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1

Introduction

% Recall features of elementary (IB) quantum mechanics:

* wave-particle duality. Waves behaving like particles — e.g., light quanta, pho-

tons and vice-versa; interference of electrons passing through crystal grating and
electron microscope. To make this more precise need:

wavefunction v (z) for particle. Probability density [¢(x)[?; probability is in-
trinsic to the theory.

Observables become (hermitian) operators on wavefunctions. Lack of
commutation limits simultaneous measurement — leads to precise version of un-
certainty principle.

Schrédinger’s equation specifies dynamics (evolution in time) and determines
energy levels.

This is enough to understand e.g., the hydrogen atom and transcends classical
physics.

Y Aim of this course:

*

b D S o

reformulate QM in a more powerful, abstract, flexible and useful form: Dirac
formalism. This allows a simpler analysis of known problems such as the har-
monic oscillator and is also the clearest way to understand lots of more novel
properties, for example:

the spin of particles;
symmetries (e.g., translations and rotations) and conservation laws;
identical particles;

it provides the framework for quantizing other, more general, systems e.g., EM
field, and ultimately other forces leading to the ‘Standard Model’ of elementary
particles.

% Will not dwell on applications in any detail, but will keep track of what the mathe-
matical formalism is for.

* Assume IB QM and TA Dynamics but no electromagnetism beyond Coulomb’s law
and intuitive ideas about magnetism.

Plan:

OO0 O W

Dirac formalism.

Harmonic oscillator.

Pictures of quantization.

Composite systems and identical particles.
Perturbation theory.

Angular momentum.

Transformations and symmetries.
Time-dependent perturbation theory.
Quantum basics.
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2 Dirac Formalism

2.1 States and Operators

A quantum state is described at each instant by a state |¢)) which belongs to a complex
vector apace V. Then

V), |¢) € V = al)y+pl¢) € V YVa,B € C. (2.1.1)

Physically this is the superposition principle leading to wave-like behaviour (interfer-
ence). However, these states are not wavefunctions but we will see that they carry all
the quantum information that describes the state of the system concerned in a very
general way.

There are also dual or conjugate states (¢| which belong to the dual space V1. By
definition, states and duals can be combined /paired to give a complex number:

(@] , [v) = (p|v) or formally VixV — C, (2.1.2)
< =~ ——
‘bra’  ‘ket’ ‘bra(c)ket’

with
@l(alin) + asln)) = arloln) + az(els)
(Bulonl + Balenl )} = Buloal) + Baldolw) (2.1.3)

a, f € C. This is the definition of the dual as a vector space.

The space of states V and the dual V' come with an inner-product which can be
described as a one-to-one correspondence between states and duals:

Vo o+— Vi
with [0y +— (] = (|¢))T (use same label for corresponding states)
and aly) + plg) «— a* (Y] + (4]
(2.1.4)

The inner product is

VxV = C

[0),[¥) = (ole) = (o)), (2.1.5)
and is assumed to obey

(olv) = (¢lo)” hermitian

)2 = () > 0 (real from above) (2.1.6)

with )7 = 0 i [y)=o0.

This means that the inner product is positive semidefinite. Note that knowing (¢|¢)
for all (¢| determines [¢)) uniquely and vice-versa.

The physical content of any state is unaltered by changing |¢)) — «a|¢) (a # 0). We
shall usually normalize states by |[|¢))||> = 1 but still have the freedom to change
[9) — €|1p). The absolute phase of a single state never has any physical significance,
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but relative phases in combination such as a|¢) + 8]1) can be significant; for example,
for interference phenomena.

The space V' is complete; we assume appropriate sequences or series converge. A
complete inner product space of this kind is a Hilbert space and this term is often
used for the space V' in QM. V can be either finite or infinite dimensional and we shall
see examples of both.

An operator @) is a linear map on states, V. — V:

) = QlY), (2.1.7)
and, by definition
Q(alo) + Bl)) = aQlé) + 5QIY) (2.18)
The same operator can be regarded as acting ‘to the left’ on dual states, VI — VT:
(9] — (4lQ , (2.1.9)
(wlQ)le) = wi(Qw)) v ) (21.10)
or simply = (lQIY) .
For any @ the hermitian conjugate or adjoint is an operator Q' defined by
T
@lQ" = (Qlo)) (2.111)
or, equivalently,
i
@'y = (Qlo)) 1v)
= @Rle)" vV [¥), |9). (2.1.12)

Simple consequences are

<aA + BB)T — oAl 4 5B

T
(4B) = BT, (2.1.13)
for any A, B.!
1

WIAB) 1) = ((AB)'|¢)  defu of (AB)!
= (aw))e) [¥) = Bl)
= (V/|AT|g) defn of Af
= (Bw) (419)
= (Y|B'AT|g) defn of BT .

(2.1.14)

True for all |4}, |¢) and result follows.
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For any operator @ call 1)) (# 0) an eigenstate of @) with eigenvalue A if

Qy) = Alp) . (2.1.15)
Equivalently (taking 1 of this)

@IQT = Ayl (2.1.16)

For general (), A\ can be complex.

Of particular importance are commutators of operators

[A,B] = AB—BA = —[B,A]. (2.1.17)
We have the identities
A1 + oAy, B = ai[A1, B] + az[Ay, B . .
[A7ﬁlBl +BQB2] = 51[“47 Bl] + 52[*’4732] hnearlty (2118)
[A,B1By] = [A,B1]By + Bi[A, By o .
A As, B] = [An, BlAs + Ay|Ay, B] Leibnitz properties (2.1.19)
[A,[B,C)] +[B,[C,A]] + [C,[A,B]] =0  Jacobi identity (2.1.20)
2.2 Observables and measurements
An operator () is hermitian or self-adjoint if
Ql = Q. (2.2.1)

Such operators are called observables because they correspond to physical, measur-
able, quantities e.g., position, momentum, energy, angular momentum. Key results for
any hermitian Q:

(i) All eigenvalues are real.
(ii) Eigenstates with distinct eigenvalues are orthogonal.
(iii) The eigenstates form a complete basis for V' (and their duals for VT). So any state
can be expanded in terms of (written as a linear combination of) the eigenstates.

We prove (i) and (ii) and assume (iii).

(i)

Q) = Al)
and  (WIQT = N (222)
= WQ = N (| since () is hermitian o

S WIQR) = AWl = Nl
But [[[)]|2 = (48) # 0 (j1¥) # 0) and so deduce

A =AF (2.2.3)
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(ii) Let |n) be eigenstates of ) with eigenvalues A = ¢, real, with n a discrete label
possibly of infinite range.

| 52’\”§ = qn!|n>>

an m)y = qmlm

or mlQ = quim| (2:24)
= (mQn) = g.(m|n) = g¢,(mn).

So ¢n # gm = (m|n) =0.
Combining these three properties we have

% For any observable () there is an orthonormal basis of eigenstates {|n)} for the space
of states V with

Qln) = quln),
<m|n> = Opmn - (2‘2.5)

We speak of diagonalizing @ by choosing the basis to be the eigenstates |n) of Q.
This means that a general state |¢)) can be expanded as

) = > anln), (2.2.6)

n

where «,, = (n|y).

For the state to be properly normalized

) = (W) =

1
— (Z a;;<m|)(z ann)) = Y o = 1. (2.2.7)

m n

There might be several states with the same eigenvalue \. Define the eigenspace for
a given eigenvalue by

Vi = {l¥): Q) =Al)}, (2.2.8)
which has the basis {|n) : ¢, = A\}.

The degeneracy of )\ is the number of states in this basis, or dim V). We say that A
is non-degenerate if the degeneracy is 1.

[ Note that passing from our three key results to the conclusion (¥) is achieved by
choosing an orthonormal basis for each Vj:

(ii) ensures that these spaces are mutually orthogonal;
(iii) implies that the sum of all the eigenspaces is V', the entire space of states. |

Consider a measurement of () when the system is in state |¢) immediately before.
Then

e The result is an eigenvalue, A, say.
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e This value is obtained with the probability

) = D ol (2.2.9)

nign=A

e Immediately after the measurement the state is

) = ¢ Y anln), (2.2.10)

where ¢ is a normalization constant chosen so that (¢|¢) = 1.

So measurement projects the system into the eigenspace V).

Example. Consider a system with three orthonormal states: |1),]2),|3) on which @
has eigenvalues ¢ = ¢ = 0, g3 = 1. Let the state of the system be

1
= —=21)+12)+3) . 2.2.11
) = Z2(20) +[2)+13) 21
Then
¢ 12 1
1 —| = = 3
\/6 6 ‘ >
Probability 2 |2 1 1 5 1
of measuring 0 ‘% + 7l T 6 $(2]1>+\2>) (2.2.12)
/I\
\ final states

In this example we had degeneracy: two states with eigenvalue 0. However, often have
the case with A non-degenerate with eigenstate |n) unique up to a phase. Then

o p(A) = lawl* = [(n|y)*.
e a, = (nly) is called the amplitude.
e The state after measurement is |n).

In general,

Do) =) =1, (2.2.13)

A
as required for a probability distribution.

The expectation value (mean) of @ in state [¢) is

(@ = @RI = Y AN = Y gqulanl®, (2.2.14)

n

and the uncertainty (spread or variance) is

(AQ), = ((Q—(@))%)w = (@) —(Q)3 - (2.2.15)
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In thinking about many repeated measurements we must be careful to prepare the
system in the same state each time.

In the case that |¢)) is an eigenstate of () with eigenvalue A, say, then
(@Q)yp = A, and (AQ)y, = 0. (2.2.16)

[ The process of measurement is still a source of some deep questions about the inter-
pretation of QM |.

Quantum mechanical behaviour arises from the fact that observables do not commute
in general. In any state [¢)

(M), (AB)s > ZI{[A Bl (2217)

so [A, B] # 0 means we cannot expect to measure exact values for A and B simultane-
ously. This generalized Uncertainty Principle follows from

I[(A+iAB)|)||> > 0 V real M. (2.2.18)

The LHS is a quadratic in A and the condition implies that the discriminant is < 0;
the stated Uncertainty Principle then follows.

Paradigm example: position, £, and momentum, p, in one dimension obey
[:E ’p] =

= Ax Ap > (2.2.19)

oS S

In D = 3, &; and p; obey
[25, 0] = ihdy; (2.2.20)

and so the uncertainty principle applies to components of position and momentum
which are not orthogonal.

2.3 Time evolution and the Schrodinger Equation

So far our discussion of quantum states has been at a fixed time, even measurement is
assumed to be an instantaneous change of state. The evolution of states |¢)(¢)) in time
is governed by the Schrédinger equation:

L0
ih 0(t) = Hlu(b) (23.1)

where H = H' is the Hamiltonian. Equivalently,

0
—iha (W) = (WO . (2.3.2)

Note that these equations imply

9 (wmlw)) = o, (233
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so that the normalization of [¢)(¢)), and hence the probabilistic interpretation, is pre-
served in time.

H is an observable: the energy. Consider the eigenstates
Hln) = E,|n) . (2.3.4)
Then the states ‘
eTEnt/hp) (2.3.5)

are stationary state solutions of the Schrodinger Equation.

The Schrodinger Equation is first-order in ¢ and linear in [¢(¢)) and so for an initial
state at t =0,

[(0)) = Y anln), (2.3.6)

n

we have the unique solution

(1) = D ane ) (2.3.7)

Example. Consider system with two energy eigenstates |1), |2) with energy eigenvalues
E1, E5, respectively. We are interested in measuring () defined by

QL) =12), Q2) =11) = [QH #0. (2.3.8)
The eigenstates of () are easily found to be
1
V2

Let the initial state, the state at t = 0, be [1(0)) = |[+). Then have

+) = (\1) + |2>) with eigenvalues ¢y = £1 . (2.3.9)

(1)) = SE1) 4 EM)) (2.3.10)

5
—e
V2
The probability of measuring () at time ¢ and getting +1 is

(@) = \%(m £ (2]) (e B1) 4 e 2) ) 2

2

‘l(e—iElt/h + e—iEgt/h)

2
cos 2 <(E1—E2)t>

2h
- (2.3.11)

02 (Ba—Ea)t
sin (12—h2>

Note that we are assuming no time-dependence in H. This would become a much
more complex situation.
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2.4 Bases and Representations

Another use of a basis is that we can choose to reduce all states and operators to,
possibility infinite, column/row vectors and to matrices as follows

) = D auln) & an = (nfe)
0) = ) Buln) & B, = (nlg). (2.4.1)

The inner product is then

(@lv) = Y Braw . (2.4.2)
The operation of operator A can be written as

Aln) = Y [m) A, (2.4.3)

where A,,,, = (m|A|n) are the matrix elements of the complex matrix representing
the operator A in this basis. Note that the entries in this matrix depend on the basis; a
familiar result in linear algebra for any linear map. In contrast, the result of operating
with A on any state is independent of the basis. Check this result

) = AY) & Ba= D Awan (2.4.4)
—— ~

basis-independent

basis-dependent

Clearly, this representation is multiplication of a vector by a matrix: 8 = Aa. Also,
have that the Hermitian conjugate has the familiar matrix form:

(AN = AX . (2.4.5)
If B is another operator with matrix B then

(AB)yn = > ApyByn - (2.4.6)

L.e., as expected the usual rules of matrix multiplication apply.

This, by now familiar, way of representing linear maps on a vector space by the linear
algebra of matrices gives the matrix representation of Quantum Mechanics. It is most
useful when the number of basis states is finite, but can also be useful for an oo
dimensional basis as well (does need care).

We are often interested in a function f(Q) of an operator ). How should this be
defined? The answer may be obvious if f is a polynomial or a series:

3

Q + E e?,  sin(Q) assuming convergence . (2.4.7)

But what about 1/Q or log(Q)?
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For ) an observable and |n) an eigenbasis for Q:

Qln) = guln)  (n|m) = bmn , (2.4.8)

setting
F@Q)n) = flgn)ln) (2.4.9)
defines f(Q) provided f(g,) is defined for all n; f(Q) is defined on a basis and so is

defined on any state. This is certainly true if f is a polynomial or a power series that
converges for all ¢,,. If ¢, # 0 V n then can define

Q 'In) = qi|n> : (2.4.10)

and likewise log(Q) is defined if 0 < ¢, < oc.

A useful way to express that {|n)} is an orthonormal basis is the completeness re-
lation or resolution of the identity:

Z In){(n| = I,  the identity operator. (2.4.11)
The notation is
(o ) v = Jm) (i) ). (24.12)
—— =~ N Y~~~
operator state state number

This is confirmed by applying each side to an arbitrary state
Y Inynlw) = ) = 1Y) (2.4.13)

In the same way can resolve any operator in a similar fashion:

Q = Z nlm)(n| ,
£@Q) = > flan)n)(n| . (2.4.14)

In the case where the eigenvalues are degenerate then we can define a projection oper-
ator onto the subspace of eigenstates with eigenvalue A by

Py= > |n)n|. (2.4.15)

n: gn=A\

The bases considered so far may be infinite but have been assumed discrete which
includes countably infinite bases. However, we can extend the index n to be continuous.
This requires some modifications in all relevant formulas:

W) = [dnag|n)
S o fan 31 = Tdnfal
n Q = [dnq(n)n)nl
(nlm) = 0pm — 6(n—m) (2.4.16)
with |a,|* = |(n|¢)|*>. There is no longer a probability for discrete outcomes but a

probability density for the continuous range of n. We will see this below for position
and momentum operators.
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2.5 Position and momentum basis — wavefunctions

Consider particle motion in one dimension. Position and momentum operators ., p
obey
[z,p] = ih. (2.5.1)

Let |z) be position eigenstates
z|z) = zlx)y, (2.5.2)

with continuous eigenvalue z and normalization

(x|a') = d(x —2'), /dx lz)(x] = T. (2.5.3)

In this basis, any state can be expanded as

v = [ dovta)io)
with  (z) = (z[y) a complex function . (2.5.4)

Y (x) is just the usual position wavefunction and the standard interpretation is the ob-
vious extension of the measurement postulates in section 2.2 to continuous eigenvalues:

|v(z)|* is the probability density for measuring position. (2.5.5)

The inner product in terms of wavefunctions becomes

i) = ([ otorel) ([ as viain)
= [ [aotro) @)
5(z — o)
_ / dro(z) b (x) (2.5.6)
So, in particular,
IO = @le) = [ delo@P = 1 2:57)

for a normalized state.

Define similarly momentum eigenstates |p) with

plp) = plp) , (2.5.8)

and with
(plp) = d(p—1), /dp Ip)(p| = T. (2.5.9)

It is very important that the eigenstates of & and p can be chosen so that they are
related by
1

(zp) = 5 e/t (2.5.10)
s

= (plz) = 76—”“/’1 : (2.5.11)

—_
>t

St
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We justify this later after deducing some consequences. First find action of  and p in
terms of position wavefunctions:

El) = x(zlp) = xy(x)
(03

z|tp)  wavefunction :

pl)  wavefunction :

(]

(]

/ (x|plp){(p|Y)  [resolution of identity using p-states]
— [ doptelpolv)

@—mﬁauwww

o
= —ihs / dp {zlp) (pl)
= —zh <x|¢)> —zha—¢( x), (2.5.12)

and so recover familiar results. However, also have new possibility. Can expand states
in momentum basis instead:

w>=‘/@¢@m,
with  $() = @), (2.5.13)

which is the momentum space wavefunction where [¢)(p)|? is the probability density for
measurements of momentum. Then have

me=:/@mmmww::/bmamF=1. (2.5.14)

As before, but with x < p:

plY) — pY(p) momentum space

0
z|Y) — Zha—p@b( p) wavefunctions

(2.5.15)

The relationship between the wavefunctions follows from Eq. (2.5.10):

wm=<m»=/mwmmw

1 ,
dx e~ P*/" )(x)  Fourier transform,
V21h / v
1 ) ~
and Y(z) = NorT / dp e/ 4)(p) inverse F'T. (2.5.16)

Think of these as two different representations of states |¢)) and the operators on

them: ~
b(x) ¥(p) 5
T — x T — zha—p (2.5.17)
p—  —ind p —  p
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| The transforms between x and p space are familiar but here we are deriving all the
results, including the transform inversion theorem, on the assumption that {|x)} and
{|p)} are bases. |

The corresponding representations of the Hamiltonian

A2

D )
H(z,p) = o T V(%) (2.5.18)
are
h? 0?
on ¢($) . H — —%@ + V(l’) s
~ p2 ) 0

It may be easy to interpret the potential term in momentum space. E.g., V(x) =
At = 9 o

VIih— | = Ath)"=— 2.5.20

(ing) = g (2.5.20

but more generally need to use first principles.
WVl = [ do V@) el
— [ e vi)iple) [ ap b))

1 o ;
= [ (5 [ e via) o) i)

- mlﬁ / ap' V(p— p)o() - (2.5.21)

Thus H|y) = E|¢) becomes

n 0% . .
o 922 +V(z)Y(xr) = E(x) in position space ,
2 . ~ ~ ~
S (p) + 217Th / dp' Vip=p)v(@) = E¢(p) in momentum space .
(2.5.22)
[ Note that the convolution theorem derived here. |
Now return to the key condition in Eq. (2.5.10) and justify it:
1 ;
(z|p) = ——=eP"/", (2.5.23)

\V2mh

The point is that eigenstates are only ever unique up to a phase, even if normalized,
so we need to show there is a way to choose |r) and |p) which makes this result true.
Doing this will involve an approach to translations to which we return later. Claim
that

|20 +a) = e P/ (2.5.24)
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which involves the operator

[e.o]

- 1 [(—ia\" .
Ula) = e/ = Y~ — (T) [ (2.5.25)

n=0

defines position eigenstates |z) V x given one with x = xy. To check this first note
that
[&,p] = ih = [&,p"] = ihnp"". (2.5.26)

[ Note that 2 acts like “ ihd/dp ” inside a commutator. | Thus find

5U@) = 3 %(%“)nnﬁ“ — alU(a). (2.5.27)

So
U(a)lro) = ([#,U(a)] + Ula))|xo)
= (aU(a) + Uf(a)xo)|o)
= (zo+ a)U(a)|xg) as required. (2.5.28)
Similarly,
o +b) = €"/"|pg) (2.5.29)

defines momentum eigenstates |[p) V p given one with p = po. But then

(ro +alpo +b) = (xof emﬁ/h@o +b)

eia(po +b)/h <IO | ez’ba?/h ’p0>

ez‘(ab—&-apo-&-bxo)/h(:po Ipo) - (2.5.30)

Choosing (xo|po) = 1/V2mh for reference values xo = py = 0, then gives (relabelling

a,b as x,p, repectively)
1

(z|p) = m

Actually, need justification for this last step.

e/ (2.5.31)

e Since {|z)} is a basis we cannot have (z|py) = 0 for every z, and then Eq. (2.5.24)
implies (x|po) # 0, the required result, since

20) = ot (o —a)) = oIy
= (zolpo) = 0TI M alpy) # 0. (2.5.32)
e Now, the phase of (xy|py) is a matter of convention but the modulus must be con-
sistent with
(plp") = o(p—»), (2.5.33)
which is the desired normalization for the {|p)} basis. To check:

(plp) = / dx (plz)(z[p’)

J
= /dx ﬂe’(” P/t — §(p—p')  asrequired.  (2.5.34)
m
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e Similarly,

(xla’) = / dp (zlp) (pla)

= /dp ——PEa)/h — 5 — a) as expected.  (2.5.35)
Note that the operator U(a) implements translation by a on the position states.

2.6 Simultaneous Measurements and Complete Commuting
Sets

Return to idea of labelling basis states by eigenvalues of observables. If this cannot
uniquely be done with eigenvalues \ of some observable () because some eigenvalues are
degenerate, then need at least one more observable @)’ to distinguish the corresponding
degenerate states.

Physically, we must be able to measure () and )’ simultaneously or

e first measure () with result A,
e then immediately measure Q" with result \.

e This second measurement must not change the value for ) and so still get result A
if it is measured again immediately.

Mathematically, this requires a basis of joint eigenstates which simultaneously
diagonalize ) and Q"

QIAN) = AAN)
QINN) = NIAN) (2.6.1)

which is only possible iffi
@.Q1 =0, (2.6.2)

as we now show.
e If there is a basis of joint eigenstates as above then
QQ'INN)Y = QOQINN) = AN\ N, (2.6.3)

so QQ' = Q'Q on these basis states and hence on all states since they can be expanded
on this basis.

e Conversely, if [, Q'] = 0 and |¢) belongs to the eigenspace V) of @) then
(@) = Q@) = A(@w). (2.64)

and so @'[¢)) also belongs to Vj.
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e The definition of a hermitian operator that

@IQMY) = @IQ1e)* vV |4, l¢) € V (2.6.5)

holds for the restriction [¢), |¢) € V). Hence, 3 a basis for V) consisting of
eigenstates of Q'. Call these |\, \).

e Doing this for each V) gives a basis of such joint eigenstates for V.

[ Note that if dim V) = 1 (no degeneracy) then any state in V) is automatically an
eigenstate of Q' since ' maps V), — V). |

Now can extend to any number of hermitian operators. Observables {Q1, @2, Q3. ...}
are said to be a complete commuting set if any pair commute. Then there is a basis
of joint eigenstates with members

A Aoy Ag, o) (2.6.6)

An equivalent way to characterize a complete commuting set is as follows. If A is any
other observable with [A,Q;] =0 V @, then

A = f(Q1,Q2,Q3,...) (2.6.7)
for some function f. This means that

A|)\1,)\2,)\3,...> — f()\l,)\Q,)\g,...)‘)\1,)\2,)\3,...) . (268)

An example is the generalization from one to three dimensions of the position and
momentum operators (&, p). These obey the commutation relations defined in terms
of their Cartesian component operators in usual notation

One complete commuting set is
T = (&1,29,13) (2.6.10)
with joint eigenstates:
Tilx) = xi|w)
orthonormality: (x|z') = O (x—x)
basis: W) = [dz(x)|z)
position space wavefunction P(x) = (x|y) .

An alternative complete commuting set is

p = (P12, P3) (2.6.11)

with joint eigenstates
pilp) = pilp) (2.6.12)

and momentum space wavefunction 1 (p) = (p[¢).
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The relationship between these eigenstates is

1

(z|p) = PRaTE mePet =
J(p) = W/d?’x e Pl (x)
blz) = m / &p P =(p) (2.6.13)

There are other possibilities such as {Z1, 22, p3} leading to mixed position and momen-
tum space wavefunctions.

3 The Harmonic Oscillator

A one-dimensional harmonic oscillator of mass m and frequency w is defined by the
Hamiltonian ) .
H = —p —mw?
om? T 2
We will derive the energy levels and construct eigenstates using operator methods and

then also see how to find the wavefunctions.

i? . (3.1)

3.1 Analysis using annihilation, creation and number opera-
tors

Define
mw\1/2 [ ip
« = () (“m)
te (BP (e 2
a <2h e I (3.1.1)

Note that these are dimensionless. Equivalently,

S (i)m (a+a'),

2mw

(m—”y/z i(a'—a) . (3.1.2)

iSE
I

2

It is easy to check that

[2,p] = ih < [a,al] = 1. (3.1.3)
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Also have
T — @ %2 1 ~2 _ i S A
aa on * * 2mwh ¥ 2h($p pt)
1 1
- —H 4+ =
o T2
and similarly
1 1
ala = EH ~ 3 (opposite sign for commutator),
(3.1.4)
which confirms the commutation relations and also gives
1
H = hw <N+§> , (3.1.5)

where N = a'a is the number operator. NT = N and finding its eigenstates and
eigenvalues is equivalent to doing this for H:

N = AN & HA) = E]A) with B — m(M%) C(3.16)

Let |A) be any such eigenstate normalized s.t. |[|[A)||* = 1. Then

A= AN = (Adald) = [la|N)]* > 0. (3.1.7)
Thus,
A >0 all eigenvalues non-negative
~ 0 i oal\) = 0. (3.18)
Next consider commutators
[N.a'] = lafa,a’] = alla,d] = af,
[N,a] = [a'a,a] = [daf,ala = —a. (3.1.9)

These relations imply that af and a act on eigenstates by respectively raising and
lowering the eigenvalues by 1, provided the new states are non-zero and so actually are
eigenstates.

N(@@'\) = ([N,a]+a"N)|A)
= (a'+a'\)|\)
= (A +D(N),

N(alA)) = ([N,a]l+aN)[X)
= (—a+a))\)
= (A= 1)(a]N). (3.1.10)

To find whether the new states are non-zero we compute their norms.

lal )| = A (already done above) (3.1.11)
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which is only ever zero if A = 0.

la" NP = (Aaa'|X)
= (Ma'a+1|\)
= A+1, (3.1.12)

which is never zero since A > 0. Because of these properties af and a are called,
respectively, creation and annihilation operators.

Suppose there is an eigenstate |[A) with A not an integer. Then

al\), a*\), ..., a™\), ... are all non-zero.
eigenvalues: A=1, A=2, ..., A—m
(3.1.13)
But for m sufficiently large A —m < 0 which is a contradiction since all eigenvalues
are non-negative. By contrast if A = n = 0,1,2,... then the contradiction is avoided
because
aln), a@?ln), ..., a"ln), are non-zero states
eigenvalues: n—1 n—2, ..., 0,
(3.1.14)

but a™|n) = 0, m > n and so the sequence terminates. Furthermore, have additional
eigenstates
afln), (a")?|n), ...,

eigenvalues: n+1, n+2, (3.1.15)

The eigenvalues of N are therefore precisely the non-negative integers and the oscil-
lator energy levels are

1
E, = h(n+§) n=0123,.... (3.1.16)

From calculations of norms above, we can choose normalized eigenstates |n), (n|n) =1
which are then related by

alln) = Vn+1|n+1)
an) = i ln—1) ladder operators (3.1.17)
Starting from one state reach others by n
operating with a and af. In particular, :
starting from the ground state, |0), :
characterized by \ 3 A
al0) = 0, (3.1.18) vy 2 t +
a ‘ A a
have normalized eigenstates 1
1 v _ 0 4
In) = —=(a")"|0) . (3.1.19) v
vl 0 state
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In the absence of any internal structure can take {2} or {p} or {N} as a complete
commuting set. Then the energy levels are non-degenerate (eigenvalues of N label
them uniquely) and, in particular, |0) is completely specified by

alo) = 0. (3.1.20)

If there is some internal structure then all states can carry an additional label i as-
sociated with some observable @ (or its eigenvalues) commuting with Z,p,a,a’, N.
All energy levels have the same degeneracy with states |n;i) related by a,a’ without
affecting i.

The analysis above is convenient for finding wavefunctions. In the position represen-
tation

Y - <%>1/2 (f%—%ﬁ) " <%>1/z (x—l—m—hw%>
(3.1.21)
al0) = 0 ~ <J:+% %) Po(xz) = 0
_mwz?
- Po(r) = Ne 2h

1/4
with normalization factor N = (%) .

Can also find wavefunctions for higher energy states by using Eq. (3.1.19). E.g.,

1= al) = e = (22)7 (- ) vl
(3.1.22)

= <2mTw)1/2 () .

The correct normalization is guaranteed.

3.2 Importance of the oscillator — applications in outline

“Physics is that subset of human experience that can be reduced to coupled harmonic
oscillators.”
M. Peskin

e The oscillator is the simplest QM model beyond steps, wells etc. that can be solved
exactly; the hydrogen atom with a Coulomb potential is also special in this respect. It
is a very useful example to use as test case for new ideas, approaches and techniques.

e More importantly, many physical systems can be described, exactly or approximately,
in terms of oscillators.
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e Consider a smooth potential V(z) with equilibrium point zy (V'(z9) = 0). For
displacements x from equilibrium

V(zg+x) = V(xg) + %V”(xo)xQ + O(z%) , (3.2.1)

and so if the displacements are not too large neglecting the O(z*) contribution may
be a good approximation. Indeed, can include the effects of these anharmonic cor-
rections systematically using perturbation theory (see later). The point is that we
start with a soluble model. E.g., diatomic molecules where the quantization of vibra-
tional energies is important in understanding the internal energy and hence the heat
capacity of the gas — has macroscopic consequences. In other systems this approach
can breakdown, though.

e More complicated systems can be analyzed in terms of normal modes: each mode is
a coherent motion in which all degrees of freedom oscillate with common frequency w.
This is common classically and can now quantize this motion. The general solution
for the classical oscillator is

z(t) = Ae ™ + A* ™! A a complex constant. (3.2.2)
Normal modes for a system with variables z,, n =1... N are of the form
(1) = Au, e 4 Arut et (3.2.3)

with u,, n =1... N a complex vector specific to each allowed normal frequency w.
The general solution is a superposition of normal modes. To quantize treat normal
modes as independent oscillators. E.g.,

e Benzene ring with 6 CH units which oscillate around the “clock face” of the ring.
They are treated as if joined by identical springs. Actually, analyzed by discrete
group theory based on the symmetries of the ring.

e Crystal with # atoms A ~ 10?3, The forces between the atoms are approximately
elastic and in 3D there are N = 3\ independent coordinates. Each of the 3A modes
is a collective motion of the atoms and if the approximation of elastic forces is good
then interaction between normal modes is small. If you excite just a single mode then
no other mode starts up — no energy transfer between modes; they are effectively
independent oscillators.

e Electromagnetic field — normal mode oscillations of electric and magnetic fields at
each point in space

E(x,t) = Au(x) e ™ + A*u(zx)* ' . (3.2.4)
In fact,
u(x) = €e™®  with polarization € L k and |k| = dy (3.2.5)
c

This gives a wave solution with behaviour e**2=%!)  General solution is a linear

combination of normal modes for various w, €, k — exact for EM field.
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e QQuantization of normal modes as independent oscillators. For each normal mode
have a(w) and a(w)' (w and other labels as necessary). Then

Ground state |0)  with a(w)|0) = 0 V¥V modes.

of (@)]0) state carrying energy but also mo-
mentum hk — like a particle.
a destroy . phonons in a crystal
al create } particles { photons in EM field . (3.2.6)

Phonon modes with long wavelength are sound waves (see AQM course in Lent).
Macroscopic consequences: heat capacity of crystals, blackbody radiation.

e In summary, the EM field, a relativistically invariant theory, can be understood
exactly as a collection of oscillators with quantization producing photons.

The modern view of all elementary particles is that they arise by quantizing some
field (though not classically observable like the EM field) but also with interactions
between the modes causing energy transfer between them. This give rise to particle
decay etc. This is the way to build special relativity into QM and allows particles
to be created and destroyed by the action of appropriate combinations of a and a'
on the initial state. This give Quantum Field Theory and the Standard Model of
quarks, leptons, gluons, photons, W=*, Z, .. ..

4 Pictures and Operators

4.1 Unitary operators

Physical predictions in QM are given by probability amplitudes, eigenvalues, expecta-
tion values, etc., and hence by expressions of the form (¢[1), (p|Al), ete.

An operator U is called unitary if
vt = UWU =1 o U =U'. (4.1.1)
Given such an operator we can define a map on states

W) = ) = Ul
Wl = W= @, (4.1.2)

and on operators

A— A = UAU', (4.1.3)

under which all physical properties are unchanged:

(@ly) — () = BUTUR) = (¢|l)
(BlAP) — (FA W) = (UTUAUTU|p) = (¢|Alp) . (4.1.4)
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Furthermore

C = AB — (C' = A'B
C = [A,B] — C" = [A'B] forany operators.

@ hermitian = Q' = UQU' also hermitian ,
Q) = NY) = Q'Y) = M) same eigenvalue . (4.1.5)
General results for unitary operators (compare with those for hermitian operators)

(i) Eigenvalues are complex numbers of unit modulus.
(ii) Eigenstates corresponding to distinct eigenvalues are orthogonal.
(iii) Any state can be expanded as a linear combination of eigenstates.

Summary: given U there is a basis {|n)} of orthonormal eigenstates for which
Uln) = ¢™[n),  (nlm) = bum . (4.1.6)

We prove (i) and (ii) and assume (iii).

(i)

<U||¢z = A|@<b>|
= Ut = N
= WU = I = RN, (4.1.7)
and hence N = 1 () # 0).
(ii)
Un) = Anln)
and Ulm) = Anlm)
or m|UT = X (m| = Al(m| (4.1.8)
= (mUTUn) = (mln) = A\ m|n).
So Ay # Ay = (mln) =0.
4.2 Schrodinger and Heisenberg Pictures
The solution of the Schrodinger equation
0
S () = H() (2.1
can be written
B(1) = U@0), (122

where the time evolution operator is

Ut) = exp (_ZtH) i %<_”) H" . (4.2.3)

n=0
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This works because 9
ihaU(t) = HU(t), (4.2.4)

which is shown by differentiating the power series term by term (we assume H is
independent of ¢). Note that

Uty = U(-t) = U@t)™ unitary (H = HT)

Thus far we have worked in the Schrodinger picture where states depend on time
and operators do not. We can use U(t) to pass to the Heisenberg picture where the
time dependence is shifted from states to operators as follows (subscript denotes the
picture)

Schrodinger Heisenberg
states [¥(t))s [Wyr = MY(t))s = |¥(0))s
operators Ag Ag(t) = etH/hAg em /N Ay (0) = Ag

(4.2.6)

Because the transformation is unitary,

s(o()|Asl(t))s = ulo|lAu(®)|V)n , (4.2.7)

all physical predictions are the same in either picture. Note that Hy = Hs = H.

The Heisenberg picture makes QM look a little more like classical mechanics where
position, momentum etc. are the variables that evolve in time. To specify the dynamics
in the H-picture we now need an equation to tell us how operators evolve in time. In
the S-picture the Schrédinger equation tells us how states evolve. Now

d d , . .
A _ th/hA —itH/h
g = o (A )

iH » | il
_eth/hAS e itH/h eth/ﬁAS e wH/h "~

= [H. A(t)]. (4.2.8)

or

ih%AH(t) = [Ay(t), H] Heisenberg equation of motion.

E.g., a particle in one dimension #(t), p(t) in Heisenberg picture (drop H subscripts).
We have that
[Z(t),p(t)] = ih. (4.2.9)
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L.e., the commutator at equal times is unchanged. Consider

Py v *
H - m + V(m)
%i(t) = %[i(t}j H] = %p(t) , Heisenberg equations of motion
dosyy = Lisa), H = —Vi(E@
dt th

(4.2.10)
Taking expectation values in any state |¢)) (now independent of time in the Heisenberg
picture) gives

L@y = L),
Ehrenfest’s Theorem, true in all pictures  (4.2.11)
L) = —(v'@).

Note the similarity to classical equations of motion. For some potentials can solve
Heisenberg’s equations.

e IV =0, the free particle.

%ﬁ(t) = 0 = p() = p(0) constant operator

d_ 1 ()

- = — = —. 4.2.12
prd0) —0(0) = () = 2(0) + ==t ( )

A solution just like in classical dynamics but with appearance of constant operators.

o V(z) = Smw?a?, the oscillator.
2

2
Li) = o GEiretE = 0
= (4.2.13)
R . 2
Lty = —mwi(t) Dyp+utp = 0.
The solution is
H(0
z(t) = z(0)coswt + wsinwt
mw
p(t) = p(0)coswt — mw z(0)sinwt . (4.2.14)

Can check that the equal-time commutation relation [Z(¢), p(t)] = ik holds V ¢.
Alternatively, can write these as
T(t) = (i) v (a et 4 qf eiwt)
2mw
hmw\? 1

pt) = (T) ;(ae—iwt—afeiwt), (4.2.15)

with a, a’ defined from the Schrédinger picture operators #(0), p(0).
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4.3 Canonical Quantization

* START OF NON-EXAMINABLE MATERIAL

The final step in Dirac’s systematic approach to QM: have seen how to incorporate
position and momentum wavefunctions and S and H pictures in a single logical frame-
work. But how do we pass from general classical system to its quantum version? In
particular, what are the fundamental quantum commutation relations between observ-
ables ; why [z, p|] = ih?

Any classical system can be described by a set of generalized positions x;(t) and mo-
menta p;(t) with 1 < i < N (may include angles, angular momentum etc.) and a
Hamiltonian H (x;, p;).

In classical dynamics a fundamental idea is that of the Poisson bracket of any two
functions f(x;, p;) and g(z;,p;), say, which is defined to be

B of dg  0g Of
{f.g} = > (61:1-8@ _3137;8]71-) , (4.3.1)

i

which is a new function of z; and p;. ((x;,p;) are coordinates on phase space and PB
is a symplectic structure.) In particular,

{zi,pj} = 6y . (4.3.2)

Properties of the PB include antisymmetry, bilinearity and Jacobi identity. In this
formulation classical dynamics is given by Hamilton’s equation

df
= {f,H} . (4.3.3)

Check this for various choices for H and see that you derive Newton’s third law in a
first order formalism (i.e. first-order in time derivative).

In canonical quantization define quantum theory by

°
el L — emten £ (w34
e Poisson brackets become commutators
.4 = in{f.q} . (4.3.5)
In particular, get
[:,p;] = ihdy; (4.3.6)

which are the canonical commutation relations.

e Moreover, Hamilton’s equations then become Heisenberg’s equations

d -

ih—f = [f.H]. (4.3.7)
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For those taking I1C Classical Dynamics this relationship between classical and quan-
tum mechanics should be mentioned near the end of the course.

All this provides a sound basis for understanding classical mechanics as a limit of quan-
tum mechanics with 2~ — 0. Going the other way, turning A “on” is more problematic
and not guaranteed to be either unique or, in some cases, even consistent. For exam-
ple, if we carry out the procedure above it is correct to O(h) but there may be O(h?)
ambiguities related to how operators are ordered in defining functions like f(x;,p;):
does x; multiply p; on left or right?

Alternative approach to quantization is to use path integrals which are sums of contri-
butions from all possible trajectories or paths between initial and final configurations
in phase space.

One of these is the classical trajectory, but the quantum amplitude involves contri-
butions from all. This approach has its advantages but, in principle, is equivalent to
canonical quantization. In general need both, especially for complicated systems where
there are constraints amongst the variables.

* END OF NON-EXAMINABLE MATERIAL

5 Composite Systems and Identical Particles

5.1 Tensor products

This is a general way of constructing quantum systems from simpler subsystems. Sup-
pose

)y € Vi, [¢) € Vo, (5.1.1)
i.e., states in the spaces for two systems. The tensor product space
V=Velh (5.1.2)

consists of all linear combinations of tensor product states |¢) @ |¢) (duals (¢| @ (4|)
subject to

() + 1) @le) = W)@ ls)+ )@ lo)
e (1) +16)) = W) @16} + ) @19
(al)) @16y = alwye (I6) = a(lv)@le)) . (5.1.3)
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and similarly for duals. The inner product is

(Wi @) () ele) = W) (@), (5.14)

and extend to all of V' by linearity.

If we have bases {|n)} for Vi and {|m)} for V4, then {|n)} ® {|m)} is a basis for V. If
the bases are finite, then

dimV = dimV; x dim V5 . (5.1.5)
Given operators A and B on V; and V3, respectively, define an operator A® B on V
by
(AeB) (o) = (4w) e (Bls)

and extend by linearity. In particular,

A +— A®I acting just on V;
B «— I®B acting just on V5 . (5.1.6)

Operators of this form commute for any A & B.

Common abuses of notation:

(i) [¢) @ |¢) written as [1)]6).

(ii) Leave out ®I or I® for operators acting on just one subsystem.

Consider a particle in two dimensions with position operators Z;,Zs. Basis of joint
eigenstates can be constructed as

|21, 22) = [21) @ [22)
ii’l < il X I

This is the V' = V] ® V5 tensor product of states for two one-dimensional particles. The
wavefunction for |¢) ® |¢) is

(@ @l ) (W) @ 16)) = (@1l (wslo)

tensor product separable wavefunctions:
states product of 1D wavefunctions
tensor product all linear combinat.ions (5.1.9)
space of such wavefunctions
Example: two-dimensional oscillator.
Lo oy, 1 9 0 o
H = ——(p1+p3) + smw (27 + 23)

2m 2
— Hl + H27 (5110)
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with
1 1 1
Hi — _AZ — 2A2 = m NZ —
2mpl + 2mw Z; ( + 2) ;
Nl’ = Cl;r&l', [ai,a;r-] = 51’]‘ . (5111)

Simultaneous eigenstates of Ny, N constructed by

[n1,m2) = |n1) @ |na)
with H|n1,n2) = <H1|TL1>> X \n2> + |n1> X (HQ‘TL2>>
En1ﬂ2|n17n2> ) (5.1.12)

where E,, ,, = hw(n; +ny + 1).

5.2 Spin

Experiment shows that particles generally carry an internal degree of freedom called
spin or intrinsic angular momentum. Even if the particle appears ‘elementary’ or
pointlike, its space of states will be of the form V' = Vgpace ® Vspin with basis

lz,r) = |z)|r), (5.2.1)

where r takes a finite set of values: the quantum numbers associated with spin. The
particle is not ‘structureless’: the position operators, &, are not a complete commut-
ing set by themselves — there are additional observables () acting just on Vspin with
[;, Q] = 0. We will understand these operators later in the study of angular momen-
tum but for now concentrate on the states.

Each kind of particle has a definite total spin S which is a half-integer 0,3,1,2,.. ;
this is a basic characteristic like its mass or charge. For a spin S particle of non-zero

mass there are 25+ 1 basis states in Vspin labelled by convention r = 5,5—1,...,—=S.
E.g.,
S basis states
0 10)
. 2.2
} B, [-4  akowitten |1), |4 (5.22)
~ =~
up  down

The existence of spin states is revealed by e.g. the Stern-Gerlach experiment
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T

splits beam in two:
s = 1/2 in this case

v

magnet producing different force on
inhomogeneous field different spin states

beam of

particles

The general state [¢) in V has a (25 + 1)-component wavefunction

(e, r) = (,r[¢) . (5.2.3)
It is also useful to write the state in mixed, or hybrid, notation as
S @)l . (5.2.4)

5.3 Multiparticle states: bosons and fermions

Consider particles labelled by a = 1,2,..., N. Let V, be the space of states for each
particle with basis {|@,, )} - position and spin labels. The general multiparticle states
belong to

VeVhe...oVy, (5.3.1)

with basis states
|@1,r1; @0, 05 .. XN, TN) = |T1, 7)) @@, Te) @ ... R XN, TN)

constructed from single particle states. If the particles are identical, V, = V| some-
thing interesting can be added.

Consider the simplest case N = 2. Define an operator W which exchanges particles by
its action on basis states:

W1, r1;@2,12) = |@2,79;21,71) - (5.3.2)
When the two particles are identical its action on a general 2-particle state is
W) = nl¥), (5.3.3)

because |¥) and W|¥) must be physically equivalent if the particles are indistin-
guishable. But, given its action on the basis states

W?=1 = n*=1orn= +1. (5.3.4)
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Thus, 2-particle states do not belong merely to

VeV spanned by [¥) ® |¢) ,
but to (VeV)s spanned by [¢¥) ® |¢) + |¢) ® |¢) ,
n=1 symm under W (5.3.5)
or to (VoV)a spanned by [¢) ® [¢) — [¢) @ [¢) .
n=—1 antisymm under W

Similarly, for multiparticle states with N > 2 we can define W, which exchanges
(Ta,7q) <> (@p, 1) by this action on the basis states. Then for a general N-particle
state

W(a,b)|\1’> = 77((171,)"1/) (536)
with, again, ¢, = £1 because W(i’b) =1.
For any permutation 7 of {1,2,..., N} define

W’mlyrl; L2, To;. .. ;wN7TN>
= |Tr(1)s Tr(1); Tr(2)s Tr(2)5 -+ 3 Br(N) Tr(N)) (5.3.7)
on the basis states. On a general state

WL |U) = n,|¥) for some 7, . (5.3.8)

But algebra of swaps or transpositions implies 7,4 = = 1 with the same value for
all pairs (a,b) since any two swaps are conjugate. This makes physical sense since the
particle are identical and the initial choice for the labelling is not unique. Then, since
any 7 can be obtained as a sequence of swaps, we have alternative outcomes

1
= { sgn(m) = (_1)(# swaps needed for ) (5.3.9)

)

with the same alternative for all . These correspond to two inequivalent 1-D repre-
sentations of the permutation group.

Hence, there are two fundamentally different kinds of particles:

e Bosons obeying Bose-Einstein statistics:
(i

(i
e Fermions obeying Fermi-Dirac statistics:
(i

(ii
Note that this applies only to identical particles. Indistinguishability has a different
character in QM from classical physics. It is the consequence of saying that you cannot

attach a label to a given particle and uniquely identify it from any other. You can no
longer follow individual particles because of the uncertainly principle.

interchange of identical bosons leaves the state unchanged: n = 1;
multiparticle states in (V @V ®...®V)s.

interchange of identical fermions changes the state by a sign: n = —1;
multiparticle states in (V@ V ®...® V)a.

In addition have the remarkable % Spin-statistics relation. %
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5.4 Spin and statistics

Integral spin particles (S =0,1,2,...) are bosons.

%—integral spin particles (S = %, %, ...) are fermions.
This is confirmed by experiment and can be derived in relativistic QM or QFT (quan-
tum field theory) so becomes the spin-statistics theorem; no derivation is know within
non-relativistic QM. The derivation relies, in particular, on Lorentz symmetry (sym-
metry under Lorentz transformations and rotations) and causality (no (space-time)
event can influence a future event if they are separated by a space-like space-time
interval; no light signal can connect them).

e Most common elementary particles are fermions: electrons, protons, neutrons, neu-
. . 1
trinos, quarks, muons, 7 — all spin 5.

e Particles associated with forces are bosons: photons (EM), W%, Z (weak nuclear),
gluons (strong nuclear) — all spin 1.

e Other particles such as mesons are bosons e.g., w, K are spin 0, the p is spin 1, and
many more have been observed with higher spin.

e The recently discovered Higgs boson (LHC experiments) has almost certainly spin 0
although this is still to be confirmed.

e The graviton has spin 2 but is yet to be observed - not likely in the near future (if
ever).

e The spin-statistics theorem applies even if the particles are not ‘elementary’. Indeed,
nucleons (proton etc) and mesons are made of quarks. Atoms obey the theorem, too.



