5 = Sum[cn[n] psi | SWn, x], {n, 1, 5}]
8+/30 Sin[rx]
out[43)r ——mM————
3
830 Sin(rx] 8+ % Sin[3nx]
out[44]= +
3 93
830 Sin(rx] 8+ % SinBrx] 8.¢ Sin[5nx]
out[45]= + +

3 93 25 3

inj46:= Pl ot [{Psi Approx1, Psi Approx3, Psi Approx5, PsiO[x]},
{x, 0, a}, AxesStyle-Directive[FontSi ze > 20],
AxesLabel -» {Styl e["x/a", FontSi ze-» 20], Text [Style["&", FontSize - 20]]}]

¥
1.4

1.2
1.0
0.8

Out[46]=
0.6
0.4
0.2
T S ([
02 04 06 08 1.0
n471= (*To get a better idea of how well it approxinates,

we plot also the difference fromthe actual %)
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5
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insl:= Pl ot [{PsiO[x] - Psi Approx1, PsiO[x] - Psi Approx3, PsiO[x] - Psi Appr ox5},
{x, 0, 1}, AxesStyle-Directive[FontSize- 20],
AxeslLabel » {Styl e["x/a", Font Size - 20], Text [Styl e[" &-Tactyal ", FONt Si ze»20]1}1]

\P_\Pactual
0.06¢

0.04;
0.02

out[48]=

— X/a
1.0/

_0.02.
004

in49l:= (*Now | et them evolve in times)

ins0l:= (*We have chosen, m=1l, which is not really a reasonabl e val ue for atons,
but gives the correct qualitative solution regardl essx)

5= Psi Approx[x_, t_] = Sumlcn[n] psil SWn, x] Exp[i Engl SWn1t]1, {n, 1, 5}]

9 25 ,
830 e2 7t Sinrx] 8+ ex''Sin[3ax] 8.2 ez !T'Sin[5nx]
+ +

3 93 25 3

out[51]=
U

ns2)= (*The real part of Psi (x,t) =)

in53):= Pl ot 3D[Re [Psi Approx[x, t1], {x, 0, 1},
{t, 0, 2}, AxesStyle-Directive[FontSi ze- 20], AxeslLabel -
{Style["x/a", FontSize-20], Style["t/a", FontSize- 20], Text [Styl e["Re[Z]", FontSi ze - 2011},

Col or Functi on- " Rai nbow', Mesh » None, MaxRecursi on- 5]

out[53]=

ins41:= (*The inmagi nary part of Psi (X,t) =*)
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inssl:= Pl ot 3D[I m[Psi Approx[x, t]], {x, 0, 1},
{t, 0, 2}, AxesStyle-Directive[FontSi ze- 20], AxeslLabel -»
{Style["x/a", FontSize-20], Style["t/a", FontSize- 20], Text [Styl e["I m[E&]", FontSize-20]]},
Col or Functi on- " Rai nbow', Mesh » None, MaxRecursi on- 5]

ins6l:= (*The probability |Psi (x,t)["2 =)

inis7i= Pl ot 3D[Abs [Psi Approx[x, t]1172, {x, 0, 1},
{t, 0, 2}, AxesStyle-Directive[FontSi ze- 20], AxesLabel -»
{style["x/a", FontSize-20], Style["t/n", FontSize-20], Text[Style["||*", FontSize-20]]},
Col or Functi on- " Rai nbow', Mesh -» None, MaxRecursi on- 5]

out[57]=

0
5

0.0

ins8):= (*As expected the solution evolves in tine very near the first energy ei genstatex)

ins9=  (*Probl em 3x)

n[eo)= (*<Hz = <@|H[E> = Z‘,n<§|H Yn><yn Cn ("2 *)

2> = ¥E,

1= (*Wth En=n"2/(2m) % (xh/a)"2, |€n|"2=960/ (7n)"6 for n odd and zero for n evenx)
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2= SumM[n”"2/ (2) * (x)"2%960/ (xn)"*6, {n, 1, oo, 2}]
out[62]= S
3= (*Thus, E=<H2=5(a/a)"2/m Notice that El=n"2/2%(h/a)"2/m which is just smaller than Ex)

in[e4:= (*Probl em 4x)
(xLet's return to the harnonic oscillator and create an arbitrary linear conbi nati onx)

5= Psi [x_, t_]1:= Sqrt[.3]psi SHO[1, x] Exp[i1 EngSHO[1]t /A] +
Sqrt [. 4] psi SHO[3, x] Exp[4 EngSHO[3]t /A] +Sqrt [. 3] psi SHO[4, x] Exp[41 EngSHO[4]1t / A];

ineel:= (*We can see that this is normalized and
remai ns normalized (up to some error in calculation)x)

ine71:= Tabl e[l nt egr at e[Conj ugat e[Psi [x, t]] Psi [X, t], {X, -», ©}], {t, 0, 1, .1}]

oute7= {1. +0. i, 1. -5.15746x10 7 i, 1. +2.34383x10 %4, 1. +2.01704x10*° i,

1. -2.01812x107%% 4, 1. - 2.49127x107*® 4, 1. +1.03466x107% 1,
1. -8.70323x10 i, 1. -1.04707x10*° i, 1. -1.58526x10 %1, 1. -7.64107x10 " i}

inesl:= (*The Energy of this state is)

neo}= .3 ENgSHO[1] + .4 EngSHO[3] + . 3 EngSHO[4]

oute9= 3. 2

in7o):= (*G ven w=2n/sec, this woul d be ~10"-13 eVx)

n71:= (*The average position oscill atesx)

in[72):= Pos = Tabl e[Re[l nt egrat e[x Conj ugat e[Psi [x, t]] Psi [Xx, t], {X, -», ©}]], {t, 0, 6, .1}1;
in[73):= Li st Pl ot [pos, Dat aRange -» {0, 3}, AxesStyle-Directive[FontSize- 20],

AxesLabel - {Styl e["t/a", FontSi ze - 20], Text [Styl e[" <x>Vmw/a", FontSize- 20”}]

<X>Vmw/h

1.0¢-.. .

05 - :
out[73]= :‘H_TH_‘H_‘H_H"_Hmt
05 10 15 20.25 30

_05 g -

/h

10

inf741= (*Notice that if we had a 1kg particle in this state, the maxi mal average
di spl acement woul d be on the order of 10"-8 Angstrons (redicul ously small)x)

n7sl= (*The Real part )
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infz6:= Pl ot3D[Re[Psi [x, t11, {x, -5, 5}, {t, 0, 3}, AxesStyle-Directive[FontSize- 20],
AxesLabel -» {Styl e["xv mw/h", FontSize- 20], Style["t/n", FontSize- 20],
Text [Styl e["Re[Z]", FontSize -» 20]]}, Col or Functi on- "Rai nbow', Mesh - None, MaxRecursi on- 5]

n[771= (*The I nagi nary part )

in[7e:= Pl ot3D[I m[Psi [x, t]1], {x, -5, 5}, {t, 0, 3}, AxesStyle- Directive[FontSize- 20],
AxeslLabel -» {Styl e["x\/mu/ﬁ ", Font Si ze » 20], Style["t/n", FontSize- 20],
Text [Styl e["]I m[Z]", FontSize- 20]]}, Col or Functi on- " Rai nbow', Mesh - None, MaxRecursi on- 5]

in[79)= (*The probabilty densityx)

9
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in[go:= Pl ot3D[Abs[Psi [x, t11°2, {x, -5, 5}, {t, 0, 3}, AxesStyle-Directive[FontSi ze - 20],

out[80]=

In[81]:=

In[82]:=

In[83]:=

In[84]:=

In[85]:=

out[85]=

AxesLabel -» {Styl e["xv mw/h", FontSize- 20], Style["t/n", FontSize- 20],
Text [Style[" |2|?", FontSize- 20]]}, Col or Functi on- " Rai nbow', Mesh » None, MaxRecur si 0n->5]

(*»Pr obl em 5%)

(*In addition to the solution in the book,
I will state that the virial theoremfor a single particel is sinply 2<T>=-<rF>. Since,
for the Harnmonic Gscillator F=-kr, <T>=<1/2xkr”2=<V>. And since <E>=<T>+<V>,

it follows that <V>=<E>/2%)
(*Pr obl em 6x%)
Phi[k_, x_, t_1:=1/(xSqgrt[2a]) Sin[ka]/kExp[i (kx - ak"2/ (2m)t)];

Ti m ng[Psi = Tabl e[Abs[NI nt egrate[Phi [k, x, t], {k, -50/4a, 50/a}]]1"2,
(x, -1.1, 1.1, .05}, {t, 0, . 176, .004}]; ]

(99.86, Null}
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in[gel:= Li st Pl ot 3D[Psi , Dat aRange - {{0, .176}, {-1.1, 1.1}}, AxesStyle- Directive[FontSize- 20],
AxesLabel -» {Styl e["t/an", FontSize- 20], Style["x/a", FontSi ze - 20],
Text [Style[" |2|?", FontSize-20]]}, Col or Function-"Rai nbow', Mesh - None]

Out[86]= O-

o= Ti m ng[Psi =
Tabl e[Abs [N nt egrat e[Phi [k, x, t], {k, -20/a, 20/a}11"2, {x, -2, 2, .025}, {t, O, 1, .05}];1

outoo]= {139. 687, Null}

info1):= Li st Pl ot 3D[Psi , Dat aRange - {{0, 1}, {-2, 2}}, AxesStyle-Directive[FontSize- 201,
AxeslLabel -» {Styl e["t/an", FontSize-20], Style["x/a", FontSize - 20],
Text [Style[" |@|?", FontSize- 20]]}, Col or Function- "Rai nbow', Mesh - None]

out91]= T




