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Kwantumfysica 1    Y e ar s 2 0 0 7-2 0 0 8 and  l ate r  
O v e r v ie w o f co nce p ts th at sh o ul d  b e  und e r sto o d  
V e r si o n o f  30  J a nu a r y  20 0 8  - C a sp a r  v a n d e r  W a l   –  c .h .v a n.d e r .w a l @ r u g .nl   

 

A d d i t i o n a l  n o t e  f o r  l e c t u r e r s  o f  r e l a t e d  c o u r s e s  
 
The course K w a n t u m f y s i c a  1   (2rd q uarter of  the secon d b achel or y ear f or Phy si cs an d A stron om y  
studen ts)  uses P a r t  I  an d hal f  a chapter of  Part I I  of  the b ook :  
 
 I n troductory  Q uan tum  M echan i cs 
 R .  L .  L i b of f ,  4 th edi ti on ,  A ddi son  W esl ey ,  I S B N  0 -8 0 53 -8 7 1 4 -5 
 
B el ow  a l i st w i th con cepts that the studen ts shoul d un derstan d (I  al so g i v e thi s l i st to the studen ts) .  
 
I n  case y ou l i k e to sug g est som e other topi cs that n eed to b e treated i n  the course,  pl ease k eep i n  
m i n d that I  thi n k  that the course i s a b i t too f ul l  al ready .  A l so,  g i v en  the b ook  that w e use,  w e f ace 
the f ol l ow i n g  l i m i tati on s:  
 
Part I  of  the b ook  i s com pl etel y  i n  the Schrödinger picture (i m pl i ci tl y ,  i t i s n ev er m en ti on ed y et)  
 
A ngul a r m o m entum  i s n ot used at al l  i n  thi s Part I .  H en ce,  al so s pin i s sti l l  com pl etel y  out of  the 
pi cture.  I n  the y ear 20 0 7 -20 0 8 ,  i t w as deci ded to treat an g ul ar m om en tum  shortl y  at the en d of  the 
course (f i rst hal f  of  C hapter 9 ) ,  such that the course K w an tum f y si ca 2 can  g o a b i t f aster i n  the 
b eg i n n i n g .  
 
Part I  m ai n l y  presen ts the m ateri al  usi n g  con ti n uous sy stem s w i th on e deg ree of  f reedom  (i n  the en d 
a l i ttl e b i t sy stem s w i th tw o deg rees of  f reedom ) ,  an d a stati on ary  H am i l ton i an .  D i screte states on l y  
appear as en erg y  ei g en states of  a b oun d sy stem .  
 
A s a con seq uen ce of  the ab ov e,  the b ook  does n ot f orm ul ate the theory  y et i n  term s of  m atri x  
m echan i cs (w hi ch i s so n i ce f or m ak i n g  tractab l e l i ttl e prob l em s w here y ou don ’ t hav e to i n teg rate 
al l  the ti m e) .  Part I  hardl y  al l ow s f or m ak i n g  prob l em s w i th di screte sy stem s w here on e f orm ul ates 
operators an d states i n  term s of  m atri ces an d v ectors.  I  do al ready  presen t thi s a b i t at the 
hoorcol l eg e thoug h,  w here on e can  rel ate si m pl e ex am pl es to the theory  i n  the b ook .  
 
F urther,  al l  states are pure q ua ntum  s ta tes ,  n o m i x tures (den si ty  m atri x )  are used y et.  
 
I  treat al l  of  Part I  of  the b ook  as s tudy  m a teria l  (w hat they  m us t k n ow  f or the ex am )  or rea ding 
m a teria l  (w hat I  en courag e them  to read,  an d presen t a l i ttl e b i t i n  the hoorcol l eg e,  b ut w hat i s n ot 
core m ateri al  f or the ex am ) .  I  al so han d out som e copi es w i th addi ti on al  readi n g  m ateri al .  
 
The parts w hi ch I  deci ded to m ak e rea ding m a teria l  are:  
 
• C hapter 2:  D etai l ed treatm en t of  hi stori cal  ex peri m en ts (photoel ectri c ef f ect,  b l ack b ody  radi ati on ,  
etc. )  
• C hapter 2:  S hort n ote on  hi dden  v ari ab l e theori es 
• C hapter 2 an d 7 :  F ey n m an  path i n teg ral s,  pri n ci pl e of  l east acti on  
• C hapter 7 :  W K B  m ethod 
• C hapter 7 :  S om e of  m an y  secti on s on  w av e m echan i cs.  Tun n el i n g  an d the step-poten ti al  i s 
treated,  b ut I  sk i p the R am sauer ef f ect an d a detai l ed secti on  on  scatteri n g  f rom  a b arri er.  
• C hapter 8 :  I  do treat L i n ear C om b i n ati on  of  A tom i c O rb i tal s,  an d w an t them  to un derstan d tw o 
f i g ures on  how  en erg y  b an ds em erg e f rom  atom i c l ev el s i f  y ou coupl e m an y  atom s.  B ut sev eral  
secti on s w hi ch are b asi cal l y  sol i d-state phy si cs are readi n g  m ateri al .  These readi n g  secti on s treat:  
peri odi c poten ti al  f rom  a l atti ce,  B l och w av ef un cti on s,  q uasi -m om en tum ,  en erg y  b an ds,  B rag g  
ref l ecti on ,  theory  of  el ectri cal  con ducti on  i n  sol i ds,  den si ty  of  states,  etc.  
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O v e r v ie w o f co nce p ts th at sh o ul d  b e  und e r sto o d  
 F o r  t h e  e x a m  y o u  sh o u l d  b e  f a m i l i a r  w i t h  t h e  f o l l o w i ng  c o nc e p t s. Y o u  sh o u l d  b e  a b l e  t o  a nsw e r  t h e o r y  q u e st i o ns a b o u t  t h e m ,  a nd  t o  a p p l y  t h e m  i n p r o b l e m s a b o u t  p h y si c a l  sy st e m s (o r d e r  o f  p r e se nt a t i o n h e r e  i s no t  r e l a t e d  t o  o r d e r  i n t h e  b o o k ).  
P o s t u l a t e s  o f  q u a n t u m  m e c h a n i c s  F o r m u l a t i ng  a  t h e o r y  f o r  p h y si c s o n t h e  b a si s o f  p o st u l a t e s Po si t i o n o f  q u a nt u m  t h e o r y  w i t h  r e sp e c t  t o  c l a ssi c a l  t h e o r i e s,  r e l a t i v i st i c  t h e o r i e s,  t h e r m o -d y na m i c a l  t h e o r y   W a v e f u nc t i o n d e sc r i b e s t h e  st a t e  o f  a  sy st e m ,  c o nt a i ns all i nf o r m a t i o n W a v e f u nc t i o n i nt e r p r e t a t i o n,  r e l a t i o n t o  p r o b a b i l i t y  d e nsi t y  Su p e r p o si t i o n p r i nc i p l e ,  su p e r p o si t i o n o f  st a t e s o f  a  sy st e m  Ph y si c a l  p r o p e r t i e s a r e  d e sc r i b e s b y  a n o p e r a t o r ,  a n o b se r v a b l e  T i m e -d e p e nd e nt  Sc h r ö d i ng e r  e q u a t i o n M e a su r i ng  a  q u a nt u m  sy st e m  Pr o b a b i l i t i e s f o r  m e a su r e m e nt  o u t c o m e s Ense m b l e  a v e r a g e  v e r su s e x p e c t a t i o n v a l u e  f o r  a  si ng l e  sy st e m   
D e s c r i b i n g  p h y s i c a l  s y s t e m s  N u m b e r  o f  d e g r e e s o f  f r e e d o m  o f  a  sy st e m  G e ne r a l i z e d  c o o r d i na t e s C o nj u g a t e  v a r i a b l e s Q u a nt i z i ng  a  sy st e m  (d e f i ni ng  t h e  r e l e v a nt  o p e r a t o r s f o r  a  sy st e m ,  f r o m  d e t e r m i ni ng   t h e  nu m b e r  o f  d e g r e e s o f  f r e e d o m ,  a nd  t h e  c l a ssi c a l  v a r i a b l e s t h a t  d e sc r i b e  t h e   d y na m i c s)  
R e p r e s e n t a t i o n  o f  s t a t e s  a n d  n o t a t i o n  W a v e f u nc t i o n no t a t i o n a nd  Di r a c  no t a t i o n 
x-r e p r e se nt a t i o n,  px-r e p r e se nt a t i o n,  r e p r e se nt a t i o n i n t e r m s o f  e i g e nst a t e s o f  a n         a r b i t r a r y  o p e r a t o r  (f o r  e x a m p l e  e ne r g y  e i g e nst a t e s) F o u r i e r  t r a nsf o r m  r e l a t i o n b e t w e e n x-r e p r e se nt a t i o n,  px-r e p r e se nt a t i o n Di r a c  d e l t a  f u nc t i o n a nd  i t s p r o p e r t i e s i n i nt e g r a l s “ Sp e c t r a l  d e c o m p o si t i o n”  o f  a n a r b i t r a r y  st a t e  i nt o  e i g e nst a t e s o f  a n o p e r a t o r  T r a nsf o r m i ng  w a v e f u nc t i o n no t a t i o n i nt o  Di r a c  no t a t i o n a nd  v i c e  v e r sa  I nne r  p r o d u c t  i n Di r a c  no t a t i o n a nd  w a v e f u nc t i o n no t a t i o n,  a nd  t h e  m e a ni ng  o f  i t  Ex p e c t a t i o n v a l u e  f o r  a n o p e r a t o r  i n Di r a c  no t a t i o n F o u r i e r  e x a m p l e s w i t h  G a u ssi a n-,  b l o c k - a nd  si nc -f u nc t i o n st a t e s.  B a si s H i l b e r t  sp a c e  C o m p l e t e  Se t  o f  C o m m u t i ng  O b se r v a b l e s t o  g e t  v e c t o r s t h a t  sp a n t h e  H i l b e r t  sp a c e  
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O p e r a t o r s  H o w  t o  c a l c u l a t e  p h y si c a l  p r o p e r t i e s o f  a  sy st e m  i n a  c e r t a i n st a t e  w i t h  o p e r a t o r s Ei g e nv a l u e  e q u a t i o n Ei g e nv a l u e s Ei g e nst a t e s Ei g e nst a t e s o f  a n o b se r v a b l e  a r e  o r t h o g o na l ,  e i g e nv a l u e s a r e  r e a l  H e r m i t i a n o p e r a t o r s H e r m i t i a n a d j o i nt  o f  a n o p e r a t o r ,  p r o p e r t i e s a nd  a l g e b r a i c  r e l a t i o ns f o r  t h i s O p e r a t o r s w h i c h  a r e  f u nc t i o ns (a nd  T a y l o r  se r i e s) o f  a no t h e r  o p e r a t o r  Ex a m p l e s o f  o p e r a t o r s  Po si t i o n o p e r a t o r   M o m e nt u m  o p e r a t o r   O p e r a t o r  f o r  t o t a l  e ne r g y  (H a m i l t o ni a n)  
C o m m u t a t o r  b r a c k e t  C o m m u t a t o r  a l g e b r a  M e a ni ng  o f  t h e  f a c t  t h a t  t w o  o p e r a t o r s c o m m u t e  / d o  no t  c o m m u t e  R e l a t i o n w i t h  H e i se nb e r g  u nc e r t a i nt y  r e l a t i o n 
T i m e  e v o l u t i o n d e sc r i b e d  u si ng  [ ]ΨΨ= AHi

dt
Ad ˆ,ˆ
ˆ

h

 
Eh r e nf e st  p r i nc i p l e  C o nst a nt s o f  m o t i o n – o p e r a t o r  c o m m u t e s w i t h  H a m i l t o ni a n C o nse r v a t i o n l a w s  
P a r i t y ,  a n d  p a r i t y  o p e r a t o r  
 
T i m e -e v o l u t i o n  H a m i l t o ni a n B o u nd  st a t e s Di sc r e t e  v e r su s c o nt i nu o u s sy st e m s Sy st e m s w i t h  a  t i m e -i nd e p e nd e nt  (st a t i o na r y ) H a m i l t o ni a n Ene r g y  e i g e nv a l u e s a nd  e i g e nv e c t o r s De r i v i ng  t i m e -i nd e p e nd e nt  Sc h r ö d i ng e r  e q . f r o m  t i m e -d e p e nd e nt  Sc h r ö d i ng e r  e q . St a t i o na r y  st a t e s  (a nd  m e a ni ng  f o r  c l o se d  sy st e m  v e r su s o p e n sy st e m ) Ex p e c t a t i o n v a l u e  a s a  f u nc t i o n o f  t i m e  f o r  a n a r b i t r a r y  o b se r v a b l e  Â . O sc i l l a t i o ns o f  a  sy st e m  
De r i v i ng  p h o t o n e ne r g y  i s mnnm EE −=ωh ,  r a d i a t i v e  e m i ssi o n f r o m  a  sy st e m  
De sc r i b i ng  t i m e -e v o l u t i o n w i t h  o p e r a t o r  h

tHi

eU
ˆ

ˆ
−

= f o r  k e t s a nd  h

tHi

eU
ˆ

ˆ
+

+
= b r a ’ s T i m e  e v o l u t i o n o f  w a v e p a c k e t s 

 
W a v e f u n c t i o n  o f  a  p a r t i c l e  m o v i n g  i n  1  d i m e n s i o n  F r e e  p a r t i c l e  v e r su s b o u nd  p a r t i c l e  
Ex p e c t a t i o n v a l u e  〈x〉 f o r  a  st a t e  Ψ(x) 
U nc e r t a i nt y  ∆ x  f o r  a  st a t e  Ψ(x) 
N o r m a l i z i ng  a  st a t e  Ψ(x) H e i se nb e r g  u nc e r t a i nt y  r e l a t i o n 
Pr o b a b i l i t y  f o r  m e a su r e m e nt  r e su l t s i f  y o u  m e a su r e  x o n a  sy st e m  i n t h e  st a t e  Ψ(x) St a t e  o f  a  sy st e m  a f t e r  a  m e a su r e m e nt  W a v e p a c k e t s 
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D o u b l e -s l i t  e x p e r i m e n t s  Q u a nt u m  i nt e r f e r e nc e  o f  t h e  w a v e f u nc t i o n o f  a  sy st e m  W a v e -p a r t i c l e  d u a l i t y  f o r  p h o t o ns,  b i g  m a c r o sc o p i c  h a r d  b a l l s,  e l e c t r o ns 
 
W a v e  m e c h a n i c s  B r o g l i e  w a v e l e ng t h  W a v e  p a c k e t s Ph a se  v e l o c i t y  a nd  g r o u p  v e l o c i t y  W a v e  m e c h a ni c s f o r  p l a ne  w a v e s i nc i d e nt  o n a  t u nne l  b a r r i e r ,  st e p -p o t e nt i a l  T u nne l  e f f e c t   
P a r t i c l e  i n  a  b o x  I t s e ne r g y  e i g e nst a t e s a nd  e i g e nv a l u e s Pa r t i c l e  i n a  i nf i ni t e  / f i ni t e  p o t e nt i a l  w e l l  2D b o x  2 p a r t i c l e s i n a  si ng l e  1D b o x  C o u p l i ng  t w o  q u a nt u m  w e l l s w i t h  i n t o t a l  o ne  p a r t i c l e  i n t h e  sy st e m   
Ha r m o n i c  o s c i l l a t o r  I t s e ne r g y  e i g e nst a t e s a nd  e i g e nv a l u e s Si m p l e  1D H a r m o ni c  o sc i l l a t o r  A nni h i l a t i o n/d e st r u c t i o n a nd  c r e a t i o n o p e r a t o r s Ene r g y  q u a nt a  (p h o t o ns) i n t h i s sy st e m  F o r m u l a t e d  i n x-sp a c e  a nd  k-sp a c e  2D h a r m o ni c  o sc i l l a t o r   
C o u p l i n g  q u a n t u m  w e l l s  L i ne a r  C o m b i na t i o n o f  A t o m i c  O r b i t a l s H o w  so l i d -st a t e  p h y si c s (e ne r g y  b a nd s) e m e r g e s f r o m  t h e  p h y si c s o f  t h e  1D p o t e nt i a l  w e l l .  
S y s t e m s  w i t h  m o r e  t h a n  o n e  d e g r e e  o f  f r e e d o m  Si m p l e  e x a m p l e s o f  sy st e m s w i t h  2 p a r t i c l e s Si m p l e  e x a m p l e s o f  sy st e m s w i t h  1 p a r t i c l e  i n a  2D o r  3D p o t e nt i a l  B a si s st a t e s t o  d e sc r i b e  t h e se  sy st e m s  
D e g e n e r a c y  a n d  i d e n t i c a l  p a r t i c l e s  A s a  r e su l t  o f  e x c h a ng i ng  i d e nt i c a l  p a r t i c l e s i n a  sy st e m  w i t h  t w o  p a r t i c l e s A s a  r e su l t  o f  sy m m e t r y  i n t h e  2D o r  3D p o t e nt i a l  o f  a  si ng l e  p a r t i c l e  A c c i d e nt a l  d e g e ne r a c y  Sy m m e t r i c  a nd  a nt i sy m m e t r i c  st a t e s Ex c h a ng e   
Q u a n t u m  m e c h a n i c a l  t r e a t m e n t  o f  a n g u l a r  m o m e n t u m  O p e r a t o r s f o r  t o t a l ,  a nd  x-,  y-,  a nd  z-c o m p o ne nt  o f  a ng u l a r  m o m e nt u m  I nt r i nsi c  (sp i n) v e r su s o r b i t a l  a ng u l a r  m o m e nt u m  G e ne r a l  f o r m  o f  e i g e nv a l u e s a nd  e i g e nf u nc t i o ns o f  a ng u l a r  m o m e nt u m  o p e r a t o r s C o m m u t a t i o n a nd  u nc e r t a i nt y  r e l a t i o ns b e t w e e n a ng u l a r  m o m e nt u m  o p e r a t o r s R o t a t i o n o p e r a t o r  Sp h e r i c a l  h a r m o ni c s 
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N O T E :  F o u r i e r  t r a nsf o r m  b e t w e e n x-r e p r e se nt a t i o n a nd  k-r e p r e se nt a t i o n i s no t  t r e a t e d  a t  a  sp e c i f i c  l o c a t i o n i n t h e  b o o k ,  b u t  y o u  g e t  a  g o o d  o v e r v i e w  f o l l o w i ng  t h e  se c t i o ns l i st e d  h e r e  (se e  a l so  h o o r c o l l e g e  sl i d e s):  p . 10 0  a nd  117  Ex p a nsi o n i nt o  a  se r i e s o f  d i sc r e t e  st a t e s p . 10 2   Pr o j e c t i o n o nt o  k-st a t e s (p l a ne  w a v e s) p . 125    De l t a  f u nc t i o n i n x-r e p r e se nt a t i o n p . 122 a nd  158   Sq u a r e  w a v e  i n x-r e p r e se nt a t i o n p . 156    W a v e  p a c k e t  i n x- a nd  px-r e p r e se nt a t i o n p . 16 0    G a u ssi a n i n x- a nd  px-r e p r e se nt a t i o n p . 211   A p p l i e d  t o  t h e  h a r m o ni c  o sc i l l a t o r  st a t e s p . 8 49  a nd  8 57   A p p e nd i x  A ,  C    N o t e  o n no t a t i o n f o r  F o u r i e r  t r a nsf o r m s:  
T h e  b o o k  u se s b ( k)  t o  d e no t e  t h e  F o u r i e r  t r a nsf o r m  o f  ϕ ( x) . T h e  f u nc t i o n ϕ ( x)  i s t h e n a  su p e r p o si t i o n o f  (i nt e g r a l  o v e r ) p l a ne  w a v e s w i t h  a m p l i t u d e  b ( k) . T h e  b o o k  d e no t e s 
t h e se  p l a ne  w a v e s a s ϕk. T h i s l e a d s t o  t h e  f o l l o w i ng  (so m e w h a t  c o nf u si ng ) no t a t i o n f o r  t h e  p a i r  o f  F o u r i e r  t r a nsf o r m  e q u a t i o ns,  

( )

∫
∫

∞

∞−

∞

∞−

=

=

dxxkb

dkkbx
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k

*)()(
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ϕϕ

ϕϕ
     , 

w h e r e  t h e  p l a ne  w a v e s a r e  d e no t e d  a s [ se e  Eq . (4.40 ),  p . 10 2,  a nd  Eq . (5.25),  p . 122]  
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      .  

 I t  i s,  h o w e v e r ,  c o nv e nt i o na l  t o  u se  a  r e l a t e d  sy m b o l  f o r  a  f u nc t i o n a nd  i t s F o u r i e r  t r a nsf o r m ,  f o r  e x a m p l e  a s 
 ( ) ( )kx

Fourier
ϕϕ ↔   ,        o r         ( ) ( )kx

Fourier
Ψ↔Ψ . 

 O ne  a l so  u su a l l y  k e e p s t h e  p l a ne  w a v e s e x p r e ssi o ns e x p l i c i t l y  w r i t t e n i n t h e  F o u r i e r  t r a nsf o r m  i nt e g r a l s. T h i s no t a t i o n i s u se d  f o r  t h e  l e c t u r e  sl i d e s,  t h e  h a nd o u t  o n F o u r i e r  t r a nsf o r m s f r o m  t h e  C o h e n-T a nno u d j i  b o o k ,  a nd  t h e  p r o b l e m  se t s. T h i s g i v e s f o r  e x a m p l e  t h e  f o l l o w i ng  p a i r  o f  e q u a t i o ns f o r  t h e  F o u r i e r  r e l a t i o n b e t w e e n x-r e p r e se nt a t i o n a nd  k-r e p r e se nt a t i o n o f  a  st a t e :  
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