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Alexander Yu. Sokolov

Week 1: Review of foundations

I. FOUNDATIONS OF QUANTUM MECHANICS
A. Linear vector algebra

First, we briefly recap main concepts of linear algebra that will be very important
later in the course.

A vector in 3 dimensions can be represented by specifying its components a; (i =
1, 2, 3) with respect to a set of three mutually perpendicular unit vectors:

(98]

d=a18)+ayér+a3és =Y aié; (1)
i=1

The unit vectors ¢€; form a basis and are called basis vectors. The basis is com-
plete, i.e. any three-dimensional vector can be represented as a linear combination
of 3 basis vectors. Basis is not unique, we could have chosen three different mu-
tually perpendicular vectors:

3
— /= ] = — —
d=ay€ +aye+as€3 =) diE; (2)
i=1
A vector can be represented by a column matrix. For example, in the basis €;, the

representation is:

ap
a= | a (3)
as

The same vector can be represented in the basis &; as:

a' = | d 4)



For now we assume that we always work in the same basis.

The scalar or dot product of two vectors in the same basis is defined as:

3
d-b=a\bi+abr+azb3 =Y aib; (5)
i=1

The dot product of the vector on itself is just the square of the length of the vector

(lal):

d-d=al+a;+a5=df (6)
We can express the product as
., 3
a-b=Y ) aib;é-é; (7)
i=1j=1
Thus, we require:
I 1 fori=j
elej_6l]_{0 fOl"l?é] (8)

where 0;; is a Kronecker delta. The above equation states that the basis vectors
¢; are mutually perpendicular (orthogonal) and have unit length; in other words,
orthonormal. Useful Properties:

3
¢ =Y ) é 9)
i=1
3 3 o
:Zé’lé’lc_i Z e;a; = 1 (10)
i=1 i=1
<~
where 1 is the unit dyadic:
o3
1 =Y éé. (11)
i=1

Dyadic is a quantity, which when dotted into a vector gives another vector. The
unit dyadic gives the same vector back.



All of the above equations can be generalized to more than 3 dimensions. In the
general case of N dimensions, we get

N
d=aie1+arér+...+ayey = Zaié} (12)
i=1
and the dot product is expressed as:
~ N
Zl’-b:alb1+a2b2+...+aNbN:Zaibi (13)

i=1
From now on, we will work with general vector spaces of N dimensions and will

simplify our summation notation.

An operator is an object that when acting on a vector converts it into another
vector:

0d=1¢ (14)

There are different types of operators, we will mostly encounter linear operators,
which have the property:

O(xd+yb) = xOd + yOb (15)

A linear operator is completely determined in terms of its action on a basis vector
e;. Since 0¢; is a vector and any vector can be represented as a linear combination
of basis vectors, we get:

0¢; =Y 2;0;; (16)
j

The number O j; is the component of the vector O¢; along @ ;. These numbers can
be arranged in a two-dimensional array called matrix:

O]] 0]2 O]N

(17)
On1 On2 ... Onn

This is also called as the matrix representation of O in the basis &;.



The matrix O completely specifies the action of the operator O in a given basis.
For example, the action of O on a vector d can be written as:

OﬁzzaiégizzaiOJingZngj (18)
i ij J
Zojiaizcj (19)
i
Oa=c (20)

Some important properties and definitions:
1. If C = AB, their matrix representations are related as: C = AB.
2. In general, AB # BA and AB # BA, the commutator is [A,B] = AB — BA

3. The adjoint operator A" of the operator A is defined such that its matrix
representation (AT);; = (A*);;, or equivalently AT = (A*)T. If A is real,
AT=AT.

4. If a is a column matrix, a’ = (a}a}...a}) is a row matrix.
5. (AB)" =BTAT
The following properties and definitions apply only to the square matrices:
6. The matrix A is diagonal if
Ajj = A;i0;j (21)
7. The trace of the matrix A is defined as

TrA =) A; (22)

8. The unit matrix 1 is defined as:
I1A=A1=A (23)
Its elements are (1);; = J;;.
9. The inverse of the matrix of A is defined as:
ATTA=AAT=1 (24)
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10. A unitary matrix is the one whose inverse is its adjoint:
AlT=AT (25)
A real unitary matrix is called orthogonal.

11. A Hermitian matrix is self-adjoint:
AT=A (26)

A real Hermitian matrix is called symmetric.

B. Complex vector spaces

We now generalize the concepts of linear algebra to an N-dimensional space in
which vectors can be complex. In analogy to the basis {€;}, we consider N basis
vectors denoted |i) called ket vectors or kets. We assume basis |i) is complete, so
any vector can be represented as:

N
Z a;|i) (27)

Similarly, |a) can be represented as a column matrix a (1D-array). We also intro-
duce a bra vector (a| whose matrix representation is a’. The product between (q|
and |a) is a generalization of the dot product:

b

b
(a||b) = (a|b) =a'b = (aja5...a}) | 7 | = Y aib (28)

b3

(ala) Za a; = Z’|a,|2 (29)

By analogy, with real vector spaces, we obtain:
=) a;b;(ilJ) (30)
ij
(i[j) = & €29)



(jla) Zaz (i) = a;
Za il ) —a

(a \J>=(<J|a>) = (Jla >
Cl>:ZClz\ :Z|

Yli) (il =1

Similarly, we can introduce an operator O that converts ket |a) into a ket |b):

Ola) = [b)

The action of the operator on the basis ket is given by:

=) 17)0;

(32)
(33)

(34)
(35)

(36)

37)

(38)

where Oj; are the elements of the matrix representation O. The elements O ; can
be expressed using the braket notation either by multiplying with (j| on the left

(“projecting”)
(j|Oli) = ;5jk0ki = 0ji
or by introducing a completeness relation
=) 1) {101y =} 1)) 0ji
J J

Other useful relations:

Cij = (iIC|j) = (i|AB|j) = Y (i|A|k) (k| B j) = Y} AuBy;
%

k

(0%)ij = (i10])) = (jlOli)" = 05,
If O is Hermitian, the following relation is satisfied:

(al0"|b) = (a|OIb) = (b]Ola)’

(39)

(40)

(41)

(42)

(43)



C. Change of basis

Consider two orthonormal bases:
(il j) = 6ij Z\i> (il =1 (44)
(a|B) = Oup ; Z\a (45)

We can define a transformation matrix:

=) li) {ilox Z\ la—Z\ (46)

=) |o) (i) :Z|a U,-*;x:Z\aMU*)m (47)
(04 (04 (04
We can demonstrate that the matrix U is unitary:
8y = (ilj) = L {iler) ) = L Vi (U")a) = (UU"); (48)
(04
UU' = UTU =1 (49)

Thus, the two orthonormal bases are related by a unitary matrix. We can now
consider how the matrix representations of an operator in two bases are related:

=) 1) (10li) = Y1) 0ji (50)

Ola) —%w (B|Ol) —J§IB>QB(X (51)

Qop = (a|O|B) = Y {ali) (ilO]) (jIB) = Y (UN)ai(0);(V) ;5 (52)
Q :IZJ]TOU ’ (53)

0 =UQU’ (54)

D. Eigenvalue problem

If acting O on a vector |) results in the same vector multiplied by a constant we
say that |or) is an eigenvector of O:

A

Ola) = ay|a) (55)



The constant @y, is called eigenvalue.

Properties:
1. The eigenvalues of a Hermitian operator are real.

(a|O]a) = (a|0"|ar) = (a|O]ar)’ (56)

*

Og = Oy, (57)

2. The eigenvectors of a Hermitian operator are orthogonal.

A

O[B) =g |B) (58)
(B10" = (Bl @ (59)
(B1O= (Bl oy (60)
(B|Oer) = ;a (Bla) (61)
0o (Bla) = <B o) (62)

(0q — ap) (Blex)

Thus, (B|a) = 0if @y # wg. Degenerate eigenvectors can always be chosen to
be orthogonal.

(63)

3. Matrix representation of an operator in its eigenvector basis is diagonal.
The problem of diagonalizing a matrix O is equivalent to finding the unitary ma-
trix that converts O into a diagonal matrix

wp 0 ... 0
vou=w=| " - 8 (64)
0 0 0 ay

E. Orthogonal functions, eigenfunctions, and operators

We discussed how a vector can be represented using a complete set of orthonor-
mal basis vector. Similarly, we can represent a sufficiently well-behaved function
on some interval as an infinite linear combination of orthogonal functions.

We consider an infinite set of functions {y;(x),i = 1,2,...} that satisfy orthonor-



mality condition
)
| v o =8 (65)
x|

We will drop the integration limits. We assume that any function can be expressed
as a linear combination of {y;(x)}:

= Zai‘l/i(x) (66)

This means that the basis y;(x) is complete. We can determine the coefficients of
the linear combination as follows:

/dxl//] /dxl//] X)Yi(x)a; = ZS,al—aJ (67)

We now insert the expression for the coefficients into the original expression:

—/mlzwmwvﬂmw (68)
The function in square brackets is called Dirac delta function:

Y vy (+) = 8(x—x) (69)

i

The function & (x — x’) is a continuous generalization of the Kronecker delta. The
delta function has the following properties:

/ i

We can consider the theory of complete orthonormal functions as a generaliza-
tion of ordinary linear algebra. To see the analogy, we introduce the following
defintions:

/) 5(x —X) (70)
(71)

viko) =) v (x) = (] (72)
a(x)=la)  a'(x)={(a (73)
/ dra’ (x)b(x) = (a|b) (74)
(ilJ) = 6;j (75)



(Jla) =a; (76)
ja) =Y 1i) (ila) (77)

Similarly, we can define an operator that converts a function into another function

Oa(x) = b(x) (78)
Ola) = |b) (79)

Nonlocal operator:
b(x) = Oa(x) = /dx’O(x,x')a(x’) (80)
bi:ZOijaj (81)

J
Eigenfunctions:

00 (x) = 0g P (x) (82)
Ola) = 0y |at) (83)

The beauty of the Dirac notation is that it allows to manipulate vectors and func-
tions, as well as operators acting on them, in a formally identical way. Thus,
many results obtain in linear algebra of vector spaces can be directly applied to
orthonormal functions.

F. Schrodinger equation, measurements, observables

Let us briefly review the main concepts of quantum mechanics. We will be study-
ing molecules - quantum mechanical systems with N number of particles. A sys-
tem with N particles is described using a wavefunction |¥(7,7)), where T sym-
bolizes the 3N spatial and N spin coordinates, ¢ is time. Properties of |¥(7,?)):

e Single-valued and continuous

e Quadratically-integrable ([ W*Wdr is finite)

This means that |¥(7,7)) must be well-behaved (remember requirements for ex-
panding a function in a basis).

Each physical property corresponds to a quantum-mechanical operator. Let’s as-
sume that |¥(7,¢)) describes a quantum-mechanical system. Measurement of an
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operator O gives result that is one of the eigenvalues of this operator.
0|®;) = 0;|®;) (84)

In this case, we say that the measurement collapses the wavefunction of the sys-
tem (|¥(7,7))) onto one of the eigenvectors of Q. Taking a large number of
measurements will result in different outcomes (i.e., different eigenvalues), the
average measurement is given by:

(0) = (¥|0]¥) = }_(¥|®:) (Di] O|;) ()| ¥) (85)

=Y 6;0i/( ;) | Zo] @;|P) 2 ZOP (86)
ij

All operators that describe a physical system must be linear and Hermitian (re-
call the definitions that we discussed). Their eigenfunctions form a complete set.
Thus, any wavefunction can be expanded in terms of these eigenfunctions.

=) |@:) (@] ) = } | ) G (87)

The time dependence of |¥(7,7)) is given by the time-dependent Schrodinger
equation:

——.—> =H|¥) (88)

where H is the Hamiltonian (or energy) operator. For the N-particle system, the
Hamiltonian operator is given by:

N

. h ~
H:_Z V%+V(x1,y1,Z1,---,XN,yN,ZN,f) (89)
= 2m;
82 02 82
V2 — 90
! 8 8yl 8z,~2 o

The operator V; is called nabla, while V? is called Laplacian. Note that in
this (non-relativistic) formulation of quantum mechanics the Hamiltonian writ-
ten above does not depend on spin, while the wavefunction |¥(7,?)) does. If the
potential energy V does not depend on time, then the solution of the Schrodinger
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equation will have the form:

W(7,1)) = (1) [¥(1)) 2
where f(¢) is a function of only time. Inserting this form into the Schrodinger
equation, we get:

a0 ()
P fe) (7))

where we set the right-hand side to a constant £ by the usual separation-of-
variables argument. We obtain:

—E (92)

—?f’(t) =Ef(t) (93)
ft)=Ae (94)

We also get:
H|¥(7)) = E[¥(1)) (95)

which is the time-independent Schrodinger equation. We see that it has the
form of the eigenvalue equation where E is the eigenvalue of the Hamiltonian H.
Thus, E are the possible energies of the system. States of the form |¥(7,7)) =
f(t)|¥(7)) are called stationary states. For a stationary state,

W(T,0)) =€ [¥(T)) (96)

where E is the energy of the state and |¥(7)) is the wavefunction of the stationary
state.

When discussing operators in linear algebra, we have defined a commutator of
two operators [A,B] = AB — BA. If [A, B] = 0 we say that the two operators com-
mute. If two Hermitian operators A and B commute, then it can be proven that
there exists a common complete set of eigenfunctions for them. We say that the
operators describe compatible observables. Let’s assume that [A, B] = 0 and that
the operator B is nondegenerate in the basis of its eigenfunctions:

B|®;) = B;|®)) (97)
AB|®;) —BA|®;)) =0 (98)
(®;|AB|®;) — (®;|BA|®;) =0 (99)
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(Bi —B)) (@;|A|®;) =0 (100)

Since the eigenvalues of B are nondegenerate, (B; — B i) #0if i # j. Thus, the

off-diagonal matrix elements (®;|A |®;) = 0, which means that the operator A is
diagonal in the basis of |D;):

< ,|A’CI) >— l]A =A; < i|cI)j> (101)

Al®)) =A;|®)) (102)

In our course, we will pay particular attention to the observables that commute

with the Hamiltonian. These observables will allow us to obtain important infor-
mation about solutions of the Schrédinger equation.

G. Atomic units

To see how atomic units naturally arise, consider the Schrodinger equation for the
H atom in SI units:

hZ e2
{_ 2m, dreyr

v ] 10) = &16) (103)

To cast this equation into dimensionless form, we let x,y,z — Ax',Ay, A7 and
obtain:

2

2m,A2 4MMF} 9" =&1¢") (104)

We can factor out the constant in front of the kinetic and potential energy, provided
we choose A such that

2 o2

melz B 471'80/1

=&, (105)

where & is the unit of energy called Hartree. Solving for A, we obtain:

Amegh?

A= 2

= ay (106)

mee
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Thus, A is just the Bohr radius @y which is the atomic unit of length called Bohr.
For the Schrodinger equation, we obtain:

I, 1 /_i N AP,
(<3725 ) 100 = £ 1) =5"10') (107)

a

14



