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Chapter 1

A brief reminder of linear
Algebra

The fundamental principle of quantum mechanics is that an isolated
physical system can be put into correspondence with a linear vector
space in such a way that a definite state of the system corresponds to
a vector and physical observables correspond to linear operators. For
this reason the mathematics of linear vector space plays an important
role in the quantum theory.

1.1 Linear vector space

A linear vector space is a set of objects (vectors) |a >,|b >, |c > ...
which is closed under two operations:

1. Addition, which is commutative and associative:
la > +|b>=|b> +|a >
(Ja > +|b>) + e >=|a > +(]b > +|c >). (1.1)
2. Multiplication by a scalar (any complex number), which is dis-
tributive and associative, that is,
Ala > +]b>) = Aa > +A|b >
Apla >) = )l >
(A + p)la >= Aa > +pla > . (1.2)



In addition, we assume a null vector —0;, exists such that for all |a >
la > 4|0 >= |a >, (1.3)

and that for every |a >, a vector —|a > exists such that
la > +(—]a>)=10>. (1.4)

In the rest of the course we abbreviate |0 > by 0. Finally the multipli-
cation by the scalar 1 leaves every vector unchanged:

lla >=|a > . (1.5)
A set of vectors |a; >, |ag >, ..., |a, > is said to be linearly indepen-
dent provided
Alar > +Xolag > +... + A\yla, >=0, (1.6)
implies \y = Ay = ... =\, = 0.

If in a particular vector space there exists n linearly independent
vectors but no set of n + 1 linearly independent ones, the space is said
to be n-dimensional.

Let |a; >, ...,|a, > be a set of n linearly independent vector in an
n-dimensional vector space. Then if |x > is an arbitrary vector in the
space there exists an unique set of numbers {x;} such that

2 >=>"wila; > . (1.7)
i=1

The fact that an arbitrary vector |z > can be written as a linear combi-
nation of the |a; > is often expressed as this: the set of “base vectors”
{|]a; >} is complete. Under a particular choice of base vectors there is
an 1-1 correspondence between a vector |z > and its components:

X1
T > . . (1.8)

Tn



1.2 Linear operators and their corre-
sponding matrices

A linear operator is a linear function of a vector, that is, a mapping
which associates with every vector |z > a vector A(|z >), in a linear
way,

A(Na > +ulb>) = M(ja >) + pA(b >). (1.9)

Due to Eq. (1.9) it is sufficient to know A(|a; >) for the n base vectors
la; >. Since A(|a; >) is also a vector in the vector space, it can be
expressed as the linear combination of |a; >

A(la; > ZAM(LJ . (1.10)

Using Eq. (1.7) and Eq. (1.9) we can then evaluate

Az >) sz|al => zA(la; >) =D ziAjla; >
i i g

(1.11)
Consequently the component y; of the vector A(|x >) can be obtained
as follows

Y1 Apn o o . A 1
Alle>) | . = - . . . . - (1.12)
In the above matrix product is assumed. Thus the entire information
of the vector function A is encoded in the following matrix

All e Aln
A~ ) S . : (1.13)
Ag -~ . . A
The sum and product of linear operators and the product of an
operator and a scalar is defined by the following relation

(A+B)(Jx >) = A(|x >) + B(|z >)



(AB)(|z >) = A(B(|z >))
(AA)(Jz >) = AA(|z >). (1.14)

The matrices corresponding to the operators on the left hand side of
Eq. (1.14) are

(A+B)— A+ B
(AB) — AB
(MA) < A4, (1.15)

where A4+ B, AB and AA denote matrix addition, matrix multiplication
and the multiplication of a matrix be a scalar respectively.

In general matrix multiplication is not commutative, i.e. AB needs
not equal BA. When AB = BA we say that A and B commute. The
commutator of two matrices is defined as

[A,B] = AB — BA. (1.16)

The elements of a null matrix are all zero, and the elements of the
identity matrix are

The inverse of a matrix does not always exist. However if it exists the
following condition is satisfied

AAT =ATTA= T (1.18)

In order for a matrix A to have the inverse its determinant must be
non-zero, in which case

e cofactor of Aj;

g = dot A (1.19)

In the above the cofactor of the element Aj; equals (—1)"*/ times the
determinant of the matrix which A becomes if its jth row and the ith
column are deleted.

A number of matrices closely related to a given matrix A are given
in the following table.



matrix elements

A Ajj
transpose A A=Ay
complex conjugate A* | A% = (A;;)*
hermitian conjugate At AZT; = (4;)*

1.3 Function of an operator

A function of an operator (matrix) is defined by the power series ex-
pansion. For example:

> 1
et =3 —An (1.20)
“— n!

1.4 Unitary space and the scalar product

A unitary space is one in which for any two vectors |u > and |v >
the scalar product < u|v > is defined as a complex number with the
following properties

< ulv >=<vlu >*
<uldv+nw >= X <ulv>4n < ulw >
<ulu>>0 and < wulu>=0if and only if |u >= 0. (1.21)

The scalar product defined above obeys the following Schwartz’ inequal-

ity
<ulu><vjv> >|<ujv> . (1.22)

Two vectors whose scalar product is zero are said to be orthogonal.

1.5 Complete orthonormal set

let |e; >, ..., |e, > be n-linearly independent vectors in a unitary space.
They are said to form a orthonormal set if and only if

< €i|€j >= (S” (123)
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Any set of linearly independent vectors |a; >,...,|a, > can be made
orthonormal by the following Gram-Schmidt process. First we choose,
say, |a; > and normalize it

[ — (1.24)

Next we orthogonalize |as > with respect to |e; >
lay >= |ag > — < eq]ag > |eg > . (1.25)

Then we normalize |al, >

/
>
leg >= |a27. (1.26)
\/ < ablah >
Next we orthogonalize |ag > to |e; > and |ey >
lay >= |az > — < e1]az > |eg > — < ezag > |ea > . (1.27)
Afterwards we normalize |aj >
Jag >
les >= (1.28)

\/ < ag|ag>.

We repeat this process until exhaust all vectors in the set.

A set of n orthonormal vectors in a n-dimensional vector space is
called a complete orthonormal set. Any vector in this vector space can
be written as a linear combination of these base vectors

2 >=>"dile; > . (1.29)
i=1

The statement that {|e; >} form a complete orthonormal set is often
stated as the following equation

D ek >< e =1, (1.30)
k
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because

lz>=1Tlz >=)|exr >< ex|z > . (1.31)
ks

The scalar product of two vectors can be expressed in terms of their
components with respect to an orthonormal basis

n
<ylr >=> yiw;. (1.32)
i=1
The matrix corresponds to a linear operator under an orthonormal

basis is of particular importance in quantum mechanics. A compact
way to write down such a matrix is

A:ZAU|€Z >< €j|. (133)
]
The hermitian conjugate of A is the operator given by

= ZA;A(% >< €j|. (].34)

From Eq. (1.33) and Eq. (1.34) it follows that
<u|At|v >= (< v|Alu >)*. (1.35)

1.6 Unitary transformation
A linear operator satisfying

Ut =01, (1.36)
is said to be unitary. If {|e; >} is an orthonormal basis, then

e}, >= > Ule; > (1.37)

where U is a unitary matrix also form an orthonormal basis.
Substituting |e; >= 3=, Ui |e/ > into Eq. (1.33) we obtain

A= ZA le; >< €] (1.38)
where
=Y Ut AuUy;. (1.39)
k.l
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1.7 Eigenvalue and eigenvector

Let A be a linear operator and |v > be a vector. If
Alv >= Mo >, (1.40)

then we said that |[v > is an eigenvector of A and A is the associated
eigenvalue. Under an orthonormal basis Eq. (1.40) read

ZAijvj = )\Uz‘, Vi. (141)
J

Since Eq. (1.41) can be rewritten as the following n simultaneous equa-
tion

Z<AU — )\51']')1}]‘ = 0, (142)
;
U1
the condition for the existence of non-trivial solution ' is
Un

Eq. (1.43) is called the secular equation of Eq. (1.40).
There are three theorems concerning the eigenvalues of a hermitian
operator.

1. The eigenvalues of a hermitian operator are all real numbers.

2. The eigenvectors of a hermitian operator that correspond to dif-
ferent eigenvalues are orthogonal.

3. It is possible to choose the eigenvectors of a hermitian operator
so that they form a complete orthonormal set.

1.8 Diagonalization of matrices via uni-
tary transformations

Let H be the matrix corresponds to a hermitian operator. Let eq, ..., e,
be its complete orthonormal eigen (column) vectors. Then under the

12



unitary transformation where
er . . . e
U= < n) 1.44
L] ( )

H becomes a diagonal matrix

A 00
UTHU = D = 8 Ao2 AOS (1.45)

Two matrices A and B can be simultaneously diagonalized if and
only if A commute with B.

The eigenvalues of a matrix is unaffected by a unitary transforma-
tion, i.e., H and STHS have the same eigenvalues. In addition to the
eigenvalues the trace of a matrix (TrA) and the determinant (det A)of
a matrix are also invariant under unitary transformations.

Finally we state the general condition that a matrix be diagonaliz-
able by means of unitary transformation. Consider an arbitrary matrix
M. We can write

M = A+1iB, (1.46)

where A and B are both hermitian, by choosing

+
g M+ M
2
M— MY
B=— (1.47)

Now A and B can be diagonalized separately, but in order that M may
be diagonalized, we must be able to diagonalize A and B simultane-
ously. The requirement is that A and B commute.

1.9 Spaces of infinite dimensionality

Two kinds of infinite dimensional vector spaces are encountered in
quantum mechanics. One has denumerably infinite number of base
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vectors. For example a complete orthonormal set in this space may

read
ler > k=1,.. 00. (1.48)

In this case aside from the fact that vectors/matrices carry infinite
components/elements everything else is the same
The other is nondenumerably infinite. For example consider a par-
ticle in one dimension. The eigenstate of the position operator of a
particle:
Xz >=z|z>. (1.49)

Two such states obeys the following orthonormal relationship
<ylr >=d(x —y), (1.50)

with §(x — y) the generalization of §;;.
{|z >} form a complete orthonormal set in the sense that any state
|t > of that particle can by expressed as linear combination of {|z >}:

| >= /d:r;w(x)|x > . (1.51)

We note that 3, is now replace by [ dz. The scalar ¢(z) is often called
the wavefunction. The above completeness can be stated as

/dx|x S<a|=1. (1.52)

Physical observable are linear operators. The matrices corresponding
to these operators carries continuous labels. For example the matrix
corresponds to the momentum operator

P(x,y) = —éé'(m — ). (1.53)

i
In component form the equation

Ix >= P|¢ > (1.54)
becomes

_ hdy(a)

1 dx

X(@) = [ a5~ y)]ety) (1.55)
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Chapter 2

The fundamental
assumptions

2.1 The dogma

1. An isolated physical system can by put into 1-1 correspondence
with a vector space (Hilbert space), so that a definite state of the
system corresponds to a definite unit norm vector in the space.

2. Each physical observable of a system is associated with a hermi-
tian operator acting on the Hilbert space. The eigenstates of each
such operator form a complete orthonormal set.

3. If the system is in state |¢) >, then the result of a given measure-
ment of a physical observable O is an eigenvalue )\, of the associ-
ated hermitian operator with the probability p = | < ¢,|¢b > |
In the above |¢,, > denotes the eigenstate of O corresponds to
eigenvalue \,. The averaged value of a observable after large
number of measurements is

O =< |0y > . (2.1)

4. A measurement of observable A resulting in value \; projects the
state vector from initial value |u > to final state |¢; >. The
latter is the eigenstate associated with A;. If |u > is already an
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eigenstate of A, then it is not changed by the measurement. If
|u > is not an eigenstate of A it is projected into |¢,, > with the
following probability

p=|< dulu> | (2.2)

The assumption of quantum mechanics has some far reaching im-
plications. The following are two examples.

2.2 The uncertainty relation

Item (3) of the above list implies the following uncertainty relation.
Consider two physical observables whose corresponding (hermitian) op-
erators are A and B. If [A, B] = ic' where c is a real number, then

AAAB > 5. Thus

[A, B] =ic implies AAAB > (2.3)

oo

In the above
AA? =< u|A%u > — < u|Alu >?=< u|(A— < u|Alu >)*u >, (2.4)

where |u > is the state of the system. Physically AA is the root-
mean-square deviation of the outcome of a large number of identical
measurements made on observable A. Thus Eq. (2.3) implies that in a
series of experiments where A and B are simultaneously measured, the
root-mean-square deviation of A and B obeys the inequality AAAB >

C

5.
Proof: Let
01 = A— < u|Alu >
Oy = B— < u|Blu > . (2.5)

If the commutator of two hermitian operators is a c-number (scalar) then
this number is necessarily pure imaginary. Proof: if [A4, B] = z, then [A4, B]*T =
—[A, B] = z*. Thus z* = —z which implies that z is pure imaginary.
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Since A and B are hermitian so are O; and Os. In addition it is obvious
that
(01,05 = ic (2.6)

Let [v >= O1ju >,|lw >= Ozlu >. (Consequently < vjv >=
AA% AB? =< w|w >.) By Schartz’ inequality

AA’AB? =<vu ><wlw >>| <vjw > *=| <u|0,0:]u > |?
1
= Z| < u|[01, OQ] + {01,02}|u > |2. (27)
In the above
{01, 02} = 0102 + 0201, (28)
is the anti-commutator of O; and O,. Since both O; and O, are her-
mitian, so is {Oy, O2}. As a result

< u[{O1, O2}|u >= a = a real number. (2.9)

Substitute Eq. (2.6) and Eq. (2.9) into Eq. (2.7) we obtain

1 1
AA’AB? > ~|a +ic]* = 1(042 + %) > 102. (2.10)

o |

As the result Eq. (2.3) holds.
A commonly cited example of Eq. (2.3) is the position-momentum
uncertainty relation

AzxAy > Z

. (2.11)

2.3 A reminder of the spin 1/2 algebra

In the second example we discuss the implication of item (4) of the
dogma - i.e. a measurement “collapses” the system into an eigenstate
of the observable that is been measured.

Let us consider two spin 1/2 particles. As the reader probably
remember for a spin 1/2 particle the projection of its spin angular
momentum along any direction is of either +h/2 or —h/2. We shall
revisit the spin angular momentum later, at this time let me just remind
the readers of some facts of the spin 1/2 problem.

17



The state space of a single spin 1/2 is two dimensional because there
are two othonormal state | + 2 > and | — 2 > correspond to +h/2 spin
angular momentum along the z-axis respectively. The matrices that
correspond to the spin operator in x,y,z directions are

Sa

!

[ St o S o St

(1
(i
2 (o

R

<

N
!

)
o)
o).

(2.12)

The state that corresponds to +//2 spin angular momentum along the

|+2>H <1>
0

z-axis are

]—2><—><

(1)) . (2.13)

The state above satisfies the following eigen equations

h
Sz|+§>:§|+§>

I
Syl—2>=——-|—-2>.
|—2>=—2]-2

(2.14)

Similarly we can show that the state that satisfies

are given by

(2.15)

(2.16)



Similarly it can be shown that the state that satisfy

Q>

h
-S|+d>:§|+&>

Q>

h
-S\—d>:§]—d>, (2.17)
where @ = (sin 2¢,, 0, cos 2¢,) is

|+a> = (cosa|+ > +sing,|— >)
| —a> = (—singg|+ > +cosp,|—>). (2.18)

In the above 2¢, is the angle made by a and the z-axis.

For two particles the state space is 4-dimensional since there are
four possible orthonormal states | + 2,42 >, |+ 2, —2 >,| — 2,42 >
.| — 2,—2%2 >. Out of the four possible states above we can construct a
very special state

1
IS >=—=(+2,-2>—]—%,+2>. (2.19)

V2

This state has the property that the total spin angular momentum is
zero. In other words

(Slz + ng)’S >= (Slx + SQx)‘S >= (Sly + Sgy)‘s >= 0. (2.20)

Imagine that the two particles are initially close together and are in
the singlet state Now imagine the particles fly apart in a way that their
total spin angular momentum is conserved. Let there be two observers
A and B who intercept these particles.

If B measures the spin of the particle (say 2) he/she intercepts while
observer A does nothing. The outcome of B’s experiment is that there
is equal probability for spin up (+2) and spin down (—2).

Now consider A first measures the spin of particle 1 then B measures
the spin of particle 2. In this case if A sees spin up then there is a 100%
probability that B will see spin down. Likewise if A sees spin down B
for sure will see spin up. (Of course there is equal chances for the above
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two scenario to occur.)?

Thus one might say that what A does affect the outcome of B’s
measurement. One might say that this is nothing unusual. Imagine
two billiard balls colliding with equal and opposite velocities. After the
collision the direction of ball 2’s velocity is totally random. However
if one measures the velocity of ball 1, then due to the conservation of
momentum ball 2’s velocity will for sure be opposite to that.

Of course in the billiard ball’s case the fact that the final velocity
of ball 1 appears random is because our imperfect knowledge about
the initial condition such as impact parameter ... etc. In principle
if we have such information, the final velocities should be completely
predictable. The situation is entirely different in the spin 1/2 case. This
time the probabilistic outcome of a measurement on particle 1’s spin
is not due to imperfect information. According to quantum mechanics
this probabilistic feature exists at the most fundamental level of nature.

2According to the assumption of quantum mechanics the probability that B
observes spin up/down while A does not make any measurement is given by

P,  =|<+5+3S> P+ | <+ 48> 2=

Py =< —5+2S>P+]<—5-23S>?=

N — N~

(2.21)

However once A has measured that particle 1 has spin, say, —Z, then the singlet
state is “collapsed” to

S >— —| — 2,42 >, (2.22)

Thus the probability that a subsequent measurement of B will yield spin up/down
is given by

P,o=|-<+3 -3 -2,+:> =1
Pyi=|-< -2 -3 —4+:>]*=0. (2.23)

Similarly if A has measured +Z for particle 1’s spin, the probability for the outcome
of B’s measurement are

P,=| <4243 +2,-2>2=0
Pi=|< =2+ +2-2>"=1. (2.24)
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The billiard ball example is a special case of the “hidden variable
theory”.

2.4 The hidden variable theory

In this theory it is argued that the fact that the behavior at the mi-
croscopic level appears probabilistic is only because some yet unknown
variables have not been specified. For example when a hidden variable
h falls in the range of R, the spins of particle 1 and 2 are +1/2,4+1/2,

. etc. If particle 1’s spin is not measured the range of h that is con-
sistent with particle 2 having spin up/downis Ry, UR_. /R, _UR__.
Thus if Ry UR_4 and R,_|JR__ occupy the same “volume” in the
h-space, there is equal probability for particle 2 to have spin up and
down. If particle 1’s spin is measured to be +/— that fixes the range of
hto RyyUR,_/R_,UR__. Now if R, /R__ has zero volume, then
the subsequent measurement of particle 2’s spin must yield the value
—/+. The above is summarized in the following table

Range | probability | Particle 1 | Particle 2
R+_ P1 = 1/2 +,7:’ —2’
R_+ P2 = ]_/2 —Z +2

The way that hidden variable theory works is to design the h-space
until the quantum mechanical prediction is met. For sometime it is
felt that it is always possible to design the h-space so that it will be
consistent with quantum mechanics.

For example, let us consider observer A and B measure the z as
well as the z components of the spin. According to the assumption of
quantum mechanics there are the following possibilities:

1. If A measures S, and B measures S, there is a completely random
correlation between the two measurements.

2. If A measures S, and B measures S,, there is a 100% correlation
between the two measurements.

3. If A makes no measurement, B’s measurement show random re-
sults.
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The proof that quantum mechanics yield the above prediction is left as
a homework problem.

The way that hidden variable theory cope with the above result is
to designs the space of the hidden variables as follows:

Range | Probability | Particle 1 | Particle 2
R 1/4 (+2,—2) | (=2, +2)
R 1/4 (+2,+2) | (=%, —3)
R 1/4 (—2,+@) | (+4,—7)
R | 1/4 (—2,—2) | (+2,+%)

In the above by (+2, —Z) we mean a state where if one measures S, one
will get +h/2 with certainty, while if one measures S, instead one will
get —h/2 with certainty. It should be emphasized that we are not saying
that one can simultaneously measure S, and S, to be +h/2 and —h/2.
When we measure S, we do not measure S, and vice versa. We are
assigning definite values of spin components in more than one direction
with the understanding that only one or the other of the components
can actually be measured.

2.5 Bell’s inequality

For a long time it is believed that the hidden variable theory can always
be concocted in such a way that they would give no predictions other
than the usual quantum mechanical one. It is until in 1964 J.S. Bell
(see, e.g., J.S. Bell Rev. Mod. Phys. 38, 447 (1966)) pointed out that
the hidden variable theory has an experimentally-testable prediction
that disagrees with the prediction of quantum mechanics.

Let us consider three directions a, l;, ¢ in the z — x plane which are,
in general, not mutually orthogonal. Since the singlet state has total
spin angular momentum zero, the projection of particle 1 and particle
2’s spin along a, b or ¢ must sum to zero.

In order to be consistent with the above the hidden variable theory
designs a table like the following.
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| +a>=

Since p; > 0, we conclude

+a +a +é
P < PH+ P

This is called the Bell inequality.
Now let us ask what is the quantum mechanical prediction. Accord-
ing to Eq. (2.18) the spin state that satisfy

a-S]+a>:+§|+a>,

< S| +a,+b>

1
V2

(COS¢G|+ > +Sil’l¢a|—

In the above 2¢, is the angle made by a and the z-axis.
Using Eq. (2.28) we obtain
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Range Probability | Particle 1 Particle 2
et e (+t,+b,+¢) | (=a,—b,—¢)
RV | o (+a, +b,—¢) | (—a,—b,+¢)
Lo s (+a, —b, +¢) | (—a,+b, —¢)
e e (+a, —b,—¢) | (—a,+b, +¢)
E;Z;iﬁ;;iﬁi s (=@, 4b, +¢) | (+a, —b, —¢)
e b (—a, +b,—¢) | (+a,—b, +¢)
R(+Z 0 *2 pr (—a, —b,+é) | (+a, +b, —¢)
R(+Z o +3 s (—a, —b,—¢) | (+a, +b, +¢)
According to this table
P+a =DP3+Pa
P+a = P2+ Pa
P:bc =p3tDpr

>).

[<—+| — <+ —|][cos,cospp| ++ >

(2.25)

(2.26)

(2.27)

(2.28)



+ cos @ sin ¢p| + — > +sin ¢, cos gp| — + >
+ sin @, sin ¢p| — — >|

1
= ﬁ [cos ¢, sin ¢y, — sin @, cos ¢y
1
= ﬁ sin ((bb — (ba)- (229)
As the result
. . 1
PH =|<8|+a,+b>| = 3 sin® (¢ — @) (2.30)

Similarly we have

\ 1
“+é <2
P+l3 =3 sin” (¢p — @c)

|
P{{ = 5 sin* (¢ — ¢a) (2.31)
Thus according to quantum mechanics we have
; 1
+a _ : 2
P+B = 5 sin (o — Pa)
a @ L. I
PI+ P:l; =5 sin® (¢c — ¢a) + 5 sin® (¢p — @c).  (2.32)

Thus in order for the Bell inequality to be satisfied we require

sin? (Pp — Do) < sin® (e — Pa) + sin? (o — Pe). (2.33)

There are clearly choice of ¢’s so that the above equation is violated.
Example are such as ¢, = 0,0, = 6,0, = 20. The Bell inequality
requires
sin?20 = (1 — 2sin?#)? < 2sin” 6. (2.34)
Thus if we choose 0 so that

3-V5

4 Y
(or 8 > 25.9 degrees) the Bell inequality is violated. The first experi-
mental demonstration of the violation of Bell’s inequality is achieved at
Berkeley by Freedman et al (Phys. Rev. Lett. 28, 938 (1972).) using
the photon analog of the spin 1/2 problem.

sin @ > (2.35)

24



Chapter 3

Quantum dynamics

So far we have not discussed how physical systems change with time.
This section is devoted to the dynamic evolution of states and observ-
ables.

The first important point we should keep in mind is that time is
just a parameter in quantum mechanics, not an operator. In particular
time is not an observable in the language of the previous sections. It is
incorrect to talk about the time operator in the same sense as we talk
about the position operator.

3.1 The Hamiltonian and time evolution
operator

The basic question is, how does a state change with time. To answer
this question it is sufficient to describe how does a physical state change
after infinitesimal time increment from ¢ to ¢t + dt. The answer is that
suppose the system is in state |¢ > at time ¢, then after dt the system
is in the state
dt

x >=[I =i H(t)]l¢ > . (3.1)
In the above H(t) is a hermitian operator that in general depends on
t. This operator is commonly referred to as the Hamiltonian (energy
operator) of the system.
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Because H (t) is hermitian Eq. (3.1) implies that
< x|x >=< ¢|¢ > +0(at?). (3.2)

Thus the time evolution dictated by Eq. (3.1) conserves the norm of
the state vector. Eq. (3.1) can be integrated to yield the evolution of a
state after finite time At elapse. The answer is that

I >= [I—z‘%H(H—(N—1)6)]...[1—i%H(H—e)][I—i%H(t}]|gb > . (3.3)

In the above we have divided the total time evolution into N infinites-
imal pieces, i.e.

At
Eq. (3.3) is equivalent to
i (At
Iy >=To{e  Jo ™ HO} 6 >, (3.5)

where T% is the time ordering operator. To be more specific,

TS [H(t1)H (t2)...H(tn)] = H(tiatest)---H (teartiest)- (3.6)

But what happen if At is negative. In that case the time evolution
from |n > to |¢ > is given by Eq. (3.5) or

6 >=To e Jaan @O, (3.7)
As the result
In > = {T>6_%f:+m dtH(t)}_1|¢ >= T<e% ftt+At dtH(t)|¢ >
= TeewJ ) (3.8)

In the above T. is the anti time ordering operator i.e.
T [H(t1)H(t2)...H(tn)] = H (teartiest) - H (Liatest)- (3.9)

The operator that evolves a state from time t; to t5 is called the
time evolution operator

_i [t2
Utsity) = Thyp, {7 I #HOY, (3.10)
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where

Ez—h = T>7 to >ty
=T, to < 1. (311)
Two immediate implications of Eq. (3.10) are that
Z/{(tl,tz) :Z/{Jr(tg,tl), (312)
and _
Ut + 0t tg) = e #HOY (¢ 1), (3.13)
The consequence of Eq. (3.12) is that if
1y >=U(ta; 1)1 >, (3.14)
then
|1/11 >= U(tQ : t1)+|’¢2 >= u<t1,t2)|¢2 > . (315)

Thus the hermitian conjugate of the time evolution operator does the
backward time evolution. The consequence of Eq. (3.13) is that

m% = H(U(t; t)
—z‘hw =U(t;to)H(t) (3.16)

3.2 The Schrodinger equation

A state that evolves by the time evolution operator |i(t) >=
U(t;t9)|1ho > obeys the following differential equation - the Schrodinger
equation

z‘hgthb(t) S= Ht)|[)(t) > . (3.17)

In the case where the Hamiltonian is time independent Eq. (3.10)
becomes _
Uty ty) = e nl2mtDH (3.18)

If at t = 0 a system is in the eigenstate of a time-independent Hamil-
tonian H|n >= E,|n > then the state at time ¢ is

(1) >=e 7| >= e nPtp > (3.19)
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3.3 The Heisenberg equation

Let {|e,, >} be an orthonormal basis, and A be a linear operator corre-
sponds to a physical observable. The matrix corresponds to A is given
by

Apm =< ey|Alenm > . (3.20)

Upon time evolution each of the basis state becomes
Ut;0)le, > . (3.21)
The matrix element of A then evolves to
< e [U(t;0)T AU 0) e, > . (3.22)

As far as the matrix elements is concerned we can regard the state
as static while the operator is evolving:

Ag(t) =U(t;0)T AU(t; 0). (3.23)

This point of view is called the “Heisenberg picture”. In the following
we contrast the Heisenberg picture with the Schrodinger one.

States Operators
Schrodinger | time dependent time independent
Heisenberg | time independent | time dependent

According to the Heisenberg picture the physical observables evolves
according to the following differential equation

dAy i DA
Due to the fact that U(¢;0)TU(t;0) = I,
(i, Au] = U(E:0)* [H(1), AYU(1;0) (3.25)

The last term of the above equation arises from the explicit time
dependence of the operator itself.
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3.4 Two-state problem

The two-state problem has the simplest state-space — there are only two
linearly independent vectors. Let us call them |u > and |d >.! They
form a orthonormal set, i.e.,

lu><u|+|d><d =1. (3.26)

Any hermitian matrix in this space can be written as

a b—1ic
M_(b+l.c d ) (3.27)

where a, b, ¢, d are real. A matrix of the form Eq. (3.27) can be expressed
as a linear combination of the identity and three Pauli matrices:

d —d
M = (a—;— ) I+ bo, + coy, + (%) .. (3.28)

In the above

(O N o= (" T) mm(L 0) e

are the three Pauli matrices. Some important properties of the Pauli
matrices are

ol=02=02=1, (3.30)

and

0x0y = 10,
0,0, = 10,

0,0, = 10y (3.31)
Eq. (3.31) implies the following commutation relation

(00, 08] =20 €ap,0, (3.32)
Y

LA physical realization of the two-state problem is the spin state of a spin 1/2
particle.
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and anticommutation relation
{0a,08} = 0. (3.33)
In Eq. (3.32) €4y = €yox = €ruy = —€yaz = —€ryp = —€4y = 1, and all
other combination of «;, 3, give zero.
A simple example of Hamiltonian in this two-state space is

H = —Bo,. (3.34)

The eigenstates of this Hamiltonian is

1 (1) . B

— eigenenergy = —

V2 \1

1(1> ' B (3.35)
— eigenenergy = B. .
V2 -1

The unitary matrix which transforms H into diagonal form is

FIEY
U= (\{5 V2 ) : (3.36)
V22
and
U+HUe:(_ ) (3.37)

If the system starts in the up state ( < ) after time ¢ it becomes

)
(1) =eeo (3
s (B w10 (2o (3

c (T (3 () s

Thus the system oscillates between the spin up and spin down states
with frequency

(&

B

Q=7 (3.39)
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In Heisenberg picture the time-dependent operator evolves from

04,0y and o, are
i _i
entflg et = g,

erti g et

(?15%)) —(::Eg) (0 —z’)(ééS(rf) ism(?f))

b —ising&) (1 0)(cos(@) z’sm(%))

CcoS Q—Bt) 2 sin (Q—Bt 2Bt 2Bt
h h
= = oS 0, —sin (| — 40
(—251 (%Bt) —cos(QTBt) ( h ) ( h )Qaj )
Thus
: 2B,
UH:?.Z'XO'H. (341)

Eq. (3.41) is very important in studying the precession of the electron
spin in magnetic field. The matrix corresponds to the spin of an electron
is given by

h
The Hamiltonian that governs such a spin in external magnetic field is
H=-°B.s. (3.43)

meC
Here =S is the magnetic moment of an electron. Putting

Eq. (3.42),Eq. (3.41),Eq. (3.43) and Eq. (3.34) together we conclude
that

where B
Q=" (3.45)
mecC

Eq. (3.44) implies that the electron spin precesses at the frequency .
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3.5 The Berry’s phase in two-state sys-
tems

Let us consider the following Hamiltonian parametrized by R = (X,Y)
HR)=Xo,4+Yo,=R-7. (3.46)

The eigenvalues of H(R) are £/ X2 +Y? = £|R|. Thusat R=0 H
is degenerate.

M. Berry ( Proc. R. Soc. Lond. A 392, 45 (1984)) discovered a
deep theorem concerning the eigenstates of this type of Hamiltonian.
Let us imagine R in Eq. (3.46) changes with time. We say that the
change in R is “adiabatic” if R(t) is very small. Of course a slowly
varying R induces a slowly varying H(R(t)). Let |[¢+(R(t)) > be the
instantaneous eigenstate of H(R(t)) with eigen energy F.(R(t)) =
+|R(t)|. It can be shown that if we start off in the state |4 (R(0)) >
and change R(t) adiabatically, then the state at time ¢ is given by

s () >= i o BxROT =020y (R(1)) > . (3.47)

The first exponential factor is the usual phase factor which an energy-
eigen state acquires upon time evolution. The only difference is that
in the present case the Hamiltonian is time-dependent, and this phase
factor is the product of infinitely many phase factors each corresponds
to an infinitesimal time evolution with the instantaneous energy eigen-
values appear in the exponent. The second phase factor is commonly
referred to as the Berry’s phase. Berry showed that

wt) = [lar < g REOig e RE) > (349

Some discussions are in order regarding the above equation.
Eq. (3.48) assumes that the instantaneous eigenstate [ (R(7)) > is
differentiable with respect to t. Since eigenstates are only defined up to
a phase factor,? we can certainly choose the phase factors (e.g. make
them change abruptly from one instant of time to the next) so that

4.e. if [+ (R) > are eigenstates of H(R) so are e!®* |y, (R) >
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219 (R(7)) > does not exist. Eq. (3.48) implicitly assumes that we
choose the phase factors so that |14 (R(t)) > are differentiable over the
time period considered.

Now imagine during the time interval [0, 7] the R(t) slowly changed
in a full circuit C.*> Berry showed that the integral

1) = [ dr < a RO [92(R()) >

= f iR (< G (R TE L (R) > =70, (349

where Q. = 0(mod2) or 1(mod2) depending on whether C' encloses the
point R = 0 where the Hamiltonian is degenerate.

Obviously if |¢+(R)) > is differentiable and single-valued as R
sweeps through a full circuit so does e+®)|3),(R)) >, assuming e+ ®)
is differentiable and single-valued. Upon this phase-transformation

12(T) = 72(T) + § dR - Vas(R). (3.50)

The second term on the right is the integral of a total differential, hence
it vanishes upon the loop integration.

Let us demonstrate Berry’s theorem by using Eq. (3.46) as an exam-
ple. As we discussed before the instantaneous eigenstates of Eq. (3.46)
are

v (R) > = <cos %u > +sin§|d >>
W_(R) > = <— sin%u > + cos §|d >> : (3.51)
where cos¢ = ﬁ and sin ¢ = ﬁ Although Eq. (3.51) are

legitimate eigenstates of Eq. (3.46), they are not single valued, for ex-
ample, on the unit circle enclosing R = 0. To make the eigenstates
single valued, we take advantage of the freedom of multiplying them by

3If R(t) sweeps through a full circuit, we need to choose the phase factors so
that |1 (R(t)) > are not only differentiable but also single valued.
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a phase factor. For example
‘ t t
W (R(t)) > = eW/2 (cos %\u > +sin i )\d >>

2
o(t) ¢(t)
2

[ (R(t) > = e0/2 (— sin |u > + cos T|d >> .(3.52)

are single-valued. Now it is simple to show that

< VLR R0 (R(0) >= L Tro(t)

<U RO REO) >= 3Vro().  (359)

As the result
fL R [< v (R(D)
fL R [< v (R(D)

depending on whether ¢ went through a 27 loop.

In the above we stated Berry’s theorem without proof. The proof
of it will be presented in chapter 5, after we have discussed the pertur-
bation theory.

Although we demonstrate Berry’s theorem using a simple 2-state
problem as example, it turns out that we have actually covered the
most general case. This is because any real symmetric matrix can be
written as

TR RE) > =7 o 0

|%|1/;_(R(t)) Sl=x or 0 (354)

M = \|Ju ><u|+ A\g|d >< d| + rest. (3.55)

Since it is the first two terms that becomes “singular” at the degeneracy
point, we can simply concentrate on them.

3.6 A few words on the many spin prob-
lem

In the above we have seen the Hamiltonian of a single electron spin
in external magnetic field. In reality such an electron also have or-
bital degrees of freedom, i.e., the electron also moves around. However
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in condensed-matter physics there exists a insulating electronic state
where each electron localizes within a crystalline unit cell so that the
electron spin is the only dynamic freedom. A famous example is the
host compound of high-temperature superconductivity LasCuQOy4. A
caricature of this system is square lattices stacked in the third direc-
tion where on each lattice site sits an electron carrying a spin. It turns
out that the coupling between adjacent planes turns is very weak so
that we can think of one plane at a time. The Hamiltonian governing
such a system is given by the so-called Heisenberg model

H=J)>YS;8,. (3.56)

<ij>

Here ¢ and j labels sites of a square lattice. The question is what is the
ground state of such Hamiltonian, and what are its properties.

Until today this problem has not been exactly solved. The difficulty
of solving such a problem lies in the size of the Hilbert space. Since
each spins can be in either the “up” or “down” states, and since there
is a spin on each lattice site, the dimension of the Hilbert space is 2V
where N is the number of lattice sites. Thus to exactly solved the
problem we need to find the lowest eigenvector of a 2V x 2V matrix.
Remember that 2'0 ~ 102, it is not surprising that we have not been
able to diagonalize such a Hamiltonian with N much greater than that.
In reality, of course, N ~ 10%.

The above simple example illustrate the difficulty of many-body
problems — they have exponentially large Hilbert spaces.

3.7 A spinless particle moving in external
potential

As we learned in elementary quantum mechanics the Hilbert space of
a spinless single particle is spanned by {|x >} where x is the position
of the particle. Such basis set is constructed out of the eigenstates of
the position operator X. Indeed,

X|x >=x|x>. (3.57)
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Under this basis the matrix correspond to the position operator is
X « X (x,x') =xd(x — x'). (3.58)

The momentum operator P of the particle does not commute with the
position operator:
(X, Ps] = ihdap. (3.59)

Sandwich the above equation between < x’| and |x > we obtain

(2], — o) < X|Pglx >=ihdap < X'|x >=ihdapd(x' — x).  (3.60)

As the result?
iho(x' —x) h O ,

< X'|Pslx >= = ——0(x —x). 3.61
WP = T B (son)
Thus under the basis {|x >}
X, = x4
h 0
Py =—-——. 3.62
b 1 6:755 ( )

Like {|x >} an equally good basis set is the momentum eigenstates
{lk >}. Each |k > satisfies

Pk >= hk|k > . (3.63)

Such a state can be expressed as linear combination of the position
eigenstates as

k >= / Préy(x)|x > . (3.64)
here
|pk(x) >=< x|k >, (3.65)
satisfies "
= Vor(x) = ku(x). (3.66)
Nims o 22 055 = /().
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The solution of the above equation is

Pre(x) ~ e, (3.67)

Such wavefunction is commonly referred to as a “plane wave”. It is
normalizable assuming we impose the “periodic box boundary condi-
tion”. In that case the normalization factor is the volume L3 of the
box, and the momentum eigenvalue become quantized

27
7

It is worth noting that in the limit of infinite volume

L3 Zn / d3k

N, Ny,

k = —(ng, ny,n). (3.68)

(3.69)

The Hamiltonian for a particle moving in external potential is
2

H=1" L) (3.70)

2m
Under the basis {|x >} it reads

H= —h—2v2 + U(x). (3.71)

3.8 Simple harmonic oscillator

The potential of a simple harmonic oscillator is

U(x) = §|x\2. (3.72)

In component for the Hamiltonian of such a system read

5.9 K,
H= Z o + 5 %4l (3.73)

Since Eq. (3.73) is the sum of three independent one-dimensional simple
harmonic oscillator Hamiltonian, it is sufficient to concentrate on such

a problem
p? K
H;=—H+— 3.74
=5 + 57 ( )

37



In the above P = %a%'

It is instructive to factorize H as follow

H= (\/];_m +Z\/§I) (\/Ig_m _ zﬁx) + ;ﬁ[a W (3.75)

Since [P, z] = —ih the above reduces to

P K P K h |K
H = (\/ﬁ —H\/;x) (ﬁ —z\/;:c> + o\ (3.76)

Let us look at the operators (\/%—m + z\/gx) and (\/%—m — z\/gx)
First we notice that they are the hermitian conjugate of each other.

Second let us see whether they commute

[<\/]2:m —z\/fx) , (\/]2% +z‘\/§x)] = z'\/g[P,x] = h\/i

(3.77)
Thus if we define

)"

—1/2
c= (i) (gafse) e

we have
la,a™] =1, (3.79)
and )
H=n1Qa"a+ 5] (3.80)
In the above
K
Q=4/— 3.81
- (381)

is the classical vibrational frequency of the oscillator.
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Thus in order to diagonalize H we have to find all eigenstates of
a™a. First we prove that all eigenvalues of this operator are greater or
equal to zero. Let |\ > be an eigenstate of a™a with eigenvalue A, thus

A=< MaTa|A >=< d|l¢p > >0 where |¢p >=a|\ > . (3.82)

Next using Eq. (3.79) it is simple to prove that given a eigenstate
|A > with eigenvalue A, a™|\ > is an eigenstate with eigenvalue A+1 and
al\ > is an eigenstate with eigenvalue A — 1. In this way we can “raise”
and “lower” the eigenvalues as we wish. If the lowering process can
be continued without end, then negative eigenvalues will be generated
eventually, which violates Eq. (3.82). As the result there must exist an
eigenstate |0 > which upon acting by a vanishes

al0 >= 0. (3.83)
By Eq. (3.83) such state satisfies
atal0 >=0[0 > . (3.84)

which means that it is a state of zero eigenvalue.

The above arguments prove that the eigenvalues of a™a are all non-
negative integers and a tower of eigenstates can be generated by oper-
ating a™ on each states satisfying Eq. (3.83).

Next we show that there is only one state satisfying Eq. (3.83) and
explicitly find it. Let us expand |0 > in terms of the basis set {|z >}

m>:/¢w¢mu>. (3.85)

In the above ¢g(x) =< z|0 > is what we call the wavefunction associ-
ated with |0 >. By taking the scalar product of Eq. (3.83) with < z|
we find

/¢ﬂ<ﬂﬂf><fm>zm (3.86)

-1/2
| K 1 ho | |K
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or

0 vmK
(am + a:) () = 0. (3.88)
Eq. (3.88) has a unique normalizable solution
1 -z
¢0($) = \/Ne 21(2)7 (389)
where liz = —”F’;K, and N is the normalization factor. By requiring
0
[ dx|po(x)]* =1 we find N = /7ly, thus
1 _z2
Po(r) = ———e . (3.90)
Vvl

The eigenfunctions of a™a with larger eigenvalues can all be generated
from ¢y(x) as follow

1 no K\
G () ~ (\/%ZM+Z\/;:U> bo(x). (3.91)

Thus from |0 > we can generate a tower of eigenstates of Eq. (3.80),
namely

H(a*)"0>= (n+ %)hQ(aJr)"\O > (3.92)

However it is important to note that the norm of (a*)™|0 > is not one.
In fa ct let |n > be the normalized nth state of H, then

1
n+1>= \/maﬂn >
1
n—1>=—=aln >. (3.93)
Vn

Thus the normalized eigenstates are

1
0>, a®|0>, —=(a")?0>, ——

NGT \@(cﬁ)?’lo >, ete. (3.94)
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Physically a* and a “creates” and “annihilates” the excitation
quanta of the simple harmonic oscillator, and a*a counts them. From
this point of view the ground state |0 > is the vacuum of the oscilla-
tion quantum. Let me summarize the above discussion in the following
table

coordinate space oscillation quanta
Hamiltonian —%88—; + &2 nQata+ 1)
Ground state | ~e %% |0 >
n _ﬁ
Excited state | ~ (ﬁ%a% + i\/%x) e 2% |~ (at)"0 >

After we understood the one-dimensional simple harmonic oscillator
it is trivial to understand the three-dimensional one. The Hamiltonian
is given by

3
H = nQ(a;a, + afa, +afa, + 5), (3.95)

and the eigenstates are now labeled by three integers (|ng,n,,n, >)
correspond to the number of oscillation quanta in z,y, z direction re-
spectively.

3.9 The coherent state

The peculiar state

¢ >= e |0 >, (3.96)
where ¢ is a complex scalar is the eigenstate of a, and
alp >= Plp > . (3.97)
To prove the above equation we note that
[a, f(a™)] = f'(a®), (3.98)

and that f(a™)a|0 >= 0. The state in Eq. (3.96) is called the coherent
state. Physically it correspond to the state in which the oscillation
quanta (Bose particles) of the harmonic oscillator have condensed. It
is simple to show that the norm of Eq. (3.96) is elo and

< P|p >=e?"?. (3.99)
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Moreover J
/—¢e—|¢"2|¢ S< g = 1. (3.100)
T

3.10 The hydrogen atom

The central triumph of early quantum mechanics is the ability to solve
the hydrogen atom problem exactly. The hydrogen atom consists of two
particles, a proton and an electron. The Hamiltonian for this problem
is given by

W, H o2

H=—-" - .
oM % 2m T X —x|

(3.101)

In the above M and m are the proton and electron mass respectively,
and X and x are the proton and electron coordinate.

Due to the fact that the center of mass experiences no force we make
the following coordinate transformation

m M
X R = X =x— X. 3.102
o AT m+MX+m—|—M P PEX ( )

In terms of the new coordinate the Hamiltonian read

n? n’ e?
H=—— " vz 'y 1
2(M +m) Vi 2uvr r (3.103)

The eigen wavefunction of Eq. (3.103) is obviously of the form

ek - Ra(r). (3.104)
The eigen energy is the sum of % and E where
l_hjv? — 6_2] P(r) = Ey(r). (3.105)
2u "
(Here jo = f4m)

To solve Eq. (3.105) we relies on the symmetry reduction. Since the
Hamiltonian in Eq. (3.105) is invariant under the spatial rotation, the
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eigen function can be chosen as eigen functions of the angular momen-
tum operator L? and L., i.e.

L (r,0,¢) = KU1+ 1)9(r,0,9)
L(r,0,6) = min(r, 0, ¢). (3.106)

Since in general we can write

v
wElm(T, (97 (b) = Z Z REl’m’<7n)Y2’m/(67 ¢)7 (3107)

UV m/'==

the above symmetry argument suggests that R, # 0 for only I’ = [
and m’ = m.
Thus without loosing any generality we can write

¢E,l,m(1°) = RElm(T)Ylm(97 ¢) (3108)
Recall Eq. (4.54) and the fact that
10 0 L?
2 2
= 5. il 1
v r2or (T 8r> hr2’ (3.109)

we have, by Eq. (3.106)

R? o (,0 I(I+1)h*  ¢?
e P |t - — =E S (311
[ 2ur? Or (r 87’) * 2ur? r R (r) Rpim(r). (3.110)

Since the left hand side of Eq. (3.110) does not depend on m we conclude
RElm<r) — REZ(T). (3111)

Eq. (3.110) can be solved by brute force power series techniques under
the boundary condition that R is finite at r = 0 and [ 47r?R?(r)dr =
finite.® Here we review the solution. First we let

E Eme4

H —_
2n*
h2

5This boundary condition limits us to finding the bound state solution.
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In terms of the new E and r the equation read

[_iﬁ (T a) LGN %] Ruwn(r) = E'Rum(r).  (3.113)

r2 Or or r2

Let
UE] (7“)
, .

Re(r) = (3.114)

The boundary condition requires that ug(r) — 0 for both » — 0 and
r — 00.
The differential equation that ug; satisfies is

dPug 2 1(l+1)
dT2 + [E + - — TQ Ug = 0. (3115)

r

In the limit of large r the above equation reduces to

d2uEl
As the result
up(r) — eEVIET as r — 0. (3.117)

In the above + applies to the case of F > 0 and — to £ < 0. As
the result the asymptotic equation has decaying solutions only when
E < 0. For r — 0 Eq. (3.115) approaches

dQUEl l(l + 1)
dr? — 2 Up = 0. (3118)

As the result we expect

I+1

ug(r) =" as r—0. (3.119)

Thus we write

u(r) = w(r)e’\/mr, (3.120)

#1 as r — 0. The Equation that w satisfies is

and expect w(r) — r

w" —2\/|Elw’ + (2 l+1)>w:0. (3.121)
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Eq. (3.121) can be solved by means of a power series in r, beginning
with a term in 7!, thus

wr)= > g’ (3.122)
k=141
Substitute Eq. (3.122) into Eq. (3.121) we obtain the recursion relation

kBl -1

kk+ 1) —1(+1)| ™ (3123)

Chp1 = 2

The above recursion relation dictates that as &k — oo

Ck+1 |E|
2 . 3.124

If this ratio holds then w behaves, for large 7, as €>VFI". In that case u
is not bounded. Exception occurs when the series Eq. (3.123) is broken
off at some value of k. This means that

1 1
|E| = %, or E = _ﬁ’ (3125)
which in original unit means that
L (3.126)
=05 = - )

3.11 Feynman path integrals

In this section we focus on a particle moving in one-dimension under
potential U(z). At the end of the section we will generalize the result
to three dimensions.

Suppose the particle is in the position eigenstate |z > at ¢ = 0,
according to the Schrodinger equation it should be in the state

e wH|g >, (3.127)
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at time ¢. Thus the probability amplitude that such particle will be in
the position eigenstate |’ > is

G t;2,0) =< a'|e 7|z > | (3.128)
Following Feynman, in the following we develop a means to compute
such quantity.
Let us split the time elapse into N infinitesimal pieces
e wt = gmiell el (3.129)
In the above € = t/N. Thus Eq. (3.128) becomes
G t;2,0) =< 2/|e 7 H e iH |z > . (3.130)

Next we insert the identity operator

I:/ﬂmy><y| (3.131)

between two adjacent time evolution operator to get

N-1

G(2',t;2,0) :/ IT dvi < :U’|e’%€H]yN,1 >< yyoi|-yr >< ylle’%EH]a: > .
i=1
(3.132)
Next we compute
) —leH|, __ ] fiep—z —teU(z)|,,
< Yipr|e T F |y >=< yipa|e  nImen ly; > . (3.133)
A word of caution should be given here. In general
eMB £ eAeB, (3.134)

The equality holds when [A, B] = 0. Since [¢2>, eU(z)] = O(¢2) they

2m
can be regarded as commutative as ¢ — 0. Since |y; > are the eigenstate

of the position operator Eq. (3.133) becomes
i i P2 i
< yipale Ty >=< i e F |y > e FUG), (3.135)
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Now

_i. P2 dp _i %
< Yiprle n 2y, > 2/@<yi+1’]3>€ R < ply; >

i h2p2

:/ dp e PWi+1=Yi) o= 5 €3
(2m)

(2m)
2
iem Yi+1—Yq
xe” 2< ‘ ) : (3.136)
Thus
; iom <y¢+1*yi)
< yile "y >oce™ 2\ e~ RV (3.137)
Thus
N igpm (Vie1=vi\" g,
G(2',z;t,0) o</ I dyie” [2< ‘ ) vl (3.138)

yo=z;yn==' ;g

In the limit € — 0 we have

Gl 231, 0) o« /y(o>=x;y(t>=x/ D[y(r)]er S
Sly(r)] = [ drl’5y(r)’ - U] (3130)

Physically Eq. (3.139) depicts a sum over all possible “path” of the
particle leading from y = z at 7 = 0 to y = 2’ at 7 = ¢ where each path
is weighted by the phase factor e S¥(7)],

Eq. (3.139) can easily be generalized to three-dimension

G xt.0) [ Dly(r))et )

y(0)=x;y (t)=x'

Sly(r)) = [ drlZHE)E - Uiyl (3.140)
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3.12 Classical approximation

In the limit & — 0, the contribution to G(x/, t; x, 0) entirely comes from
the stationary path y.(7) which satisfies

o8ly()] _ 0, (3.141)

dy(7)
and
ye(0) =x, y(t) =x" (3.142)

The left hand side of Eq. (3.141) is called the “functional derivative” of
S. One way to perform such derivative it is best to imagine discretize
y(7) into y; = y(je) and simply perform the ordinary partial differen-
tiation. After that is done take the e — 0 limit of the result. Another
way is to imagine deform the path

y(7) = y(7) +dy(7). (3.143)
(In order to fulfill Eq. (3.142) we must have dy(0) = dy(¢t) = 0.) To
linear order in Jy(7) the change in action due to such deformation is
t .
05 = [ drimy(r)-y(r) = VU (7)) - 8y(7)]
t
= [ droy(r) - [-my(r) = Uy ()] (3.144)

(@ is defined as
3y (7)

SN _ ey - VU v (). (3.145)

oy (7)
Thus Eq. (3.141) implies

my = —-VU(y), (3.146)

which is the Newton equation. Thus y.(7) is the solution of Newton
equation under the condition y.(0) = x and y.(t) = x'.

It is quite satisfactory that in the limit of vanishing i the contribu-
tion to the path integral in Eq. (3.139) entirely comes from the classical
path.
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Once we obtained G(x',¢;x,0) we can obtain the time-dependent
wavefunction easily. Assume that the system is initially in state |¢) >,
upon time evolution it becomes

(t) >= e itH|i) >= /d%’e’%mlx’ S< x> (3.147)

Thus
b(x, 1) = / &2/ G(x, t: X'0)(x). (3.148)

3.13 Quantum statistical mechanics as
Feynman path integrals in imaginary
time

Like in classical statistical mechanics the partition function

Z=> <ale™a>, (3.149)

is of central importance in quantum statistical mechanics. In the above
{|a >} is any orthonormal basis. In the special case of single particle
moving external potential we can take |a > as the position eigenstates.
Thus

Z= /d% < xlePH|x > | (3.150)

Compare with Eq. (3.139) we can view the partition function as the
integral over the imaginary time Feynman amplitude:

Z~ /d%G(x,z’hﬁ;x, 0). (3.151)

3.14 From classical to quantum mechan-
ics
3.14.1 Route I

The above exercise suggest the following passage from classical to quan-
tum mechanics:
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Classical Quantum

Action | 5= [dtL[g;(7), ¢;(7)] S = [ diLlg;(r), 4;(7)]

Dynamics | 65[q;(7)]/0qe(T) =0 Probability amplitude

+ initial and final condition | o< [, (0)=g..q:()=¢, PIi(T)]
j 5545 i

— classical path e Slas ()]

3.14.2 Route I1

This alternative route to quantum mechanics is referred to as the
“canonical quantization procedure”.

Classical Quantum

Action S = [ dtLlg;(7), ¢;(7)] S = JdtLg(7),4;(7)]

Hamiltonian | H(p;,q;) = >; p;4; — L(q;,q;) | same expression H (p;, q;)

where ¢; is substituted by p’s | plus the commutation relation

via pr = dL]g;, 4;1/dx (g5, p] = iy,
Dynamics G = OH /Opy e~ ntH is the
pr = —0H/0qy, time-evolution operator

We will omit the proof but it is straightforward to show that these
two routes are equivalent. With route II it is possible to write down
the quantum Hamiltonian knowing the classical one.

3.15 Quantum dynamics in the presence
of electromagnetic field

Electromagnetic field affects the dynamics of a charged particles. let
Ag and A be the scalar and vector potential, i.e.

10A
E=-VA,— ——
Vo c Ot

B=VxA. (3.152)
The time-dependent Schrodinger equation that the coordinate-space
wavefunction of a charge-q particle satisfies is
1 ,h

(zh% — qA)Y(x,t) = %(;V — %A)QQ/}(X, t). (3.153)
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Compare with the free Schrodinger equation of neutral particle we find
the following substitution

h o

h O
T (815 qAo)
hV

h
— V- —A (3.154)

3.16 Gauge invariance

Eq. (3.153) is invariant under the following transformation

AO — AO - latA
C
A— A+ VA
W(x,t) — erelip(a, b). (3.155)

Eq. (3.155) is called the gauge transformation.
Eq. (3.153) implies that the Hamiltonian of a charged particle is

L hg TAGH)? + g, 1) (3.156)

2m 1

H(t) =
Repeating the derivation of the Feynman propagator
G(x',t;x,0) = / Dly(r)]e#*, (3.157)
y(0)=xy(t)=x'
where
! m .2 q.
Sly(m)] = /0 dr{Z Iy — ey (n) + ¥ - Aly(M)}.  (3.158)

Eq. (3.158) is the action for a charged particle interacting with the
electromagnetic field. The classical equation of motion is

oSly(7)] _
S = (3.159)

Actual calculation of the left hand side of the above equation gives

_mya - qaaAO - %Aa + %yg(aaAﬁ - 85Aa> =0. (3160)
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Since

OaAg — O3A0 = €apy By, (3.161)
and .
E, = —0,40 — —A,, (3.162)
&
we have
Mija = —qFo + %eamyﬁBy (3.163)

Restore to the vector form we recover the Lorentz force law

my = qE + %y « B. (3.164)

Using Eq. (3.156) as the Hamiltonian we can define the time evolu-
tion operator (Eq. (3.10)) U(t;0) and hence define

Xy = U(t;0)TXU(t; 0)U(t; 0)
Py = Ut 0) PU(E 0)U(t; 0). (3.165)

According to the Heisenberg equation of motion

Xiy = & [H(t)1, Xr) = 2205 0) [H (1), XJU(150)
Biy =+ [H (), Pu] = (5 0) [H(0), PIU(0). - (3.166)

Let us now compute [H (t), X],

[H(1),X] = —%[P - %A(X,t)]. (3.167)
As the result
Xy = %[PH LA, 1) (3.168)

Next we compute [H(t), P — 1A (X, 1)].
[H(t), Py — TA,(X,8)] = iligdaAg — ih——eop {(Ps — LA5)B
’ c “ 2me 77 c K
q
+B,(Py — L 45)}. (3.169)
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In the above
Ba = Eag,yagA,y, (3170)

is an operator itself. Thus
mXaH = —q(?aAOH — %&AQH + %EQBV(XBHBWH + B,YHX,QH). (3171)

We note that the second term on the righthand side of the above equa-
tion is due to the fact that the operator whose time derivative is com-
puted has explicit time dependence. Eq. (3.171) is the quantum version
of the Lorentz force law.

3.17 Current conservation

In the Heisenberg picture the operators corresponds to charge density
is

pr(x,t) = qd(x — Xp(1)). (3.172)

Note that in the above equation x is a c-number vector. According to
the Heisenberg equation

, 1
PH = ﬁ[HH7 q6(x — Xu(t)))- (3.173)
Let us compute [H, ¢é(x — X)].
__qn q q
[H,qd(x—X)] = —%[(P—EA)~VI5(X—X)—|—V1«5(X—X)-(P—EA)].
(3.174)
Thus
pit+ 5=V {(Pis = TAu)3(x = Xu) +3(x = Xu) (P — TA1)} = 0,
(3.175)
or
pr + gvx AXpd(x — Xgg) + 0(x — X)Xy} = 0. (3.176)
This suggest that the current operator is given by
ju(x,t) = %{XHa(x — Xy) + 6(x — X)Xy} (3.177)
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3.18 The Aharonov-Bohm effect

To simplify the situation let us consider the case where the space di-
mension is two. Consider a source of electrons and a pair of slits. On
the opposite side of the slits there is a detector screen. In the region
between the slits and the screen there is an idea solenoid which confines
a magnetic flux ® perpendicular to the plane.

Let us consider the Feynman amplitude G(2’,t;2,0) given by
Eq. (3.157) and Eq. (3.158). The probability that an electron leav-
ing the source x = 0 at t = 0 arriving at a spot x on the screen at time
t is given by

P(2't;x,0) = G*(2, t;2,0)G(2, t; x,0)

/yl(t)yQ(t)z' D[yl]D[y2]6%{5[2’,1(7-)]—5[2;2(7')}}. (3.178)
y1(0)=y2(0)=2

In the above
Syl = [ ar{Blil + L5 Awe)). @179

The collection of all possible pairs of path (y;(7),y2(7)) can be sep-
arated into two categories. For the first type the path y;(7) and the
time reversed path y(7) enclose the solenoid, and for the second type
they don’t. Let us concentrate on the contribution of the second term
to the action

%/02[91 A1) — v - Alya)]dr

_y dyy - A(yr) —/ dys - A(y2)]

pathy patha

C

q
= —_— d -A

hc?i Y
:%//da-VXA
=Ly (3.180)

In the above C is the oriented closed curve corresponds to P, — P,
and da is the oriented area element (using the right-handed rule) of
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the surface enclosed by C, and ¢ is magnetic flux passing through the
surface.

Thus if (P, P2) belongs to the first category, ¢ = £ and if (P, P»)
belongs to the second category ¢ = 0. In order to calculate the con-
tribution of the two family of pairs of path we define a pair reference
paths P and P’. First we choose P, and P, so that (P,, P,) is a pair in
the first category.

Now let us calculate the contribution of the second category to the
probability. It is apparent that this contribution is of the form

[ Z eiep” Z e—iOP/] +[ Z eiep][ Z 6—1‘9P/]
P,(P,Py)€2nd cat P’ (P',P,)€2nd cat P,(P,Py)€2nd cat P!, (P',Py)€2nd cat

= [A]P + B[ (3.181)

As to the first category

/ Dlyi, ?JZ]@%(S[yl]is[yQD - (Z eiem) eine®yec. = 2|C|? cos (5 + iq))
1st category

hc
(3.182)
Thus
P(«,t;2,0) ~ |A]? + | B2 + 2|C|? cos (5 + 72@). (3.183)
c
Thus every time

hc
®=n— (3.184)

q

the interference pattern repeats.

3.19 Magnetic monopole

In ordinary electricity and magnetism there are free electric charges
(electric monopoles) but no free magnetic charges (magnetic monopole).
There is no physical principle that prohibit the existence of magnetic
monopole. However they simply do not occur - no one has ever made
an observation of a magnetic monopole. Despite of this, interest in
magnetic monopoles has appeared and reappeared over the years. If
the magnetic monopole exist then the following modification of the
Maxwell equation is necessary
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V.-B=d7mp,
10B 47
VXE+ -—— = m
X c Ot J
10E Arx
VxB——-—=—j.. 3.185
x c Ot c‘] ( )

In the above p.,j. and p,,,jn are the density and current of electric
charge and magnetic monopole respectively.

One immediate consequence of the existence of monopole is that
the vector potential can not be defined everywhere. This is because if
B = V x A necessitate the equality V- B = 0.

In the following we look more closely at the situation where a mag-
netic monopole of strength @),, sits at the origin, i.e.,

VB = 47Q,,0(x). (3.186)

Let T" be the space with the origin excluded. In I' we have V- B =
0, hence it is still possible to write B = V x A. In the following
we prove that despite the above it is not possible to define a A that
is non-singular and differentiable through out I'. To prove that let
us consider a sphere S in I' that encloses the origin. Let us draw a
oriented close curve C (say the equator) on the sphere. Such curve
divide the sphere into two parts S; (the northern hemisphere) and Sy
(the southern hemisphere). Let us consider ¢, dx - A. According to the
Stokes theorem

j{dx-A:/ da~V><A:—/ da-V x A.  (3.187)
C S1 Sa

In the above we have assumed that the oriented surface S; has the
same orientation (according to the right-hand rule) as C while Sy has
the opposite orientation. As the result

// da-B+/ da-B = 0. (3.188)
Sl 52

However according to the divergence theorem the left-hand-side of the
above equation is equal to 47(),,. This establishes the fact that it is

56



impossible to define a non-singular and differentiable vector potential
throughout I.

However the very concept of gauge transformation allow us to define
the vector potential in different region of space using different gauges.
Thus as long as we can vector potentials A; and Ay where A; is non-
singular in S| C S (say the upper hemisphere) and A, is non-singular
in S, C S (say the lower hemisphere), and that S{US, D S, and
A — Ay =Vyxin S|NS, (say a strip around the equator), we have a
legitimate vector potential defined over S.

In classical physics the strength of the magnetic monopole (Q,,) can
be arbitrary. In particular it is unrelated to the fundamental unit of
charge e. However in quantum mechanics internal consistency imposes
a constraint on @,,. Furthermore this constraint relate @, to the
fundamental electric charge. This incredible relation is discovered by
P.A.M. Dirac.

Let us imagine a charge e particle confined to S. Let us consider
Feynman’s amplitude (Eq. (3.139)) between two points on the equator
of S . In computing the path integral we encounter two paths along
the equator which links the two points. The relative phase factor due
to the vector potential is

6% fc dx-A — eﬁffsl da'VXAl = eiﬁf{fsQ da.VXAQ' (3189)

As the result

e%[ffsl darVxArt] [g, daVxaa _ ere ] JsdaB _ oitdmQm _ (3.190)

As the result

%m@m — 9, (3.191)
or h
nnc n
_nhe_ng 192
Qme 2 e 4’71' 0 (3 9 )

Thus the internal consistency of quantum mechanics quantize the
charge of magnetic monopoles!
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Chapter 4

Symmetry in quantum
mechanics

4.1 General discussions

In quantum mechanics most symmetry operation (with time reversal
an exception) are implemented by unitary operators. Symmetry group
is a set of such operators which has group structure.

There are two types of symmetry group: discrete and continuous.
A discrete group contains finite number of elements. For example the
space inversion and identity operator form a 2-element discrete group
{I, P}. An example of the continuous group is the group of rotation
around an fixed, say 2z, axis. A group element ¢ is labeled by a param-
eter 6 - the angle of rotation. The element corresponds to # = 0 is the
identity, and elements correspond to # =~ 0 is “very close” to identity.
To be more specific

gle) =1—€0. (4.1)

Since gt = ¢g~! we require OT = —O. Thus we write O = iQ where Q
is hermitian. As the result

gle) =1 —ieQ. (4.2)

@ is called the “generator” of the group.
When we say a physical system is invariant under a symmetry group
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G, what we mean is
g 'Hg=H V g€, (4.3)
where H is the Hamiltonian.! Eq. (4.3) is equivalent to
Hg=gH or [H,g]=0. (4.4)

Thus the elements of a symmetry group all commute with the Hamil-
tonian.

It is simple to show that the validity of Eq. (4.3) for all elements of
a continuous group requires that the generator(s) must commute with
the Hamiltonian, i.e.,

[H,Q] = 0. (4.5)
A consequence of Eq. (4.5) is that
Qu =U"(t;0)QU(t;0) (4.6)

is a conserved quantity. This is simple to prove because according to
the Heisenberg equation
dQy 1 i
ot Ly Qul = LUt 0)[H, QU 0) = 0. (A7)
dt h h
Another important usage of a symmetry group is that it helps us
to diagonalize the Hamiltonian. Let us suppose that Eq. (4.3) is true,
and |n > is an eigenstate of H with eigenvalue E,,. Then g|n > is also
an eigenstate of H with the same eigenenergy, because

Hgln >= gH|n >= E,g|n > . (4.8)

Suppose |n > and |n’ >= g|n > represent different states. Then these
are two states with the same energy, i.e., they are degenerate. We
can repeat the same procedure over and over until we generate a set of
states {|n >, |n’ >,|n” >, ...} so that when any element of the symmetry
group acts on any of the above states the outcome is a state that can
be expressed as linear combination of states that are already in the
list. When that happens we say that {|n >, |n’ >, ...} form an invariant

If H is time dependent we must require that Eq. (4.3) is valid at all time.
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space of the symmetry group. Thus the degenerate eigenstates of the
Hamiltonian form an invariant space of the symmetry group.

A invariant space of a symmetry group G is said to be irreducible if it
is impossible to find a subspace of it which is also invariant under G. Let
{In >} be an orthonormal basis spanning an irreducible representation
space V. If H is invariant under GG then

1.

2.

3.

H|n>

\/ <n|HtH|n>

{|n" >} also spanned an irreducible invariant space V' of G.

In’ >= are a orthonormal set.

The representation carried by V and V' are identical.

Proof:

1.

Although in general H|n > does not have to stay in V, H" H|n >
does.

. HTH can be diagonalized in V, i.e., HTH =3, A\,|e, >< e,

Since [HYH, g] = 0 for all g € G we have < e,|[H"H, g]|e,, >=
(A — Am) < enlglem >= 0. Thus if A, # A\, < enlglen >=
0 for all g. In other words the degenerate subspace of HTH
further divide V into subspaces that are invariant under G. This
contradict the statement that V is irreducible.

Thus the entire V is a degenerate space of HTH.

. As the result < n|HYH|m >= A, and < n'|m’ >= §,,.

Let gln >=3",, gmn|m >. Thus the matrix that represent g in V

iS gpmn. Since H commutes with all g we have g|n’ >= gH ‘”Ti =

Hgl% = %ngmn\m >= 3" Gmn|m >.

Because of the above theorem to diagonalize H we should i) collect
all equivalent irreducible invariant space of the symmetry group G of
H, ii) Choose the basis set in each space so that the matrices that
represent the element of G are identical in all spaces, iii) to find an
eigenstate of H linearly combine the corresponding basis vector in all
spaces, i.e., aj|ln > +as|n’ > +az|n” > +....

61



4.2 Translation

The group of space translation is a continuous group. The element of
this group displaces the physical system under study by a fixed amount
a. Under such operation the state of a particle changes according to

[ >—T(a)ly > . (4.9)
The translation group is “Abelian” because
T(a)T(b)=T(b)T(a) =T(a+b). (4.10)

In the following we find the representation of the translation group
in the space spanned by the position eigenstates of a spinless particle.
Let |x > be such a state

T(a)x >=|x+a>. (4.11)

To find out the effect of T'(a) on a general state [¢) >. Let us expand
|t > as linear combination of {|x >}

[ >= / Brg(x)|x > . (4.12)

The translated state T'(a)|y > is given by

T(a)lp >= / Brg(x)x +a> . (4.13)

Thus
< x|T(a)[p >=< x — aly >, (4.14)
Yr(x) =P(x — a). (4.15)

Any operation of space translation can be achieved by consecutive
infinitesimal displacements, i.e.

T(a) = [T(ca)]”, (4.16)
where Ne = a. The effect of an infinitesimal displacement is

Yr(x) =y(x—ea) =¢(x) —ea- Vi(x) = [I —ea- V]ih(x)
= [I — ihea - Ploh(x). (4.17)
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In the above we have used the fact that under the position eigenbasis

h
P="V. (4.18)

Consequently
2 i

T(ea)=1— ﬁed P =ewP (4.19)

Substitute Eq. (4.19) into Eq. (4.16) we obtain
—igP\N _ _iap
T(a) = (e 7F)" = e7inP, (4.20)

Due to this equation the three components of the momentum operator
are called the “generators” of space translations.

Due to Eq. (4.20) the momentum eigenstates are also the eigenstates
of the translation operators, i.e.,

T(a)k >= e #"™2k >= ¢ %2k > . (4.21)
Phrased in terms of the wavefunction since
blx) = e, (1.22)

we have
Pr(x) = (x — a) = D) — gay(x) (4.23)

Thus each of the momentum eigenstate |k > span an invariant space
of the translation group. The matrix representing 7'(a) is the scalar
e~2a These representations are obviously irreducible.

4.3 Rotation

4.3.1 General discussions

Let us first concentrate on the effect of space rotation on the states of
a spinless particle. Upon space rotation

) >— Rl > . (4.24)
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The space rotations are characterized by a vector 5, where 0 is the axis
around which the rotation is performed and € is the angle of rotation.
The effect of space rotation on the position eigenbasis is

R(0)|x >= |xp >, (4.25)

where xp = R(g)x is the rotated position. The effect of space rotation
on a general state [t >= [ dzg(x)|x > is

YR >= /d%g(x)|7€(§)x >, (4.26)
V(%) = (R (0)x). (4.27)

As translations, space rotation can be achieved by consecutive infinites-
imal rations, i.e.,

R(6) = [R(eA)]". (4.28)
The effect of R(ef) on the wavefunction is
Pr(x) = ¥(R™!(e0)x). (4.29)

To figure out what is the new position x’ = R~ (ef)x let us choose the
coordinate axis so that § coincide with 2. In that case

x cose sine 0 x

Y = | —sine cose 0 Y

Z 0 0 1 z
1 €€ 0 T

== 1 0]|]|y]. (4.30)
0O 0 1 2
Thus

wR<x7 Y, Z) 1/1(95 + €Y, —€x + Y,z )

[
-|r-

{L‘Py)] ’QZ)(I‘, Y, Z)
| Y(z,y, 2) (4.31)

DFIS DHS
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In the above
L,=(xxP)., (4.32)

is the angular momentum operator. Thus

R(e3) =1 %LZ = e~hels, (4.33)
and .
R(02) = e w2, (4.34)

Now if we restore the general coordinate choice

—

R(0) = e #L. (4.35)

Thus the angular momentum operator is the generator of space rota-
tion. Unlike space translation the rotation group is not Abelian. This
is because different component of the momentum operator do not com-
mute. Indeed explicit calculation of the commutation relation using
[, Pg] = thdns and L = x x P gives

[La, Lﬁ] = ihEaﬁ,yL,y. (436)

L, are called the “generator” of the rotation group. Due to the fact that
the generators do not commute the rotation group is “non-Abelian”.

What are the irreducible representation of the rotation group? Ob-
viously any invariant space of the rotation group must also be invariant
under the action of its three generators. In such a space each of the
three generators will be represented by a matrix, and the commutation
relation in Eq. (4.36) is satisfied by these matrices.

It is straightforward to show that according to Eq. (4.36) the oper-
ator

=12+ L+ L2, (4.37)

commute with all components of L, i.e.
[L?,L,) =0V a. (4.38)

Due to Eq. (4.36) it is not possible to find state that are the simul-
taneous eigenstate of the three components of the angular momentum
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operator. However we can do the next best thing, namely, finding the
smallest state space in which the rotation operator is fully contained.

Since L? commutes with all three components of L, we can simul-
taneously diagonalize, for example, L? and L,. Let |I,m > be a state
satisfying

L2\ n >= A\, n >
LA n>=n[A\n>. (4.39)

Then LT|\,n > and L™|\,n > are eigenstates of L? with eigenvalue A
and eigenstates of L, with eigenvalues n+ h and n — h respectively. In
the above

Lt =L, +iL,
L™ =L, —iL,. (4.40)

To prove the above statement we note that

[L.,L*] = h(iL, + L,) = hL*
[L.,L7] = h(iL, — L,) = —hL". (4.41)

As the result

L.LT|\n>= L L.\, n > +hL¥|\ 0 >= (n+h) LTI\ n >
L.L7|\\,n>=L"L\n>—hL"|\,;n>= (n—h)L"|\,n 4.42)

The norm of LT|\,n > is

<AL LY N n >=< X\, n|L} + L) —i[Ly, Lo]|]\,n >
=< \n|L? — L? — RL |\, n >= (A —n* — hn). (4.43)

Similarly the norm of L™|\,n > is
< A\n|LTL7 |\ n >= (A —n*+ hn). (4.44)

Thus in order for the space that contains the rotation group to be finite
dimensional we must require

(A— 77r2naa: — Imaz) = 0 (4.45)
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for certain maximum 7 and
(A = i + Plnin) = 0 (4.46)
for certain minimum 7. Moreover due to Eq. (4.42)
Nmaz = NMmin + kA, (4.47)

where k is a positive integer. Substituting Eq. (4.47) into Eq. (4.45)
we obtain

k
2
Similarly substituting Eq. (4.47) into Eq. (4.46) we obtain
k
ez = 31 (4.49)

Now substituting Eq. (4.48) into Eq. (4.46) we obtain

Kk k(k
=R+ ==(2+1|r% 4.
= (F45) =5 (5+) (1.50)
We will from now on label the state |A\,n > by |l,1, > where
k
== 4.51
. (4.51)
and —gglzgg,and
2

L|1,1, >=rA(1+ 1D, 1, >
L1l >=hl.|l,1, >

LA >= Al +1) = L(L + DL L + 1>

= /(L —m)(l +m+ DL L +1>

Lol L >= Al +1) = L(L — D), l. —1 >

= /(L +m)(l —m+ 1))l l — 1> (4.52)

Thus the irreducible invariant spaces of the rotation group are labeled
by [ which is generally referred as the angular momentum quantum
number. According to Eq. (4.51) [ is either integer or half-integer.
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4.3.2 Integer angular momentum

The | = integer irreducible invariant space of the rotation group is
spanned by the states |l,m > where [ = integer and —l < m <. Tt is
possible to find such states in the Hilbert space of a spinless particle.
Using the spherical coordinate

x =rsinfcos o
y =rsinfsin¢

z =rcosb, (4.53)

and L = x % %V we obtain

. o[ 1 @ 1 9 (. .0
Lr=h Lm?ea&%meae S0 59

h ., 0 0
Lz = ; <— Slngb% — COSQbCOt 98—¢>
h 0 . 0
L, = " cos gb% — sin ¢ cot 08¢>
_ho
T i 0¢
(0 0
+ _ pet | .
L he <89+100t06¢>
(0 0
- _ _ —ip [ Y v
L he <89 i cot 06¢> . (4.54)

First we note that none of the angular momentum operator acts on the
radial coordinate. Thus

< xll,m >= R(r)Yim(6, 9) (4.55)
where R(r) can be any function of r and Y},,,(0, ¢) satisfies

TS A S )
Lnﬁeaw *ngoe \“" 08 || Vim(0:9)

= 211+ 1)Yim (0, ¢)

h 0
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The solution of the above equation is the spherical harmonics?

—1)m m)! )
F%J€)==(Q;Lﬁitﬁﬂ)kl-—€2Y””2;;m(ﬁz—-wﬁ (4.57)

The normalization is chosen so that

/d6d¢y’m’(67 ¢)Y2m(67 ¢) = O O’ - (458)

4.3.3 Half-integer angular momentum

The smallest half-integer angular momentum is 1/2. In the following

we work out the matrices correspond to L., L, and L, in this space.

The two possible states are |3, > and ]%, —% >. Thus

272
@ﬁ&:Z@ ﬂ). (4.59)
Similarly
LmﬁSx:;(LJF—I—L_)HZ(? (1)) (4.60)
and 1 h0 —i
Lyﬁsyzz—i(y—r)ﬁﬂi O). (4.61)

These are exactly the spin 1/2 matrices we learned in elementary quan-
tum mechanics.

For a particle with spin 1/2 the states are direct product of the
“orbital” and “spin” states, i.e.

|state >= |orbital > ®|spin > . (4.62)

The corresponding wavefunction is of the form

(x;0) = o(x)x(0). (4.63)

2For details see, e.g., “Quantum Mechanics” by Merzbacher, 2nd edition, page
178-190
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Rotation acts simultaneously in the orbital and spin spaces. The gener-
ator of the orbital rotation is commonly denoted by L and the generator
of the spin rotation is commonly denoted by S. The generator of the
physical rotation is the sum

J=L®I+I1®S. (4.64)

In the above L ® I means that the operator acts on the product space,
however it only affect the orbital states. Similarly I/ ® S means that it
only affect the spin state. In the literature Eq. (4.64) is abbreviated as
J =L+ S. It is important to note that J satisfies the commutation
relation Eq. (4.36). Therefore everything we said between Eq. (4.36)
and Eq. (4.52) holds true for J.

It is of particular interest to note that

e WS — (4.65)
while for integer angular momentum representation
e w2l — | (4.66)

It is thus important to remember that for particle with half-integer spin
rotation around an axis by 27 is not the identify.

4.4 Euler’s rotations

A rotation around an axis n by y can be achieved by the following
three steps. Let n be characterized by (siné cos ¢, sinfsin ¢, cos6).
From the fixed reference frame (z,y,z) we shall generate two new
frames (2/,y,2') and (2”,y”,2"). The frame (2/,y,7') is generated
from (x,y, z) by rotating ¢ around the z-axis. The frame (2", 1", 2")
is generated from (z/,/,2’) by rotating 6 around the 3’ axis.® Finally
we rotate around the z” axis by y. The first two rotations achieve
in bringing z” to n, and the last rotation achieves the actual rotation
around n. Thus

3In the above the sense of rotation is always counterclockwise with the “right-
handed rule”.
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In the above the rotations are expressed in reference to new frames
(«',y',2") and (2", y",2"). How do we express them in reference to the
fixed axis (2',y/, 2'). First we prove that rotation around the ¢’ axis by
6, 1.e. Ry(0) can be expressed as rotation around the fixed axis as

Ry (0) = R.(¢)Ry(0) R (). (4.68)

(Z) (4.69)

by the components of a vector in the (z/,y/, z’) frame. Rotation around
y' by 6 brings

a cos@ 0 sinf a’ a’
V| — 0 1 0 vV =R,0) |V |. (4.70)
c —sinf 0 cosf c c

However the components of a vector in the (2/,¢/, 2") frame is related
the the components of the vector in the (z,y, z) frame by

a cos¢ sing 0 a a
b | =|—sing cos¢ 0 bl=R1Ye) | 0] (4.71)
d 0 0 1 c c

As the result when Eq. (4.70) is viewed in (z,y, z) we have

Proof. Let

R:(9) (b) — Ry (0)R.(¢) (b) : (4.72)

(b) — R.($)R,(0) R () (b) : (4.73)

which is the meaning of Eq. (4.68).
Similarly we have

Rur(x) = Ry () RO R, (6). (4.74)



Substituting Eq. (4.68) and Eq. (4.74) into Eq. (4.67) we obtain

Ra(x) _R,,( )Ry (0)R-(0)

Ry (0)R-(x) R, (0) Ry (0) R-(0)

Ry (0)R=(x) R ( )
R.(¢)Ry(0)R. ' (¢) R-(x) R=(0)
R.(¢)Ry(0)R-(x)- (4.75)

In the above we have used the fact that R,(x)R.(¢) = R.(¢)R.(x).
This can be generalized to show that

e wXT — T ®Tz om0y g X e (4.76)

4.5 The Clebsch-Gordan Coefficient

Suppose we have two particles one in angular momentum state |j;, m; >
and the other in angular momentum state |jo, m; >, what is the angular
momentum state of the combined system? Since the two particle states
are the direct product of the single particle ones, i.e.,

|two particle >= |particle 1 > ®|particle2 > . (4.77)

As the result the operator that rotates the system around n by angle ¢
is

U = ¢ w0 (o) =300 (ed2) (4.78)

In the above J; ® /I ®J5 acts on the two particle state but only affects
the state of particle 1/particle 2. Since J;® I and I ®J5 act on different
particles they commute. As the result

[ — ¢~ #0n-(I8301+3:201) (4.79)
Therefore the total angular momentum operator of two particles is

J=J1 0T +1®J,, (4.80)
which is more commonly written as

J=J,+J, (4.81)

72



The total space spanned by [j1,m1 > ®|ja, ma > is (251 +1)(252+1)
dimensional. In general |ji;,m1 > ®|j2,m2 > is not an eigen state
of J? and J,. However since the direct product space is a invariant
space of J we can express such eigenstate as linear combination of
J1, M1 > ®|ja, mg >

Ji J2
ljm >= Z Z < Ji, M Ja, Malgm > [ji1, my; ja, me > . (4.82)
mi=-—Ji1ma2=—72
Here we have abbreviated [ji;,m; > ®lja, mgo > by |j1,m1; 72, M2 >.
The linear combination coefficient is called the Clebsch-Gordan
coefficient. Since J,|jm >= mh|j,m > and since (J. +
Jo2)| g1, ma; g2, ma >= (M1 + ma)h|j1, ma; ja, me > we conclude that

< J1,mi; ja, malgm >= 0, if m # my +my. (4.83)

But how many different |jm > multiplet? can be formed in the direct
product space?

Since the maximum value of m; + ms is j1 + Jja, so is the maximum
value of m. The j value corresponds to m = j; + jo is j = j1 + J2. In
the following we shall prove that the state

T2t J1s Jos Jo >= B2(j1 + j2) (1 + Jo + 1)ljr, Ji; Jo, J2 >
Jo\j1, g1 2, g2 >= (g1 + J2) |71, Jri g2, Jo > - (4.84)

The second of the above equations is obvious hence we will focus on
the first one. Use the fact that

JP=T v JE42) Ty = TP T4 T Iy IS (4.85)
and the fact that
S, J1s gas J2 >= Jy 1, Ju; Jas Ja >= 0, (4.86)
the first equation follows trivially. Thus

L1+ Jas g1+ Jo >= i1, J1; Ja, Jo > (4.87)
4The collection of {|j,m >;m = —j... + j} is called a multiplet
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By successively applying J~ = J; + J; to Eq. (4.87) we generate the
multiplet {|j;+7j2, m >}. The dimension of this multiplet is 2(j;+72)+1.
For example

J7 gy A+ Jos g1+ Jo >= (T + o)1, Jii das Ja > (4.88)

The righthand side of the above equation is /2(j1 + j2) |71 + j2, j1 +
jo — 1 > and the lefthand side of the above equation is \/271|j1, j1 —

L; ja, jo > 4++/242|J1, J1; J2s jo — 1 >, thus

j1+Jo, g1+ —1> jijz\]1>]1—1§]27]2>

J2 ..
- s 91592, 02 — 1> (4.89
T+ s |j1 J15 72572 ( )

In the total space spanned by {|ji,m1; ja, ma > there are only two
independent states can have m = j; + jo — 1. They are two different
linear combinations of |j1, j1 — 1; j2, jo > and |j1, j1; j2,J2 — 1 >. The
state given by Eq. (4.89) already exhausts one of them. The other
one can be obtained by requiring the state to be orthogonal to that in
Eq. (4.89). The result is

1, 1 — 15 jay o > — —|j1, 12,92 — 1 > . (4.90)

]1+2 ]1+

It is simple to show that the above state is the eigen state of J? and .J,
both with eigenvalues j; + jo — 1. Thus

ji+je—Lj+j—1> =14/ & —|71, 71 — 15 ja, jo >
N +]2

31+ 2!]1,J1,12,Jg—1> (4.91)

We can now apply the lowering operator on Eq. (4.91) successively to
generate the new multiplet {|j1+jo—1,m > ,m = —(j1+jo—1)..., (ji +
jo—1)}. The dimension of the multiplet is 2(j;+j2—1)+1. By applying
the lowering operator once we generate the state |j;+j2—1, j1+jo—1 >.
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Now we have two out of the three possible independent states having
m = j1 + j2 — 2. by orthogonalizing to the two states we get the states
|71+72—2, j1+j2—2 >. We repeat this process until the total dimension
(271 + 1)(2j2 + 1) is exhausted. The end result is that we can generate
multiplet with

lj1 —Jo| <7 < j1+ Jo. (4.92)

Now we demonstrate that the sum of the dimension of these multiplet
is exactly (271 + 1)(2j2 + 1). Without loosing generality let us assume
J1 > 71. The total dimension of the generated multiplets is

Ji1+72 27 V(241 + 1
S (2j41) = 2%4@72“ — (214 1)(2+1). (4.93)
J=Jj1—7J2

The above discussion also point out how to generate the Clebsch-
Gordan coefficient.

4.6 Selection rules

4.6.1 Scalar operators

As we shall discuss in later part of the course, when an new terms is
added to a Hamiltonian

H = Hy+ 6H, (4.94)

transition between the eigenstates of Hy will be induced. In elementary
quantum mechanics we have learned a rule (Fermi’s golden rule) that
the transition rate is given by

Wy = 2%; < JI5H|i > ’8(E; - E,). (4.95)

In the above |i > and |f > are eigenstates of Hy with energy F; and
E¢. Thus computing the matrix element < f|0H|i > is central to the
prediction of the transition rate.

If §H is invariant under a group G, and |i > and |f > belongs
to different irreducible invariant space of G, then < f|6H|i >= 0.
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Indeed due to the theorem we proved at the beginning of this section
dH|i > falls in an irreducible invariant subspace that carries the same
representation as the space where |i > belong. Two states in different
invariant subspace must have zero inner product.’

In the following we shall generalize the situation to include the case
where d H is not invariant under GG but transforms in certain specified
fashion. For this discussion we shall concentrate on the rotation group
as the symmetry group.

4.6.2 Tensor operators, the Wigner-Eckart theo-
rem

Suppose there is a set of operators {T},} that transform like the mul-
tiplet |k, ¢ > under rotation, i.e.

k
R'TyR= ), R];q/qu'
—k

q
Rlk,q>= > Ri k¢ >, (4.96)
then we say that T}, is a spherical tensor operator of rank k. A neces-
sary condition for the above equation is that

[J27 qu] = thkq
[J%, Tig) = 1/ (k F @) (k £ ¢ + 1) Tigun- (4.97)

To prove the above equation we take

R=1- e%ﬁ J, (4.98)

and substitute into Eq. (4.96). We obtain

k
-J Togl = S < kq'Jiv-J|kqg > Try. (4.99)

q'=—k

5This is because irreducible invariant space divides the Hilbert space into disad-
jointing parts.
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By taking n = 2, & & iy we obtain Eq. (4.96).
The Wigner-Eckart Theorem. The matrix elements of tensor oper-
ators with respect to angular momentum eigenstates satisfy

< o i'm!|Tyglagm >= M (o, j', o, 4, k) < g, m; k,ql3'm’ > . (4.100)

In the above o and o' denote other quantum numbers. Proof: by
applying J* = Ji*+J5 to both side of Eq. (4.82) we obtain the following
recursion relation for the Clebsch-Gordan coefficient. The result is

\/(j Fm)(j£m+1) <ji,ma;je,malj,m+1>

= \/(j1 Fmy + 1) (1 £ma) < ji,m0 F 1; 2, ma|jm >

/(o F ma + 1)(Ja £ ma) < iy ma; josma F 1jm > (4.101)
Similarly using Eq. (4.96) we can compute the matrix element

<o, ', m'|[JF, Teglev, j,m >
=/(kF @)k £q+1) <, f,m/|[Thgei |, j,m > . (4.102)

On the other hand we can compute the lefthand side by acting J* to
the bra or the ket. The result is

VG Em) T+ 1) < o, ' m! F 1 Tigla, jym >

~JGFmMGEm+1) <a,j | Tgla,jm+1 >
= \/(k Fo)ktqg+1) <, j,m|Trge1|a,j,m > . (4.103)

Comparing Eq. (4.101) with Eq. (4.103) we notice that the striking

similarity if we identify
VAR ¥
m —m

J <
mo e my

k < Ja

q = Mo

> o< J1,my; Ja, melgm > . (4.104)
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Thus Both recursion relations are of the form

J
Whenever we have
Zai]’LE]’ = Zaijyj = 0 (4106)
J J
we can conclude that
T = cy, (4.107)

where ¢ is a universal proportionality factor. Thus we have
<, g, m | Ty, j, m >= constantx < j,m;k,qlj'm' > . (4.108)
A consequence of the Wigner-Eckart theorem is
1 <o, j,m!|Tyla, j,m >=0if m’ #m+q.

2. <d, 5, m\Ty,|a, j,m >= 0if j’ does not lie in the range |j —k| <
J<j+k.

4.7 Time reversal

The discussion in this subsection follows closely that in chapter 4 of
“Modern Quantum Mechanics” by Sakurai.

Let us first look at classical mechanics. Let us imagine a particle
falling down under the influence of gravity. If we record the trajectory
of the particle and running the motion picture backward we will not
be able to tell which is the correct sequence. In one case we see the
particle moving accelerating downward and in the other we see the
particle decelerating upward. Both are in accord with Newton’s law.
More formally if x(¢) is a solution to Newton’s equation

mx = —VV(x), (4.100)
so will x(—t).
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Let us now look at quantum mechanics where Newton’s equation is
replaced by the Schrodinger equation:
o(x,t) [ h?

—5 %VQ - V(x)] Y(x,1). (4.110)

oh
In this case suppose 1(x,t) is a solution we can easily verify that
1 (x, —t) is not a solution. This is due to the appearance of the first-
order time derivative. However ¢*(x,—t) is a solution as you may
verify by complex-conjugation of Eq. (4.110). Thus we conjecture
that in quantum mechanics time reversal must have something to do
with complex conjugation. If at ¢ = 0 the wavefunction is given by
¥(x) =< x|¢p >, then the wavefunction for the corresponding time
reversed state is given by < x| >* at t = 0.
Before we begin a systematic treatment of the time-reversal op-
erator, some general remarks on symmetry operations are in order.
Consider a symmetry operation

la>—|d > |f>— 10 >. (4.111)
One should require that the probability to be preserved, i.e.,
| < Bl > =< Bla> % (4.112)

For symmetry operations we encounter so far such as rotation, transla-
tion, this is indeed the case. In addition for these symmetry transfor-
mation not only the modulus but also the phase of the inner products
are preserved, i.e.,

< A >=< fla>. (4.113)

Formally this so because the corresponding symmetry operator is uni-
tary, i.e.,
< Bl >=< U U|a >=< Bla > . (4.114)

However it turns out that time reversal preserves Eq. (4.112) by having
<d|f >=< Pla >". (4.115)
Definition. The transformation

la >— | >=0la>, ,||B>— |0 >=0|0> (4.116)
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is said to be antiunitary if

< fa >=< fla >*
Olcr|a > 42| B >] = 10|la > +c50|6 > . (4.117)

The corresponding operator # is an antiunitary operator.
Under a fixed basis set |e,, > an antiunitary operator can be written
as
0=UK, (4.118)

where K is the complex conjugation operator so that for |[¢p >=
Yon Cnlen >
Kl >= K[> culen > =) e, > . (4.119)

The U in Eq. (4.118) is a unitary operator that transform the orthonor-
mal basis |e, > to another orthonormal basis |e/, >. Here we emphasize
that the definition of K is in reference to a specific basis set. Now we
check that Eq. (4.115) is indeed satisfied. Let

la >= Zan\en >
6 >="3" Balen >, (4.120)
acting Eq. (4.118) on these two states we have
o/ >=>"arUle, >
16" >=>_ B.Ulen > . (4.121)
N
As the result
<Pl >= 3" Bnaj, < en|UTUle, >= 3" B,

= (3" Bran)" =< Bla >*. (4.122)

We are now in position to present a formal theory of time reversal.
Let us denote the time reversal operator by © which is antiunitary.
We now deduce the fundamental property of © by looking at the time
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evolution of the time reversed state. Consider a physical system in
state |« > at t = 0. Then at a slightly later time ¢ = 0t the system is
found in

<I - ;&H) o> . (4.123)

Now let us apply the time reversal at ¢ = 0 and then let the time-
reversed state evolve under the same Hamiltonian H, we then have at
ot

(1 - %&H) Ola > . (4.124)

If the dynamics obeys symmetry under time reversal we expect the
preceding state to be the same as

o (I - %(—51&)}[) o> . (4.125)
Thus . .
o (1 4 %&H) o >= (I - %&H) Ola >, (4.126)
or
—iHO|a >= OiH|a > Vo >. (4.127)

We now argue that © can not be unitary if the notion of time reversal is
to make sense. Suppose © were unitary. it would then be legitimate to
cancel the 7’s in Eq. (4.127), and we would have the operator equation

~HO=0H or ©'HO = —H. (4.128)

Consider an energy eigenstate |n > with eigenenergy E,. The corre-
sponding time-reversed state would have —F, as the energy eigenvalue
because

HOn >= —-0H|n >= —E,O|n > . (4.129)

This is nonsensical even in the simplest case of a free particle. We know
that the energy spectrum of the free particle ranges from 0 to co. there
is no state having energy lower than zero. Indeed since we expect the
momentum to change sign under time reversal and since the kinetic
energy is quadratic in momentum we expect
2 2
o' L1 (4.130)

om 2m’
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which clearly contradicts Eq. (4.128).
If © is antiunitary instead we have

OiH|a >= —iOH|a >, (4.131)
then Eq. (4.127) implies that
OH = He, (4.132)

which makes sense.
Now let us discuss the behavior of operators upon time reversal.
Let |/ >= O|a > and |’ >= ©| >, we shall prove that

< BlAla >=< d|0ATO7F > . (4.133)
Proof. Let |y >= A"|5 >, then < | =< (|A. Thus

<PlAla> =<qla>=<q|d >'=<d |y >
=< d/ |0y >=< /|OAT|3 >
=< d|04AT07'0|3 >
=< d|0ATeE > . (4.134)

For hermitian operators we get
< BlA|a >=< /|04 3" > . (4.135)

We say that observables are even or odd under time reversal according
to whether

0A407' = A (even) ,Or
0407 = —A (odd). (4.136)

For such definite-T-parity operators and for | >= |a > Eq. (4.135)
becomes

< alAla >=< o/|0A07 ' >= £ < d/|A|ld > . (4.137)

As an example let us look at the expectation value of the momentum
operator. Intuitively we expect P to be odd under time reversal, i.e.

OPO ! = —-P. (4.138)
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This implies that
POk >= -OPO 'Ok >= ~OPk >= —hkO[k > . (4.139)

The above agrees with the notion that O]k > is the momentum eigen-
state with eigenvalue —hk. Thus we define

Ok>=|-k>. (4.140)

Eq. (4.140) fixes the representation of the time reversal operator under
the momentum eigenbasis.
Similarly for position operator we expect

oxXe ' =X, (4.141)

which suggest that
Olx >=|x > . (4.142)

This defines the representation of the time reversal under the position
eigenbasis.

It is interesting to see the consistency of Eq. (4.138) and Eq. (4.141)
with the commutation relation

(X, Py] = ihdjy. (4.143)
The time reversed operators obey the following commutation relation
0X;07, P67 =0[X;, A0~ =0(ih)e . (4.144)

According to Eq. (4.138) and Eq. (4.141) the first commutator is
—[X;, Px] = —ihd ). Looking at the last term of Eq. (4.144) and realize
that © = UK hence changes ¢ to —i, we get a consistent result. Since
the position operator is even while the momentum operator is odd un-
der time reversal, the orbital angular momentum operator L = X x P
obeys

OLO™ ! = —L. (4.145)

Since the orbital angular momentum is part of the total angular mo-
mentum operator in Eq. (4.64) we require

OLO ! = L
0S6!' = -8
0Jo ! =-J. (4.146)
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Under Eq. (4.142) the wavefunction of an state transform as follows.
Let |¢p >= [ d®z(x)|x >. Under time reversal

>0 > = [ vk >= [ dr (x)0fx >
— / P (x)x > . (4.147)

As the result the wavefunction corresponds to Oy > is ¥*(x).
Since time reversal send the wavefunction to its complex conjugate
we have

Yim (0, ¢) time reversal — Y, (0, ¢) = (—1)"Y,_.(0,¢).  (4.148)

Oll,m >= (-1)"|l,—m > . (4.149)

Finally we state an important theorem on time reversal.

Theorem. Suppose the Hamiltonian is invariant under time reversal
and the energy eigenstate |n > is non-degenerate; then the correspond-
ing eigenfunction is real up to a phase factor.®

Proof. First we note that

HOn >=0H|n >= E,O|n > . (4.150)

Since this energy eigenstate is non-degenerate |n > and ©|n > must be
the same state. Since the wavefunction of |n > is the complex conjugate
of the wavefunction for ©|n > this means that

Ua(x) = €9} (x). (4.151)

Up to this point we have only speak of the representation of the
time reversal operator in the Hilbert space of spinless particles. The
representation of © in the spin space is of interest. This is specially
true for the case of spin 1/2.

Let us find such representation using as the basis the eigenbasis of
S,. Let |x > be a spin state

X >=all/2>+3]—1/2> . (4.152)

6By this we mean that the complex conjugate of the wavefunction is a phase
factor times the original one.
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The effect of the time reversal operator on |y > is
Olx >=UK|x >=a"U|1/2 > +5"U| —-1/2 > . (4.153)

The question is what is the appropriate unitary transformation on the
basis.
The unitary transformation must be chosen so that if [ >= |y >

< nlS|n >= — < x|S|x >. (4.154)

Equivalently we require
(a ﬁ)U*&U(g:):—(a* ﬁ*)&(é‘_). (4.155)

Since the right hand side of the above equation is real we can rewrite
it as

o () [l M (5)]
(4.156)
we conclude that
UteU = — (&0, — go, + 20,), (4.157)
or equivalently
Uto,U = —0,
Uto,U =0,
Uto U = —0,. (4.158)
The operator that obviously work is
U =&oy, (4.159)

where £ is an arbitrary phase factor. Thus the representation of the
time reversal operator under the S, eigenbasis is

0 = ¢to,K. (4.160)
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There is an important difference between the effect on © on the
states of a spinless particle and that of a spin 1/2 particle. For the
spinless case

0%y >= @[/ P (x)[x >] = /d3x¢(x)\x S= | >.  (4.161)

Thus
0% =1. (4.162)

However for the spin state |y >= «|1/2 > +5] —1/2 > of a spin 1/2
particle we have

O%x >  =0[aoy|1/2> +57¢oy| — 1/2 >]
= Oa¢i| — 1/2 > +8%¢(—i)[1/2 >]
= £(a8i) oy —1/2 > +£(67€(=0)) 0y [1/2 >
= —ia(—i)|1/2 > +ifi| = 1/2 >= —|x > . (4.163)

Thus
0% =—1I. (4.164)

More generally we have

©?|integer j >= |integer j >
©?|half integer j >= —|half integer j > . (4.165)

Therefore the eigenvalue of ©? is given by (—1)%. Eq. (4.160) can be
rewritten as

O =¢e VK (4.166)

where —i¢’ = £. Generalized to arbitrary j we have

O =_¢e K. (4.167)

4.8 The Kramers degeneracy

Let the Hamiltonian be time reversal invariant, i.e., ©HO™! = H. If
|n > is an energy eigenstate with eigenvalue F, so does O|n >. The
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question is, are |n > and ©O|n > the same state? If the answer is yes
then

On >=e“n > . (4.168)

Apply the time reversal operator again we obtain
O?n >= e ?e®In >= |n > . (4.169)

But this relation is impossible for half-integer j systems, for which ©?2
is —1. So we are led to conclude that |n > and ©|n > must represent
distinct states — that is, there must be a degeneracy. This implies, for
example, that for a system composed of an odd number of electrons
in external potential V' (x), each energy level must be at least two fold
degenerate no matter how complicated V' (x) may be.
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Chapter 5

Approximation methods for
discrete levels

5.1 A useful matrix theorem

Consider a matrix

H:(ﬁkig. (5.1)

In the above A is a n X n matrix, and H is N X N and Visan x N
matrix. Our goal is to solve the eigenvalue problem

e ) (D=2 2

In Eq. (5.2) ¢ is a n x 1 column vector and x is N x 1. Perform the
matrix multiplication explicitly Eq. (5.2) reduces to

(E—h)p=Vx
(E-H)x=V"¢. (5.3)

Eliminate the second of the above equation we get
x=(E—H)"'V*te. (5.4)

Here we have assumed the existence of the inverse (E—H)~!. Substitute
Eq. (5.2) back into the first of Eq. (5.3) we obtain

(E—h)p=V(E—H)'Vte. (5.5)
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Thus solving the original eigenvalue problem with H a (n+N) x (n+N)
matrix is equivalent to find the eigenvalues of a n X n matrix given by

hest(E)=h+V(E—H)'V*. (5.6)
The eigen value E satisfies the equation
det [hesr(E)] = 0. (5.7)

After obtaining the solution for E we can solve for the eigenvectors by
first find ¢ via

(E — hegr)o = 0. (5.8)
After obtaining ¢ we can solve for x via Eq. (5.4).

5.2 The
non-degenerate Rayleigh-Schrodinger
perturbation theory

The non-degenerate Rayleigh-Schrodinger perturbation theory is based
on a special case of the above matrix theorem where n = 1.

The problem we are concerning with are the discrete energy levels
of a physical system whose Hamiltonian can be broken into two parts:

H = Hy + gV. (5.9)

In the above Hj is regarded as the unperturbed part, and gV the per-
turbation. ¢ is a real parameter. It is introduced for bookkeeping pur-
poses. For g = 0 we have the unperturbed Hamiltonian and for g = 1
the perturbation acquires full strength. The eigenvalues and eigen-
functions of H are functions of g. Simple perturbation theory applies
when these functions can be expanded in powers of g. A perturbative
method is useful when only the first few terms of the expansion need
be considered.
The eigenvalue problem we wish to solve is

(Ho + gV)[hn >= Eplthy > . (5.10)
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We suppose that the problem
Ho|pn >= €,|0n > (5.11)

has already been solved. Assuming first that no degeneracy has oc-
curred here, let us inquire what happens to the eigenvalues and eigen-
vectors as we allow ¢ to grow continuously from zero to some finite
value. In this process the energy will change to

E, =¢,+AFE,. (5.12)
and the eigenstate changes to

|t >= |n > +|xn > . (5.13)
In Eq. (5.13) we require that
< an‘Xn >= 0, (514)

or equivalently
< Gplth, >= 1. (5.15)

A symbolic representation of the Hamiltonian matrix in the space
spanned by |¢, > and all other eigenstates of Hy is

(et Vo gPVQ
1=Gov ‘) (5.16)

In the above V,,;, =< ¢,,|V |y, >, P = |¢p, >< @], and Q = [ — |, ><

¢n|. It is trivial to show that the eigenenergy satisfies the equation

1

The above equation can be simplified to

En — €p — Vnn_ < ¢n|ng

o 79QVI¢n >=0 (5.18)

Thus

AE, =Vt < dnlgVQ gQV|d, > .  (5.19)

1
En_QHQ
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As to (E, — H)™ ! in Eq. (5.19) we use the fact that

1 1 1
E,—QHQ  E,—QH)Q—-gQVQ E,—QHQ
1 1
B —one”? 9, —qme *
« + ¢ %4 @ + ... (5.20)

" E.—Hy,  E,—H" E,-H
Substitute Eq. (5.20) into Eq. (5.19) we obtain

Q Q Q
AE, =gVt < dulgV | v L avien >
9Vant+ < dnlg 5o BV E @ Y [
(5.21)
Insert complete set of states into Eq. (5.21) we obtain
Vam Vs
AEn = 9Von 2 UUEL 5.22
gYnn + 9 n%;nen—em%—AEn (522)
Thus to the lowest order in g
AE, = gV (5.23)
To O(g*) we have
mVinn
AE, = gVpu + ¢° Z (5.24)
m#n €n — €m
To O(g*) we have
m Vinn
m#n €n — €Em
Vnm mG an Vnm an Vnn
+g -9 .(5.25)
kmz7£n (€n — €m)(€n — &) 7,%;” €n — €m)?

In this way we achieve an expansion of AF,, in powers of g. After
we obtain the eigenvalues, the eigen state are given by

Xn > 9QV Pl¢n > . (5.26)

1
" E,—QHQ
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Substitute Eq. (5.20) into the above we obtain

Q Q Q }
= . (5.2
Xn > o T E-mVE @ gVien > .  (5.27)

Thus to O(g)

n >= g0 > +g > — |¢m . (5.28)
m#n €n
To O(g*) we have
vamn
|¢n > |¢n > +g Z |¢m > +g Z d |¢k >
m#n €n — m,k#n ( - Ek)<€n - Em)
V’m’LVmTL

-9 Z o eyplom > (5.29)

m;én

In this way we achieved at an expansion of eigenstates in powers of g.

5.3 The degenerate Rayleigh-Schrodinger
perturbation theory

The degenerate perturbation theory we shall discuss here is a special
case of the matrix theorem at the beginning of this chapter where n > 1.

A symbolic representation of the Hamiltonian matrix in the space
spanned by n degenerate levels |¢; > i = 1,...,n and all other eigen-
states (not degenerate with |¢; >’s) of Hy is

+PVP gPVQ
H= (6 ) . 5.30
JQVP  QHQ (5:30)
In the above ¢ is the degenerated eigenvalue, P = > | |¢; >< ¢4,

and Q = [ — P. As discussed in the matrix theorem the effective
Hamiltonian we need to diagonalize it n X n dimensional and is given

by

He.jy =€+ gPVP+gPVQ gQV P, (5.31)

1
E—QHQ
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where E' is the undetermined eigenenergy. Using Eq. (5.20) we obtain

Q Q Q
H.pr = PV P+ gPV V .| gV P
fr=€tyg +g E_H0+E_Hog E—H0+ g
(5.32)
Thus to O(g) we have
Heff =€+ gPVP, (533)

which we need to diagonalize to obtain the new eigenvalues 6§1). Note
that at this order H,;; is independent of E. To O(g?) we have

Q
VP, (5.34)

€ — Iy

H.tf =€+ gPVP+ ¢g°PV

which we need to diagonalize to get ¢?. To O(g?) we have

J
Q

_ 2
Hep =+ gPVP+g*PV 5= VP
py_ 9y @ _yp .
T T , c—H, T (5.35)

which we diagonalize to get e&g)..etc.

As to the eigenstates we have to O(g) the eigensolutions of

(€ + gPVP)|¢\" >=0, (5.36)
and 0

(We note that \(bg-l) > is also the eigenstate of Hy. As the result W;D >=
|gb§-0) >. To O(g%) we get |¢§~2) > by solving

e+ gPVP+ g2PVQHVP 6% >=0, (5.38)
€ — Lo

and we get | X§'2) > by

Q
G >=g
j E;1) s

Q Q
V
—H(] E—HO

VPl > g7 VP > . (5.39)
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5.4 Berry’s theorem - an application of
the First-order peturbation theory.

Consider the Hamiltonian
H = Ry0,+ Ryo,+ R.0.. (5.40)

As discussed before such Hamiltonian has two non-degenerate eigen-
states as long as |R| # 0. The Berry’s phase is given by

\V4
Y+ = ]{CdR' < ¢i|TR|¢i > . (5.41)

Here |1+ > is the instantaneous eigen state that are single valued
and differentiable over the contour C. Since < ¥i|ypr >= 1 we
have < Vgti|tvy > + < Y1|Vgeor >= 0. Since < Vyihi|hy >=<
4|V >* we conclude that < ¢.|Vgyy > is pure imaginary. As
the result

?{CdR- < u|Vilthe >

Since the quantity < %J%W’i > is sensitive to the phase conven-
tion of |¢1 > and Vgx < ¢4|Vg[t+ > is not, we apply the Stokes
theorem and convert Eq. (5.42) to a surface integral

Y+ =1Im {//Sdan <'¢i‘vR’¢i>
= eijklm [//Sdazaj < 77/1:|:|ak¢:|: >
= €jpdm {//Sdai < 0j+|Ok+ >

. (5.43)

Note that in order for the Stokes theorem to be applicable <
1|V Rg[th+ > has to be well defined and differentiable on the surface
S that is bounded by C. Now let us compute < 0;¢4|0k+ > — <
Ok4|0;04 >. By inserting complete set of states we have

=< 0y ><Y_|Opthy > — < Optby b ><P_|0j9h4 %5.44)
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Now let compute < v_|0;1; > expresses the eigen states for R =
Ry + 0R in terms of those of Ry. This is achieved by the perturbation
theory since

H(Ry+0R) = H(Ry) + 0R - VzH. (5.45)

According to Eq. (5.28) we have up to a phase €’ and up to a
normalization factor N

, e <Y_|6R - VrHb, >
o > = Gl >+ 2 )
B %9 <Y_|6R-VrH|py >

Here both 60 and N — 1 are of order |[0R|. Thus we have

<Y_|0;H[py > < P_|ojlpy >

(5.47)

As the result we have

< 0| ><P_|Okhs > — < s |- ><Y_|0j94 >
1
4|R]2[< Vyilojlb- ><p_|og|py > — <ylonlp ><_|osliby >]

= m Z < Yilojln >< Yplo|vy > — < Yp|op|n >< Yy|ojlhy >
n==4

1 21
== 4|R]2 <Yy|loj, o]y >= 4|R|2€jkl < Yylo|ypy >
R 5.48
2|R|2 Sz ikl (5.48)
Therefore
1 . R
eijk[m[< @zﬁi\ﬁkwi >] = WGi]‘ijle = W (549)

Substitute the above into Eq. (6.64) we obtain

//“vmw // mmZ (5.50)

The above is the magnetic flux produced by a monopole of strength
1/2 at the origin.
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5.5 The variational principle

The above perturbation approach based on an important assumption -
the existence of a small parameter that can be used to expand things. In
practice such small parameter rarely exists. The variational approach
is a non-perturbative method which does not rely on the presence of
small parameters.

The variational method is based on the following theorem. Let H
be the Hamiltonian whose ground state we try to find. Let |[¢) > be
any normalized state, then

< Y|Hp >> Ey, (5.51)

where Ej is the ground state energy. Moreover the equality of Eq. (5.51)
holds if and only if |¢) > is the ground state.

Proof. Let {|e, >} be the complete set of eigen states of H. Then
it follows that {|e, >} forms a orthonormal set. Let us expand |¢) > in
this basis

[ >=> cnlen > . (5.52)

The fact that |¢) > is normalized means that 3°,, |c,|*> = 1. The expec-
tation of H in [¢) > is given by

<YIH|Y >= " |ea*En > Ey Y |cn]? = Ey. (5.53)

Moreover we can write

<Y|H[Yp >=Ey Y. lem|? + > E,lcal?, (5.54)
m;En=Fg n;En>Eg
Thus
<YlHW >—-Ey= > (E,— Ep)|cal*. (5.55)
n; En>Eg

Since F, — Ey > 0, the right hand side of the above equation is equal
to zero if and only if

w=0 VYV E,> E. (5.56)
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As the result
W>= Y cnlen >, (5.57)

m;Enm=Fy

which means that [1) > is an ground state of H.!

The variational approach is entirely based on the above theorem. In
this approach we construct candidate ground state (ground state wave-
function) by appealing to intuition. To make the guess less restricted
we usually allow the state to depend on some parameters. For example
let [(A1, ..., A) >. Usually the more variational parameters we allow
the more general is the guess. Due to the above theorem we find the
best set of variational parameters by minimizing the expectation value
of the Hamiltonian, i.e.

0 [<oDIHRIAND >] _,
o | < oD >

In some cases we can construct states that are orthogonal to the
ground state. This is mostly achieved via symmetry consideration. For
example, if we know the ground state have zero angular momentum we
can construct the lowest-energy non-zero angular momentum state by
applying the variational principle.

There is no recipe I can offer for constructing variational wavefunc-
tions. This is entirely done based on one’s physical intuition. Some of
the most important progresses in physics are achieved in this way. Ex-
amples include the Bardeen-Cooper-Schrieffer theory of superconduc-
tivity, and the Laughlin theory of the fractional quantized Hall effect.

(5.58)

5.6 The WKB approximation

In this subsection we will primarily be interested in the problem of a
particle moving in external potential V(x). The Hamiltonian is given
by
hZ
H=_—V"+V(x). 5.59
V4 V() (559

In the case where the ground state is degenerate, |[¢p > is just one of many
possible ground state.
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We shall develop an approximation scheme called the WKB approx-
imation. This approximation is valid when the potential varies slowly
with position.

We recall that the probability amplitude for a particle at position
x at t = 0 to propagate to position X’ at time ¢ is given by

G(x', t:x,0) = / Dly(7)]e*s, (5.60)

y()=x"y(0)=x

where
Sly() = [ drl 556 - Viy()) (561

In fact if the particle has wavefunction ¥ (x) at ¢ = 0, then at time ¢
its wavefunction becomes

h(x,t) o /d%’G(X,t;X’,OW(X’). (5.62)

Let us consider the case where V(x) = 0 and ¢ (x) = ¢’**. The Feyn-
man propagator for this case is given by

Go(x, 1%, 0) = / Dly(r)]et Jo 4735, (5.63)

y(H)=x";y(0)=x

For simplicity let us evaluate it for the one dimensional case.
Golal t2.0) = | Dly(r)let b7 (5.64)
y(t)=z'y(0)==

Let us redefine the variable so that

/

y(r) =z 4+ 1 4 (), (5.65)
so that
Go(l’/,t;x,O) = / D[Z(T)]e% fo dﬁr%(z"'%)z
2(t)=0;y(0)=0
~ e%t%(xl;x 2
im (x/—x)2
=€z . (5.66)
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We note that the quantity 77 has the dimension time/ length? which is
the dimension of inverse diffusion constant. As the result we define

h
= — 5.67
2, (567
under which ,
( 7
Go(2',t;2,0) ~ €' Sapr-, (5.68)
In general three dimensional case the above result becomes
Go(x/,t;%,0) ~ S (5.69)

Using Eq. (5.69) we can prove that the plane wave is an stationary
state of the free-particle Hamiltonian.

Proof. Let us assume that at t = 0 the wavefunction is e®*. Ac-
cording to Eq. (5.62) the wavefunction at time ¢ is

(x,t) o~ /d3a:’G0(x t;x',0)e™

\x x\ .
N/d3 ot ek

2
k-x Dtk

e
ﬁ2k2
= Zk Xe—% 2m t‘

(5.70)

We can project out the wavefunction with constant energy by perform-
ing the Fourier transform:

/_o:o dte%Et/d%'GO(X,t;X’,O)eik'xl

= /d3x'[/o:o dten PGy (x, t: x', 0)] e’

= /de’GO(E;x, x')ekx, (5.71)
In the above

Go(E;x,x') = /OO dte%EtGo(x,t;x’,O)

0 iy (m—2)?
~ / dte%Etel 2Dt
—0o0
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N/ dt/d?’peﬁ _iD2 P (x=x")

(2m) /d3p5 E Dp

: L )etp(xx)
WP
— o / Epd(E — To)em e (572)

2,2

(The above integral can be done to yield 87r2msm(— VemBlxxl) ) As the

x—x|
result
/dgleo(E X, X zkx /d3 E o ) ip (x—x’)eikx’
np*
— (27)? / d3p5(E S )e*5(p — k)
, 2 k2
~ e**§(B — : :
e ( Sy ) (5.73)

Now let us compute G(x',t;%,0) in the presence of a smooth po-
tential. We recall that in general

G tx.0) = | Dly(r)]et s TSPV (571
y(t)=x",y(0)
In the case where V(x) is constant V' the above reduces to
OW.x0) =t [ Dly(r)let Ji 43+
- JyO)=xy(0)=x
= e 716Gy (X, t; %, 0). (5.75)
Thus

h?p?
G(E; %, %) ~ /d3p5(E -v-2&

ipr(x=x') 5.76
2. (5.76)
To proceed further let us first consider the case of one dimension. Let
€ be a length scale over which V' hardly changes, we split the distance

' — x into N pieces of length e.

R ~ 2 th? ip;i (@41 —T4)
G(E;2',z) ~ | | dp;6(E — V(z;) — v Je +
i=1

o eb [ dun/2m(EV ), (5.77)
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Thus -
W(x) ~ er Lo WVEREVWy 0). (5.78)

In three dimension we have to choose sum over all possible paths leading
from x to x’. Along a particular path parametrized by s the one-
dimensional result above applies. In that case along each path we have

a contribution
L[5t gg m(E—V (s
o Jug 4V2MEZV ) (5.79)

In this case further simplification of the result require the semiclas-
sical approximation where we replace the whole path integral by the
contribution from the classical path.
The above discussion suggests we write the eigenwavefunction as
P(x) = AerS™), (5.80)
and expand S in powers of ii. Substitute Eq. (5.80) into the Schrédinger
equation we get
' 1 2
%v?s ~ V8- VSt h—?(E —V)=0. (5.81)

If we write
h h

S =5+ ?Sl + ( )252 + ... (582)

7
and substitute the above into Eq. (5.81) and equating terms with equal
power of h we obtain

VSy-VSy=2m(E—V)
2VS - VS, = —V25,
V2S, — VS, - VS, =2V, - VS,. (5.83)

5.7 The time dependent perturbation
theory

5.8 Fermi’s golden rule

Suppose the Hamiltonian of a system is given by

H=Hy+V(t), (5.84)
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where Hj is a Hamiltonian whose eigenstates are familiar, and V (¢)
is a weak perturbation. Due to the presence of V' the eigenstates of
Hy ceases to be a steady state, i.e., as time evolve the perturbation
causes the system to make transition from one eigen state |i > of Hy to
another. In this subsection we calculate the rate at which this transition
occur.

To be more specific let us assume that the system is in |i > at t = 0.
The question is what is the probability per unit time that it will end
up in state |f >. According to

(1) >= Ty{e o THAVEN Y (5.85)

In the case where the external perturbation is weak we expand the time
evolution operator to the first order in V. The result is

T%{ef%f(de(HoJrV(T))} ~ e ——Hot / drVy(r
e L i Hov<f>e—%TH°-
(5.86)
where ; i
Vi (1) = en o7V (7)ewtlom, (5:87)
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As the result

[Y(t) >~ e 7 Et|i > —% Z/ dre” #Ent=T) < |V (1)]i > e 77 |n 45.88)
—~Jo

Thus the probability amplitude that after time ¢ the system ends up in
e Pt f > s

Ap(t) —7/ dret E=ET < fIV ()i > . (5.89)
Thus the transition probability is
Pri(t) = 2|/ drex =B < fIV(7)]i > | (5.90)

The transition rate is defined as

_dPy _ dAy, , Ay,

Wri(t) S = AT A (5.91)
Explicit differentiation gives
AAyi o Lm0 < v > | (5.92)

dt h
As the result

1 rt i
Wilt) = 3 / dr [eA BB < FV(r)]i < V()i > +e.c]
0
(5.93)

In the following we shall workout two special cases where i) V' is
independent of ¢ and ii) V(t) = cos(wt)V.

5.8.1 V independent of ¢
In this case Eq. (5.93) becomes

1 6%( _Ei)t 9

(Ef— E)

1 (B — B\ sin (F)
~ - 4
hCOS< o7 ) E; E) | < fIV]i > [%(5.94)
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However since

1 t
im SED ), (5.95)
wt—00 w
Eq. (5.94) reduces to
2T T
Wyi(t) = f’ < fIV|i > |?0(E; — E;). (5.96)
Eq. (5.96) is often referred to as “Fermi’s golden rule”.
5.8.2 V(t) is harmonic in ¢
If V(t) =V cos(wt) Eq. (5.93) reduces to
1 i
Wei(t) =~ ﬁ/ dr [eﬁ(Ef*Ei)(t*T) cos (wt) cos (wT)| < fIV]i > |* + c.c}
0
(hwaf“rEl)t
2 , H(T) (hw+ Ef — E;)t
= = t 2
hcos(w)|<f|V|z>| ho— B, + B co o7
(FLw—‘rEf—El)t
2 S\ 55— hw—Ef+ Ej)t
+ %Cos(u}tﬂ < fIVl]i > |? hc5+Ejh— Ez) cos <( el 27];+ ) )

o T os? (wt)| < fIV]i > | [0(hw — Ef + E;) + 0(hw + Ef — E;)] .

h

5.9 Beyond Fermi’s golden rule

We reiterate that given the time-dependent Hamiltonian
H=H,+V(t),

the states evolves according to

[b(t) >=Tp{e o rHAVNY i 5

(5.97)

(5.98)

(5.99)

In the case where the external perturbation is weak we expand the time

evolution operator the result is

Tt{ei% b itV < e~ HHOU T "R Jo drvi(r).
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where ‘ ‘
Vi (1) = enoV (7)e= w07, (5.101)

In Eq. (5.100)

i [t "t
Tte_ﬁdeTva):Z(_%) /dTn...dﬁTt[vH(Tn)...vH(ﬁ)]. (5.102)
0

n

In previous section we kept none but the lowest order term of
Eq. (5.102). In this section we will include higher order terms. The
probability amplitude that a system starts off in |i > (an eigenstate of
Hy) will end up in e”#10t| f > is

i t
A =< f|Te HJa Vi) 5

) <_;>n/ot drdry < FIT V() Via ()] >
(5.103)

The way we evaluate < f|Vy(7,)...Vy(m1)|i > is by inserting complete
set of states between each pair of V. The most convenient such states
are the eigenstates of Hy. In the following we concentrate on the case
t > 0 and assume that 7,, > 7,,_1 > ... > 7. Thus

< AT Va(r)-Va@)li> = 35 I < alVa(m)e . >
[0S RYT ap—1j5=1

n

— Y J[er®uFau) < | Viay oy >

(5.104)

In the above we have defined |y >= |i > and |y, >= |f >. Next we
need to perform the integral

no
3 .
/ dr,...dm [ e (Baj=Eoj 1)1
Tn>...>T1

j=1
n

= /dTn...dTl H O(Thr1 — T) H e (Foy=Ba; )75 (5.105)

k=0 j=1
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Here we have defined 7,,,1 =t and 79 = 0. Next we use the fact that

9(t . tl) _ d_w 1 eiw(tft’)_

(5.106)

2w w — in

Thus

n

i(Ba,~Ea; )7

/dTn d7'1H9 Tk+1 — Tk Heh og = Hog)7i
J=1

—/dTn dm H/de ! ek (Thr1=Ti) H i (Baj=Baj_1)7i

21wy — 1N

dw, . 1 1
_ w.ezwnt : H/dwk
M k=0

Wi — 11

n E. —E.. |
X H(S(Wj—w]'_l—%>

j=1
e (VI ! ).
271 W — ZT] k=0 W — %(E(Xk-‘—l - Eak) - Zn

The above w integral can be done as a complex integral. Since ¢ > 0
we close the w contour in the upper half plane, hence enclosing all the
poles. The result is

(5.107)

n—1 1 n—1 ; 1
(=h)" <> —(=h)" S en P —Ea)t =
kl_[=0 Eakﬂ - Eo‘k IZ(:) Eal+1 - Eaz
1
X (5.108)
1!;[1 ( Loy = Boy, = By, + Eaz)
Thus

A <apa|Vi]e, >\ o -
ag

n Qal,.50n—-1 k=0 ak+1 B =0

< Oél+1|V’Oél > ( < Oék+1’V|Oék > )
x 1. (5.109)
E - Eaz lgé[l Eak+1 - Eak - Eaz+1 + Eaz

Q41
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For t < 0 we have

n—1 n—1
) =30 F (S ) - E et
ak 1=0

n Ql,..,0n—1 k=0 k41

= 1|V ay > 11 (E < g |V ]y > >} (5.110)
ag

Eal - Eaz+1 k£l - Eak+1 - Eoéz + Eoéerl

We note that
Aig(—1H]) = (AR (5.111)

i.e. when we reverse the time the transition amplitude becomes its
complex conjugate.
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Chapter 6

Scattering theory

6.1 The scattering of a wave packet

This section follows closely the discussion in “Quantum mechanics” by
Merzbacher, page 219-249.

Let us concentrate on the scattering of a particle by a static poten-
tial. The Hamiltonian is given by

2
=Y sv=mH+U (6.1)

24
Here U is appreciably different from zero only within a sphere of radius
a around the origin. At ¢t = 0 a particle is represented by a wave packet

given by
_ 1 2 : ik-(x—x%0)

d3k ik (x—x
:/(2ﬂ)3gb(k)ek( 2 (6.2)
where ¢ is non-zero within a narrow width Ak around a mean mo-
|k—ko|?
mentum ko. For example if ¢(k) = me_ 2akE , Y(x,0) =

(2;)3eiko'("_x‘))e’%“Q'x’xOP which is a wave packet of width 1/Ak

around xo. From now on we shall refer to the above as ¢, i.e.

1 .
(o, X = 0) = sgelo et ARl (6.3)
m
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Let us assume that
ko - —ko.@o (64)

so that the wave packet if unhindered in its motion would move freely
toward the origin. We also assume that |xq| is large enough so that
¥ (x,0) lies entirely outside the range of the scatterer.

The dynamic problem to be solved is this: What is the shape of the
wave packet at a much later time, when the packet has hit the scatterer
and been eventually dispersed by it? In principle the answer can be
given easily if we expand 1 (x,0) in terms if eigenfunctions, ¥, (x), of
H. Indeed if we express

¥(r,0) = Z Cnthn (%), (6.5)
then the wave packet at time ¢ is

b(x,t) =3 cpe i Bt (6.6)

Unfortunately Eq. (6.2) is an expansion in terms of plane waves,
the eigenfunctions of Hy. In general the eigenfunctions of the full H
is complicated, in particular near x = 0. However Since U(r) = 0
for |r| > a these eigenfunctions must reduces to linear combination of
the solution of the free Schodinger equation. We shall show that for
|x| >> a the exact eigenfunctions reduces to the following form

) (x) = L etk T ﬁ)
W00 = g (4 A ) (67)
and
U(x.0) = [ dkple 0y (x) (68)

First we prove that for |x| >> a Eq. (6.8) reduces to the same
wavepacket as that in Eq. (6.2). Again let us choose ¢(k) =

k—kq |2
=2 . Since ¢(k) peaks around kg therefore to an excel-

1
(Vorak) ©
lent approximation we can replace k|x| in Eq. (6.8) by

kx| ~ k- kolx|. (6.9)
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Using the above approximation and the assumption that fi varies little
within the range of Ak and hence can be replaced by fx, we obtain

[ ro)e 0u x)
1

iko~(X—Xo)€—%Ak2|x—XO|2 n fxo (:Ac)ei(kolx|—ko-xo)
(2m)3 (2m)?[x|

%Ak2||x|ffo—x0|2

~
~

xXe

= ¢pk(ko,X _ XO) + fko(f)

|

Yo (Ko, [x|ko — o). (6.10)

We note that for x &~ xo we have, by Eq. (6.4), |x|ky &~ —xXq, as the
result

Ui (Ko, |x|ko — X0) & (Ko, —2x0) ~ 0. (6.11)

At a later time ¢,

b(x,t) = / BB e ikexo—iwty (H) (x) (6.12)
where
K2 k>
hw = . 6.13
2 (6.13)

Again since ¢(k) sharply peaks around ky we can approximate w by

nk? hlko + (k —ko)|>  h(—k2 + 2k - k)

w o 2 2 Wo + Vo - K,
(6.14)
L where
h2k2 Lk
hwp = —2,  vg = —2. (6.16)
21 Ju

!The validity of this approximation is based on the assumption that

I
— AKk%t 1. 6.15
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Substitute the above into Eq. (6.12) we obtain

Y(x,t) — /d3k¢(k)e—ik.(x0+vot)+iw0t¢l((+)(X)

1 ik-x etk
(27)3 <€ + fk(fff)g>]
[~ 3 —ik-(x0+vot)+iwgt ik-x . &\x\
N/d ko(k)e +vot)+ [(27r)3 (e + fio (2) ™ )]
— 6iw0t¢pk (k(), X — Vot B XO)

- fk’X(| )wpk(km Follx| — vot + [xol])

+e

(6.17)

The first term of Eq. (6.17) is appreciable when |x — vt — Xo| = 0. The
solution of this is

X ~ Xg + Vot (6.18)

, i.e. the trajectory of the center of the wavepacket. The second term
in Eq. (6.17) is appreciable when |x| — vot + |x¢| = 0. The solution of
that is

x| = vot — | X0 (6.19)

Consequently for t < Ty = % the second component is negligible. For
t > Ty Eq. (6.19) describes a outgoing spherical wave front

x| = vo(t — Tp). (6.20)

Except for the phase factor e, the first term on the right hand
side represents the initial wave packet displaced without the change of
shape, as if no scattering has occurred. The second term is a scattered
spherical wave packet representing a radially expanding replica of the
initial wave packet, and fi, (%) is called the scattering amplitude.

The probability flux (%I m[y*V1)] is the probability current density)
of the particle incident at a detector placed out at a distance r >> a
from the scatterer and expand a solid angle df? is

W (Ko, Ko[r — vot + [xol])
T

~ 7
Lt = 12dQfie, (72 / dt" I'm|
—0o0 m
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0 Yy(ko, kolr — vot + |x0|])]
or r

— i F)Pro [ [los ol — ot + o) (621)

The incident probability flux per unit area in the beam (r = —rk,)
is

h [e's) ~ ~ ~
]z'n = — / dtkfo . Im[¢;k(k0, —7”]{?0 — V()t — X())Vprk(ko, —T’I{?O — Vot — Xo)]

m Joo

— o [ dtliye(ko, hol—r = vt + o))

o0

Since

/ dt 1y, (Ko, ko[ — vt + [x0])|? :/ ¥k (Ko, kolr — vot + [xol]) |,

(6.23)
we have p
Loy = AU 0. (6.24)
where the differential cross section is
do R
o =@ (6.25)

As the result to compute the differential cross section we need to obtain
the scattering amplitude in Eq. (6.7).

6.2 Calculating ¢}({+) (x)

In this subsection we shall show that Eq. (6.7) is indeed the asymptotic
form of the eigensolution of

h2
<—v2 + V) Y = Ei. (6.26)
24
The above equation can be reduced to
(V24 k) = Uy, (6.27)
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where
_ 2uE

2
K2 = U=V

R

It is useful to view Ut on the right hand side of Eq. (6.28) tem-

porarily as a given inhomogeneity, even though it contains the unknown

function . Formally, then a particular “solution” of Eq. (6.28) is con-

veniently constructed in terms of the Greens function G(x — x’) which
the solution of equation

(6.28)

(V2+E)G(r 1) =6(r —1). (6.29)

As usual unique solution to Eq. (6.29) requires boundary condition.
We shall require, as our boundary condition that

Gx—x')—0, as|x|— oco. (6.30)

In the following we shall prove that the above boundary condition
amounts to adding a infinitesimal imaginary part to k, i.e. kK — k 41
in Eq. (6.29) so that

V2 + (k+in)*Gi(r — 1) =6(r — 1). (6.31)

We shall show that in the limit n — 0, G satisfies the appropriate
boundary condition. In that case

U (x) =

(27T)3€ik-x + /d3le+ (X — X/)U(Xl>w1(<+)(xl) (632)

will be a general solution of Eq. (6.28). In the above the first term is
the solution of the homogeneous equation

(V2 + k%)Y = 0. (6.33)

In order to solve Eq. (6.31) let us apply Fourier transform method.
Let us write

Gol1) = [ 3 5e "G la) (634
and
5(r) = / (;q)ge"q'r. (6.35)
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Substitute Eq. (6.34) and Eq. (6.35) into Eq. (6.29) we obtain
[(k+1in)* = ¢’|G1(q) = 1, (6.36)

or

1

BT

(6.37)

Hence
d3q eiq-r
G =[5
+(r) G (et inf — ¢
00 q2dq sin (qr) 1
=2 [ e
qr (k +1in)

B /00 qdq 1 —e 1
i (k+in)? —

_Ooqdql. 1

iqr

249y (k+1in)? —¢?

d / Cdg— (6.38)
(27r) rdr qq2 — (k+1in)?* '
The integrand in Eq. (6.38) has poles at
= +(k +in), (6.39)

in the complex g-plane. The integral can be easily evaluated by contour
integral and the result is

1 i(k+in)r
Gi(r)=——F . (6.40)

47 r

As promised before GG, vanishes as r — oco. If we now substitute the
above into Eq. (6.32) we obtain, for any finite |x|

ik|x—x/|
(+) 1 ik-x 1 / 316 AWACS )
X)=-—= —— [ d U(x X). 6.41
W) = e - o [ U ). (6
Since U(x') is non-zero only within a range |x'| < a, we can perform
multipole expansion for x| >> a to obtain

1 ) eik\x|

1(<+) (X) ~ (27r)362k-x . 47T|X| dele—iki-x’U(X/) 1(<+) (X,). (642)
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Eq. (6.42) is precisely of the form Eq. (6.7) with

fk(j: — —27T /d3 —ik@-x’ U )w +)(Xl>

4
_ ™ :U/d3 —zk::cxv ) 1((+)(X,). (643)

6.3 Approximate solution of fi

To calculate the scattering amplitude through Eq. (6.43) we need wl(j)

as an input. However to get wl(:r) we need to solve the integral equation
Eq. (6.42). In following we introduce several well-known approximate
solution.

6.3.1 The Born approximation

In the limit that the scattering potential is weak we can replace the
1/11((+) on the right hand side of Eq. (6.42) by tze®*. In that case

Pk
(+) 1 e 1 et 3, —ikixX [T ikex
U (x) & (2%)36 — (@) 4rlx] d’x'e Ux')e™™. (6.44)
and hence
k(@) = —27r2/d3x'e’iki'x/U(x’) (2;36“""/
= 417T/d3x'e ilka=k)x 17 (")
= _27Th2 /dgx'e_i(kj_k)'x,\/(x’). (6.45)

Since kz is the final momentum and k is the initial one
Ak = kz — Kk, (6.46)
is the momentum transfer. Thus Born approximation predicts that

hl@) = = :ﬁ2V(Ak) (6.47)
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where

V(AK) = / dre= kXY (x) (6.48)

is the Fourier transform of the scattering potential. In the case where
V(r) = Vob(a —r), we have

_adnlp
V(Ak) = N (Aka). (6.49)

Thus v
f(2) = _f;uAlS? cos (Aka), (6.50)

We note that “h—‘f has the dimension of length™2, thus we define the
scattering length

A\ = h_2 (6.51)
Az '
andEq. (6.50) becomes
) cos (Aka

Thus the differential cross section is

do  ,cos® (Aka)

o Vs (6.53)

Similar calculation can be carried out for potential of the form

e—OCT’
Vir) =V 6.54
(=" (6.:54)
to obtain oLV .
. 4HYo
fil@) = 2o Ak2 + a2 (6.55)

The case of Coulomb scattering is given by o — 0 and Vy/a = ¢1¢2. In
which case the above equation becomes

. 21 1q2
Ji(@) = TR AR (6.56)
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Note that
Ak = 2k sin (Z), (6.57)

where 6 is the scattering angle. Substitute the above into Eq. (6.56)
we obtain

. 20 g Q192
) L R— 6.58
W) = =5 (4)  4m?sin® (9) (6:58)

where F = h2k2
Hence accordlng to the Born-approximation the differential cross
section for Coulomb scattering is given by

2.2
- Bt (1) (6.59)
ain? (2)
which is the classical Rutherford cross section. What is even more
amazing is that the above result agrees with the exact evaluation of the
quantum-mechanical Coulomb scattering cross section — one of many
coincidence peculiar to the Coulomb potential.

It is worth emphasize that in Born approximation the differential
cross section is independent on the sign of V. The validity of the Born
approximation is given by the requirement that at x = 0 the first term
of Eq. (6.42) is much greater than the second, or,

zk|x |

1 >> —| / &3z’ UK. (6.60)

For central potential this reduces to
1>> /dr' k' sin (kr')U (1) /dr' k" sin (kr'\V ('), (6.61)

Substitute for V' Eq. (6.54) we obtain

2 2
1|Vol [, 4k? 4 2k
1>> 20 (log 1+ 5| t{tan ! —- (6.62)
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If k/o << 1 this simplifies to

2p[ Vo
K22

<< 1. (6.63)

Using the fact that the range of force a = 1/a we may write Eq. (6.63)

as )
h® 1
——. .64
Wl << 5o (6.64)

The right hand side of Eq. (6.64) is the mean kinetic energy of a

particle that is confined within » < a. If Vj is negative the existence
. 2 .
of bound state requires that |Vp| > Z—Na% Broadly speaking, we may

therefore say that in the limit of low momentum the Born approxima-
tion is valid if the potential is too weak to produce a bound state. If
k/a >> 1 Eq. (6.63) simplifies to

1o [Vola
20 log (2k/a) = T log 2ka << 1. (6.65)

In the above v = % is the velocity of the particle.

Generally, the Born approximation affords a quick estimate of scat-
tering cross section and is accurate for reasonably high energies in com-
parison with the interaction energy.

6.3.2 Beyond Born approximation

To obtain fx which is accurate to second order in V', we substitute
Eq. (6.44) for " on the right hand side of Eq. (6.32). Go to the third
order we substitute the second order result, ... etc. If we denote the
plane wave state by |k > then Born approximation amounts to

(+) k ; k
[y >= |k > +E —H +Z,EV| > (6.66)
In the above we have used the fact that
(k +in)* = k* + ie. (6.67)
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The next order approximation is given by

1 1
(+)
>=lk>4+———"—-V]k> Vv Vik > .
e = ket e R e T i B Hy e
(6.68)
In this way it is clear that the generalization to all order is given by
[l >= |1+ ;T k >
E— Ho + i€
T=V+4+V ! V+V ! 1% ! %
B E — Hy + ie E—Hy+ie E— Hy+ie
(6.69)
;From Eq. (6.69) it is clear that T satisfies
T—V4V— (6.70)
N E — Hy+ie '
Combining Eq. (6.69) and Eq. (6.70) we have
Vg™ > =V |1+ ;T} k >= [V + V;T |k >
E — Hy + i€ E — Hy+ i€
=Tk >. (6.71)

Using Eq. (6.43) the scattering amplitude can now be written as

4 2
ﬂ@j:—@ﬂS;u<kﬂﬂk>. (6.72)
In the above we have chosen the convention that < x|k >= tzelk*,

(2m)
We note that since k2 is the momentum of the detected particle we can

rewrite the above equation in a more physically transparent way

4 2
Flkp ) = =(2m)° =55 < Jeg| Tl >, (6.73)

where k; is the momentum of the incoming particle and k; is the mo-
mentum of the detected one.
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6.4 Optical theorem

There is a very famous relationship due to Bohr, Peirls and Placzek,
called the optical theorem. This theorem relates the imaginary part
of the forward scattering (i.e. ky = k;) amplitude to the total cross
section as follows;

Optical theorem
k

Im[f(k, k)] = - —otar, (6.74)
where J
o
Otot — /de—Q (675)
Proof. From Eqhty we have
g4 p
Im[f(kys, k;)] = —(2m) 2 Im[< k|T|k >]. (6.76)

We next evaluate Im|[< k|T'|k >]. From Eq. (6.71) we have

Im[< K|T|k >] = Im[< k|V[{" >]. (6.77)
Since
) _ 1 } +)
>= |+ —++T| |k >= |k _
Vi [ T ke ke b Ve >
(6.78)
we have
1
(6.79)
Since < ¥ 7 |V]yt") > is real we have
1
Im[< k|T|k >] = —1I Dy =yt > .
mi< KTk >] = m | < OV g VIiD >|. (6.80)
Now we use the well-known relation
1 P
= o (E — Hp). .81
B Hy i E_m 0) (6.81)
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(here P projects out the zeros of £ — Hy) we have

Im[< k|[T|k >] = —Im | < 7|V

V +inV(E — Ho)V |l >} .

E — H,
(6.82)
Since V P eV s hermitian we have
Im[<k[Tk>] =-1<¢|VS(E— H)V[pi) >
=—m <Kk|T6(E — Hy)Tk > . (6.83)

Let us now insert complete set of momentum states between T and
d(E — Hy) we obtain

2 2

h
Iml<KTk>] = —7T(27T)3/d3q < k|T|q > 6(E — %) < q|Tk >
3 pk 2
— _n(2n) /qu?\ < q|Tk > |~ (6.84)
Using Eq. (6.73) we obtain
k
Imlfe)] = 1= [ d2/f(a k)
k do
=2 a0 =2
47 /d 140
k
= E(J'tot. (685)

6.5 Scattering by central potentials - par-
tial wave analysis

Let us reiterate the two important equation obtained before
2
Flkp ki) = —(2m)* 55" < Ky|Tk; >,
and

T=V+VegmV +
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In the case where the scattering potential is spherically symmetric
we have

UTTU =T, (6.86)

where U is the rotation operator. In that case it is advantageous to
express |k; > and |ky > in terms of the spherical harmonics so that we
can use the Wigner-Eckart theorem.

If we write
k>=> Cimlk,l,m >, (6.87)
im
then
gdmp /
fks k) = —(27)* 2 < k,U'm/|T|k,lm > .
Im,lI'm’
(6.88)
In Eq. (6.87)
Ik, lm >= /koYZj‘n(Qk)]k > (6.89)
As the result A
Cxim = Y, (k). (6.90)
Due to the Wigner Eckart theorem we have
<k, U'm/|T|k,Im >= Ty(k)6y10mm, (6.91)

Eq. (6.88) simplifies to

47T
flpk) = —(n)P i Ceoim T ()
4 )
—(2m)? 7}; a Zylm k)Y (k)T (k). (6.92)
lm
Use the fact that?
- 21 + 1 ~

ZWk Yim(ky) = i k), (6.93)

l

2See, e.g., “Mathematical methods of physics”, 2nd edition, Mathews and
Walker, page 117.
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we simplifies Eq. (6.92) to

flkp ki) = > filk) (2L + 1) Py(k; - ky), (6.94)
where
filk) = —87;2’“‘@(@ (6.95)

We note that Eq. (6.94) completely determines the angular distribution
of differential cross section, i.e.,

do P
R ICEERL R (6.9

Thus by measuring d” distribution one can deduce f;(k). By integrating
the above equation over the scattering angle we obtain

am:/dQZ —47rZ|fl 2(20 4 1). (6.97)

At this point we should not have the impression that we have
solved the scattering problem. All we did was to find a good way to
parametrize the scattering amplitude. The quantity f;(k) in Eq. (6.95)
is still unknown.

To appreciate the physical significance of fi(k) let us study the

asymptotic behavior of 1/11({+) (x). Let us recall Eq. (6.7) namely,

ik-x 5, etklx|
(%) = gy (R + Flki, k)5 ).

By substituting Eq. (6.94) into the above we obtain

. eklx]
ux) = (271r) ( lkx+Zfz @+1) B(k'j)\;>
_ (271r)3 (eik|xl(l%~:?:) + > filk) (20 + Pk i)%> '
(6.98)
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Using the fact that?

1 ik|x| (k- 2) _
@mp"

(kx| Pk - ), (6.99)

and the fact that as |x| — oo?
ei(k|xl*lﬂ/Z)—e—i(k\X\—lw/z)

(6.100)

we have as |x| — o0

(+) 1 . . etklx|  o—i(klx|—lm)
W0 = s SDA(E) ([1+22kfz(k)] - )

x| x|
(6.101)
The physics of scattering is now clear. When the scatterer is absent,
we can analyze the plane wave as sum of a spherically outgoing wave
TC" and a spherically incoming wave ~ —Ml‘x# for each [. While
the scatterer leaves the incoming wave completely unaffected it changes

the coefficient of the outgoing wave as follows

1 — 1+ i2kfi(k) = Si(k). (6.102)

Due to probability conservation, that is whatever coming in the [th
angular momentum channel must go out, we expect the coefficient of
¢**l /x| to have the same magnitude as the coefficient of eI /|x|.
This means

|Si(k)| =1, (6.103)

or

Si(k) = ¥, (6.104)

We thus see that the only change in the wavefunction at a large distance
as a result of scattering is to change the phase of the outgoing wave.
Returning to f; we can write
e — 1 e¥igin g,
fi= ik o (6.105)
3See, e.g., “Modern quantum mechanics” Sakurai, page 398.
4See, e.g., “Modern quantum mechanics” Sakurai, page 398.
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Substitute the above in Eq. (6.94) we obtain

Flkp, ki) = (20 4+ 1)e™ sin 6, Py(k; - ky).

l

Put the above into Eq. (6.97) we obtain

d
Ot = /dQ—U =47 Z(Ql +1) sin? 0.
ds? ;
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Chapter 7

A few words on many-body
problems

Quantum mechanical problems are seldomly solvable. Some take the
point of view that with the help of modern computer this is no longer
a problem at least in principle. While this viewpoint might be true
for one-body problems it is fundamentally wrong for the many-body
problems. As we discussed in the example of quantum spin chains the
size of Hilbert space grows exponentially with the number of degrees
of freedom. ! Because of this fast increase of the dimension of the
Hamiltonian, brute force diagonalization approach is in-tractable. In
fact unless some special condition exist many-body problems are in
general non-integrable.

7.1 Identical particles and their quantum
statistics

For reason that we will not step into here, in quantum mechanics
“identical particles” not only mean that the Hamiltonian operator
H(ry,p1;r2, P2;...) is invariant under the permutation of particle la-
bels i.e.,

H(rPh Pri1;Yp2, Pp2; ) = H(rlv P1;T2, P2; )a (7-1)

IFor the spin chain it grows as 2V
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but also require that the wavefunction has to be symmetric or antisym-
metric

w<rp1, ...rpy;0p1, ...,O’pN) = (:i:l)PwO'l, .., IN;O07, ...,O’N). (72)

Particles whose wavefunction satisfies the upper sign is call bosons while
those satisfying the lower sign are call fermions.

7.2 Many electron atoms

The success of hydrogen atom is largely responsible for the early ac-
ceptance of the quantum theory. From this point of view it is ironic
that except for the simplest atom, hydrogen, none of the other atoms
are exactly solved under the framework of quantum mechanics. The
next simplest atom in the periodic table is Helium. Helium has a nu-
cleus of charge 2e and two electrons. After redefining the coordinate

from x;,x5,X to R = %ﬁjm{,rl =x; — X,ry = x5 — X, the
Hamiltonian read
1 1 2e?  2¢e? e?
g LtepoLogp 20 20, & gy
2u 2p 1 ry  |r1— 1o

(Here p1 = -20m.) The reason that Eq. (7.3) is difficult to solve is due to
2

the presence of electron-electron interaction, |r1e——rz\ In addition to the

above the helium problem has a new feature that we have not encounter

before, namely, it consists of two identical electrons.
Electrons are, of course, fermions. As the result we require

10(1“1,1‘2;01702) = —@/)(1'1,1‘2;01702)- (7-4)

Since the the Hamiltonian in Eq. (7.3) does not depend on the spin
variables, we can separate ¢ into the products of orbital and spin parts:

Y(r1,12;01,82) = ¢(r1,12)X (01, 02). (7.5)
Since spin rotation commute with the Hamiltonian, we can choose the
eigen state to be that of the total S? and S,. For two electrons there
are only two possibilities.
1)S°x(01,02) = 0(0 + 1)x(01,02) or
i1)S*x (01, 09) = 1(1 4+ 1)x (01, 03). (7.6)
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In the first case we say that the two atoms are in the singlet state, and
in the second we say that they are in the triplet state. The singlet state
consists of only one state

Xs(Ul, 02) = 501,1/250—2,71/2 - 501,71/2502,1/2- (7-7)

The triplet consists of three states

Xt+1(017 02) = 501,1/2502,1/2
Xw0(01,02) = 001,1/2000,—1/2 + 001, —1/2005,1/2
Xt—1(01, 02) = 501,—1/2502,—1/2. (7-8)

While x, is antisymmetric under the exchange of oy and o2, X¢m
are symmetric. As the result the Helium eigenfunctions are of the form

¢sym(r17 rZ)Xs(Ula 02)7 or

¢antsym(r17 rQ)Xt,m(O-la 0-2)- (79)

Since Eq. (7.3) is rotational invariant we expect on symmetry
ground that ¢(ry,r5) can be chosen to be the eigen state of L? and
L.. Here L = L; 4+ Ly is the total orbital angular momentum operator.
So clearly the eigenfunctions of helium can be labeled by |L, L., S, S, >.
For example one choice of coordinate gives

Gim(r1,T2) = Y (T1) R(11, 72, 1 - 7). (7.10)

Thus after the symmetry reduction, we have an effective 3-dimensional
(r1,72,71 - T9) problem. This is analogous to the hydrogen case where
the symmetry reduction deduce the problem to one dimensional (7).

There are many other possible choices of coordinate. Although they
all inevitably lead to a three dimensional problem, the complexity of
the actual equation can depend greatly on the choice of coordinate.
Recently Prof. Wu-Yi Hsiang of Berkeley has achieved a very elegant
choice of the coordinate. Hopefully this will lead to progress in the final
analytic solution of the helium atom.

So after a century of quantum mechanics, none but the simplest
atom in nature can be exactly solved.

In general in the presence of spin-orbit interaction L - S the eigen
states of a many-electron atom can be classified as |L, S, J, J, > In the
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absence of rotational symmetry breaking, such as external magnetic
field, the energy is a function of L,S and J. The atomic symbol is
designed to be

25415, (7.11)

where

L=(0|1]2 |3
S|P|D|F

7.3 Delta-function interacting particles in
one-dimension

It turns out that in one space dimension if the interaction between
particles is delta-function like, i.e.

h2
H=——>024+V> (zx; —x;), (7.12)
2m TG

the problem is exactly solvable. The technique used to solve these
problems is called Bethe ansatz. This technique is a bit to technical for
us to get into here but we can demonstrate part of this technique by
looking at its application to the two-particle case.

7.3.1 The two-particle case

In one space dimension two particles of momenta k; and ks collide with
each other must end up with two particles with momenta k; and ky. The
momenta of the particle can switch, but that is the maximum allowed
change. This is a simple consequence of the energy and momentum
conservation:

ki 4+ k3 = k7 + k5
ki + ko = K| + K. (7.13)

Squaring the second equation and compare with the first, we obtain

ferky = KK, (7.14)
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Let kiky = kikh = C and ky = €, ko, = Cr, and k| = &, k), = Cr'.
Then the second of Eq. (7.13) implies

1 1 ,
- = — ) 7.15
. +r i +r ( )
We notice that 1
r+-=K (7.16)
z
has two solutions
K+vVK?2 -4
r= /. (7.17)

1
r=r ,or, v'="-. (7.18)
r
Thus

k:/l = kla ké = k27 or

The second thing we should get familiar with is the two-particle
scattering problem, Let us assume k; > k; and imagine originally
r1 < x3. The incoming 2-particle wavefunctions is eilkrzithors)  The
reflected wavefunction is then Re!(2#1tk172) i 2 < 25 The trans-
mitted wavefunction sits in the configuration space x; > x, and the
wavefunction is Te!F1#1+k222) Thus this scattering state solution read

\Ijscatt,1<xlax2> _ ei(k1x1+k2x2) + Rei(k2x1+k1:1:2) Ty < Ty
= Teilhmthora) g S g (7.20)
where
1
R=-—
1412
12
T —
1+12
ko — k
-2 1 (7.21)
c



In the above
mV

n
In addition to Eq. (7.20) there is another scattering state solution: i.e.
in 1 > x5 the momentum of the first/second particle is kqo/k;. The

reflected wave in z; > x5 is R'e(F1#1tk222) and the transmitted wave in
T, < Xo is T'elk2r1thi22)  Thyg

(7.22)

CcC =

Uscatt2(T1, T2) = ¢ilkemthirs) | peilhizithors) 0 s g

— Tellerthea) 0 gy (7.23)
We note that
\Ilscatt,2($17 x?) = \Ijscatt,l(IQa 112'1). (724)

Since Weqrr1 and Wyeq 2 have the same energy, the eigen solution is a
linear combination of them

\I](Ila 372) = \I]scatt,1<x1; x?) + A\Pscatt,Q(xla 1'2). (725)
Thus

\If(xl,xg) = {6i(k1x1+k2x2) + Rei(kwl"'klx?)}
+A{T6i(k2x1+k1x2)} 4y < 2
— {Tez'(kmlJrkzm)} +A{€i(k211+k1x2)
+Rei(k1x1+k2x2)} x> @

(7.26)
7.3.2 Two Bosons
The symmetry on the bosonic wavefunction requires
U(xy,x9) = ¥(z9,21), (7.27)
which implies
A=1. (7.28)



As the result,

\I/($1, 132) _ ei(k1$1+k2r2) + (R + T>€i(k2x1+k1m2) 1 < Xo
_ (R + T)el(k1$1+k‘2x2) + ei(k2x1+k1x2) 7.%'1 > x27
(7.29)
where 1—34
R+T=——2— ™, (7.30)
1+z
where
1—22
or
¢ = —tanilz. (7'32)
Thus we have
U(xy,my) = ekothemn) o pibpilhomithies) g g
_ eieei(klxl‘H‘:Qz?) + ei(k221+k1$2) ;T > To
ki — k
0 =2tan (——2), (7.33)

where ky > ky and [tan"'z| < Z.

In order to quantize the allowed momenta we impose the periodic
boundary condition. Let L be the dimension of the system and let
21 < 9. The periodic boundary condition requires that

ei(k1$1+k2x2) + eieei(k2x1+k11‘2) — e’i@ei(k‘l(x1+L)+k2x2) + 6i(l€2($1+L)+k‘1.’Ez)

(7.34)
Similarly
cilbrzitha(wa+L)) 4 oif jilkowithi(eatl)) _ oif gilkizrthozs) 4 ilkawrthizs)
(7.35)
These equation requires
oL _ =if _ ,—2itan~(FLTE2)
pikel _ ,i0 _ €2z‘tan—1(@)7 (7.36)
and the eigen energy is
E = h—g(kf + k3). (7.37)
2m
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7.3.3 Two fermions

For two fermions if the spin wavefunction is a singlet then the orbital
wavefunction is symmetric. In that case the orbital wavefunction is the
same as that of two bosons. In the case where the spin wavefunction
is a triplet, the orbital wavefunction has to be antisymmetric. In that
case A in Eq. (7.25) is

A=—1. (7.38)
, and
\Ij(l,h Ig) — eilkizitkaz2) + (R _ T>€i(k2r1+k1ﬂf2) 11 < To
(T _ R)ei(k1x1+k2£62) _ ei(k2x1+k112) ;xl > x27
(7.39)
where L
T_R—-—"_1 (7.40)
141z
Thus we have
\IJ(.Tl, x2) — ei(k1x1+k’21‘2) . ei(k2231+/€1132) Ty < To

= gilhmithars) _ gilkamithize) o0 s ) (7.41)

As the result

(7.42)

ik1x1 ik1xo
U(xy,x2) :det(e ‘ )7

e’ik‘le eikga)z

the solution of the free-fermion problem. This is expected because for
antisymmetric orbital wavefunction (which vanishes when two particle
coincide) delta-function interaction is invisible.
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