
/

(9) Work out all of the canonical commutation relations
for components of theoperators: and p : (x

, y] ,
(x

,Py
(2, Pe] , (Py , Pe] ,

and so on.

answer : (Vi
. 4j) = - (prj] = inSij ,

(ri,) = (4:, 4j) = 0

where the indices stand for x, y , n z
,

and U=x
, Vy = Y,

and Vy = z

(b) Confirm the 30 version ofEhrenfest's there,

(v) = (p) , and (p)=

(Each of these , of course
, stands for Sequs-one for each

component.

Flint: First check that the "generalized" Ehrenfest theorem,

equ 3
. 73

,
is valid in 30.

(c) Formulate Heisenberg's uncertainty principle in 30.

answer:Op , Oyop, but there is no

restriction on, say, OOpy



(a) (x , y] = x - ijj =

xy
- yx = 0 = [y ,

x)

(x , z] = xz - zx = xz -

zx + 0 = (z , x]

(y ,3) = yj - zij = ye
-

zy
= 0 = 25 ,%]

=> [ri , rj] = 0

(Pr · Py]t =-it(iii)

= -z2) = 0

[Pi
, Pg) = 0 following the same logic

(x , Pr]f = it (x-(xf)) = it

=> [Vi , Pi) = it -4)

(x, Py]f = in(f) =( ) = 0

=> [ViPj]=(2)

Combining (1)
,
(2) : (Vi , Pj) = it Soj

[Pi , Vj] = - ihSij



(b)d
= [x]=m[x]= [is]
= Im (P(pix] + [Pize]Pa) =m(-Nite) = E Pe

=>=mP)=
By the same reasoning , we can prove the same in y, z :

&
-

Put
= ViP] = [VP] = it

↑
[P2, p] = 0 Note : fp-pf = f(i) +it

(f
, ]g = f (-i) + i (fg)

T

f= f(x)
, y=g(x)

= if+ii
=if

, p)&ii) =-

By the same reasoning , we can prove the same in y, z :

=-V



((i)
= it

By the same reasoning , we can prove the same in y, z :

&p Sij



1.4 Use equ 4.
27

,
4.

28
,

and 4.32
,

to construct Y: and Y2

check that they are normalized and orthogonal.

equ (4. 27) -> P
*

(x) = (1)"(1-23(212 (A)Pelse)
equ (4.

201 -> Pela)= (a) (x2-1)
equ (4.32) -> Y10, 01 =Jememplo
-

4 (1)=4
= (1)

°

(1 -x20(y) , x = c

= (()"(x2- 1)

Y= pcs 3

- -
-

=

-JPl =-j r((x)
--T

= (x2-1)
= (3x2- 1

=> PICcosO) = - 3sinDcost

=> + = -sindcoo



Normalized ?

4: : /Nisinddd=Sin=

Y : /P sindoda=sino costdo

=) =1

orthogonal ?

54
*

Y singing-Since cosido = 0-

-
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(a) Check that Arji (kv) satisfies the radial equation
with VCrl= 0 and l= 1.

(b) Determine graphically the allowed energies for the infinite
spherical well

,
when 1= 1

. Show that for large N,

En = () (N+
Hint : First show that j, (x) = 0 => x= tanke.

Plot z and take on the snore graph , and locate

the points of intersection

(as je(x) = -x)(i
: (kr)= -kr

Arj(kr) =1 -cost) = u

Radialequi-Ju

=rnkksink)



A(koskrinks
= Ak (costr + zink zoster

i

e

= ak((1-) cost +J) sinke]

=>-Zu
=> [h)(1-) coster + (b) sinke--cour)

= Ak (cosker - Finkr) =n e

(b) From B. C
.

- j,(x) = 0=>-

=> tanx = x - 2 = tanz , z =ka forB. C,

transcendant
it

I
= j = (N+z)π , N = 1 , 2,

3,...

age
#234252

As N -> 0
, z = (N + 1) it becomes a better and

better approximation.



4.
13
-

(a) Normalize Rzo (equ 4
.82) , and construct 4200.

(b) Raleque53). Na P210 ,
and 42

(9) equ (4.82) -> Rzo(v)=)-e
12

2
u= a

/iRudr =1-a dur
=az)1 -u+a=(3) du

=(e++u+8)=
=>G =j Jenna

↑200 R2oYo=-

=za(1-) e
-



(b) equ (4 .
83) - Rylu)= re

/IRRdr =--Made
=an=
= =5

↑ =Ryd= (noti , vi = (so

=- re-raisin

↑
210

= RaYi=zare-12a cost

↑
2 -

= RzY]= vera- sind
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(a) Find (r) and (r) for an electron in the ground
state of hydrogen. Express your answers interms

of the Bahr radius.

(b) Find (2) and (x2 fur an election in the ground state

of hydrogen . Flint : This requires no new integration.
Note that r = x+y + z2, and exploit the symmetry
of the ground state.

(C) Find <x2) in theState n = 2
,
1 = 1

,
m = 1

. Hint : this state

is not symmetrical in 22
, % , and z . Use re = rsing cost.

· usingardidd(a) v=Ma-=re=4
&

=Iz Jeremx = naut

(v2) = #-rdrza where as theBahradsa

(b) (2)= Trincod .

earl.sinodudd an

O

= a sedente-



(x2) = = (r2) = ah

↑
by symmetry of ground state

(2) & =-verka sin

(x2)= free sin o cost dudid

=720 = 12




