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We begin our study in the algebraic formulation of quantum theory, by defining some
fundamental mathematical objects and notions.

Definition 1. A C*-algebra A, || - ||, * is a complex, associative algebra A, together with
anorm || -] : A— Rso and a C anti-linear map
x: A— A
av—a*

(anti-linear meaning (Aa + pb)* = Aa* + jib*)
such that the following hold:

1. (A, -||) is a complete topological vector space

2. fla bl < lall - ] Va,beA

3. The map * is an involution, ™ = a VaecA

4. The map * is an algebra anti-homomorphism, (ab)* = b*a*, Va,beA
5. The C* property holds, namely ||a*a|| = ||a||?, VaeA

For morphisms of such unital C* algebras, 7 : A — B holds the property:
m(a*) =7(a)*, VaecA

Remark 1. 1. An algebra for which only the first two axioms apply is called a Banach algebra

2. A consequence of the C* property is that the adjoint preserves the norms. Using
properties of the C*-algebra we have:

lall* = lla*all < lla*[|[lall

So, ||la]| < ||a*||. Ezchanging roles for a,a* and using the fact that * is an involution
(property 3) we get

la”[I* = lla™a”|| = flaa”|| < |lallla"]
So, ||la*]| < |la|| as well, hence
la*]] = llall (1)
In particular, since 1* = 1 we have ||1]|? = ||1|| = 1.

Elements aeA such that a* = a are called self — adjoint and form a real subspace,
while elements for which a*a = aa* = 1 are called unitary.

Before we continue by defining the notion of bounded operators, we give the definition
of a general *-representation.



Definition 2. A representation of an involutive unital algebra A is a unital *~homomorphism
7 into the algebra of linear operators on a dense subspace D of a Hilbert space. A homo-
morphism is called *~homomorphism if

(@, 7(A)V) = (1(A)D,T) Vb, WeD 2)

Definition 3. Let H be a separable Hilbert space, namely a complete unitary vector space

with a countable topological basis, with scalar product <-,-> that is linear in the first and
anti-linear in the second argument.

A C-linear map A : H — H is called bounded, if the operator norm ||Al| := supjq=1|Azx||, xeH
is finite. The space of bounded operators on a Hilbert space is a Banach algebra B(H.).

Remark 2. 1. Such C-linear maps are continuous due to the property:

[Az — Ayll = | Az — y)l| < |A[] - [l — vl

2. B(H) is also involutive through Riesz representation theorem, according to which,
for AeB(H) and veH the continuous C-linear function (A-,v) : H — C can be
represented by the scalar product (A-,v) = (-, A*v), where A*veH and is unique.
This defines an involution * on B(H).

We will now show that the algebra of bounded operators also satisfies to C*-identity,
hence it can be used a prototype structure for the following definitions that are governed
by the notion of a C*-algebra. For AeB(H) we have

IA]1? = supjuy=1[| Az||* = supjjp=1(Az, Az) = supu=1(z, A" Ax)
< supjzj-rflz|| - [|A* Az| = A Al < A - [|A*]] = [|A])?

So [[A]* < [A*Al < [ A]P = | A*All = || Al O

The main idea is that a C*-algebra serves as an algebra of observables for a quan-
tum mechanical system, providing thus a kinematical setting. As compared to classical
Hamiltonian systems (N, w, h) whose dynamics is specified by an element h in the Poisson
algebra, the dynamics of quantum mechanical systems will be specified by an element of
the C*-algebra, as we will see later on. However, quantum mechanics is, as we know, a
probabilistic theory. Hence, we must associate to every observable at least one expecta-
tion value.

Definition 4. Let A be a unital C*-algebra. A state w on A is a normed positive linear
functional

w:A—=C
In fact, the states belong to the dual vector space of A (weA*) with w(a*a) > 0, VaeA,
and with normalization condition ||w|| 1= supjje=1|w(a)| = 1.

Remark 3. Particularly, on C*-algebras continuity of a state follows from the positivity,
so an w that is linear, normed and positive is automatically an element of the topological
dual space.



We give some basic properties for the states of quantum systems.
Properties:

1. The set of all states is convex. Namely for w;, ws two states, we have Vte[0, 1], w; =
twy + (1 — t)wy is also a state

2. A point x of a convex subset X of a real vector space V is called extremal if, for
every segment yz C X containing x, we have y = x or z = x. Extremal states on a
C*-algebra are called pure states. Non-pure states are called mixed states

Example: Density matrix

Consider the C*-algebra B(#) of bounded operators on a Hilbert space H. peEnd(H)
is positive if < px,x >> 0, VreH. A positive endomorphism p of H is called density matrix
if the endomorphism p - a is trace class VaeA. Namely a compact operator, for which a
trace may be defined, so as to be finite and independent of the choice of basis. For
a = idy, p itself is trace class, hence continuous. Then

Tr(pa)
wyla) = 3
is a state on C*-algebra B(H).
Now let »¢H be a unit vector, and
pH—H (4)
z = (z, )
the orthogonal projection to the 1-dim subspace spanned by . Then
wp(a) = (ay, ¥) (5)

is a pure state.
In general, for every density matrix p on H, the function

w,y(a) = %;rp(a)]’ acA (6)

where 7 : A — B(H) a *-representation,(a *-preserving ring homomorphism of a
C*-algebra A on H) is a state on A, called normal state.

Remark 4. All states on a C* — algebra can be obtained this way.

We continue, by giving the algebraic definition of two of the most important quantities
in the quantum theory.

Definition 5. Let A be a C*-algebra and w a state on A. For aeA,

(@) = w(a) (7)

18 the expectation value of the observable a in the state w.




Definition 6.

Aw(a)* := ((a — (a))*)w = (a®) — (@)}, = w(a?) — w(a)® (8)
1s the variance of a in the state w.

Remark 5. In quantum physics, a state assigns to an observable not a single a prob-
ability distribution of measured values. It is convenient to characterize the probability
distributions in terms of their momenta. But since the n-th momentum is the expectation
value of the n-th power, it is sufficient to know the expectation values of all elements of
the algebra of observables. Namely

w(a") :/a"de,A(a), neNg 9)

Stricter mathematical definitions for the probability measure dP will be given shortly.

At this point, with the help of the mathematical objects, that we have defined so
far, we introduce some of the most fundamental relations in the quantum theory, namely
Heisenberg’s uncertainty relations.

Proposition: Heisenberg’s uncertainty relations:

Let A be a C*-algebra, w a state of A and a, be A self-adjoint. The following relation
holds:

Au(@)Au(b) > Lfeo(la, b)) (10)

We give the proof of the above proposition in the Appendix. A special case of this
are the observables p, ge A with

[p,ql =ih-1, heRso=

Au(9)Au(p) >

DO | St

An essential notion in the quantum theory is that of the spectrum of an observable.
Namely the values that we can potentially measure for it.

Definition 7. Let a be an element of a unital C*-algebra. We call
ra(a) :={AeC|A\l4 —a €A™}
the resolvent set of a and
Speca(a) = C\ra(a) (11)

the spectrum of a. Fssentially it is the set of all complex numbers AeC for which A —a
possesses no inverse in A.



For example, let a®> = 1. We have that
(a=N(a—p) = a® — A+ pa+ M = (1+ ) — (A+ p)a (12)

So for A # 1, (1 —A?)"'(a+ ) is an inverse of a — \. Therefore, Spec(a) is contained
in the set {£1}.
Considering the spectrum of a linear operator on a Hilbert space, its definition is the same
if the C*-algebra considered is B(#H). There are mainly 3 contributions to the spectrum,
namely 3 ways we can divide it according to why A14 — a is not invertible.

e If A\14 — a is not injective, we say that A is in the point spectrum of a. Elements of
the point spectrum are called eigenvalues of a and non-zero elements of the kernel
of A1, — a are known as eigenvectors of a. Thus A is an eigenvalue of a if and only
if there is a non-zero vector veH such that av = Awv.

e If A1 4—a does not have closed range, but the range is dense in H, we say that A is in
the continuous spectrum of a. The union of the point spectrum and the continuous
spectrum is known as the set of generalized eigenvalues. Thus )\ is a generalized
eigenvalue of a if and only if there is a sequence of vectors {v, }, bounded away from
zero, such that av,, — Av,, — 0.

e If \14 — a has neither closed range, nor its range is dense in H, we say that A is in
the residual spectrum of a.

Quantum mechanics is a probabilistic theory, hence we require some elements of prob-
ability measure theory, in order to formulate our theory self consistently. Given a state
w on a unital C*-algebra A, the map

B(R) =" A —=“R
E— w(P(E))

defines a probability measure on R. Where B(R) is a sigma algebra and P : B(R) — A
is a projector-valued measure on R. The corresponding definitions are given in the
Appendix.

If A is the algebra B(#H) of bounded operators on a separable Hilbert space H, for any
veH\{0} the distribution function

By(A) = (P(A)v,v) (13)

defines a bounded measure on R. For v = 1 it is a probability measure. Using von-
Neumann’s spectral theorem for self-adjoint operators on a separable Hilbert space, we
can connect the operator action with probability measures. The theorem’s importance is
significant, since it allows us to define functions of operators.

Theorem 1. For every self-adjoint operator A on a separable Hilbert space H, there exists
a unique projector-valued measure Pa(\), with the property that, for every continuous
function f on R, f(A) is a linear operator with dense domain

D(f(4)) = {vem | T ORE Y. < oo} (14)



and YveD(f(A))

+o0

f(A)v = FA)dPA(N)v (15)

Now if A is an abstract C*-algebra and f a continuous function on Spec(a) we get

f(a) = /S SRy (16)

and in particular for any state w, we obtain

w(a) = /S LR ) (17)

We are now ready to formulate some of the basic axioms of a quantum mechanical
system.

Axioms:

1. The first fundamental object is a unital C*-algebra A. The self-adjoint elements of
A are the observables.

2. The state of the system is described by a state of its C*-algebra A. A state describes
in principle the way the measurement is being prepared. In this sense, given an
observable (an element of A) and a preparation of the system (the state w) we can
perform a measurement and obtain a number. The value w(a) is the expectation
value for this number.

3. Given a quantum system A in a state w, the result of a measurement of an observ-
able aeA cannot be predicted. The possible outcomes are given by the spectrum
Spec(a) C R and we can predict the probability measure p, = w(dP,()\)). The
expectation value is

@o= | NoldRN) =0 (19
Spec(a)
and the variance is

Au(a) = ((a = (a))*)w = (a*)o — {a)i, = w(a®) — w(a)’ (19)

It is important that in this statistical interpretation of quantum mechanics we
assume that an experiment can be repeated. In other words we have a whole
ensemble of systems and we can prepare each of them in the same state. Then, by
making repeated measurement of the value of an observable in the given state we
obtain the probability distribution.



4. The measurement influences the state. If the value apeSpec(a) has been measured
for an observable a, the system is in a state where a has zero variance. This is also
known as wave function collapse.

5. The dynamics of a quantum mechanical system A is given by a map o : [ — A where

I C R an interval which is continuous and takes values in the unitary elements of
A.

6. The Heisenberg picture is defined as follows. The observables evolve in time ac-
cording to

a(t) = o; taoy (20)

Time evolution is described by automorphisms of A. The states do not depend
on time. Furthermore, in the Heisenberg picture we get a time-dependent family
of probability measures for any pair (a,w) ~> (observable, state). Using the GNS
theorem (described below) we can find a Hilbert space H,, and a vector QeH,, such
that

w(a(t)) = (a(t)S2, Q) (21)
is the expectation value.

7. For a quantum system (A, ;) with time-independent dynamics, if we consider the
C*-algebra A to be a subalgebra of B(H), there is a description of the unitary
one-parameter subgroup

R — B(H)
t'—>O{t

in terms of an unbounded self-adjoint operator H on H:
oy = enflt (22)
Where H is the Hamiltonian and VaeA holds the law:

4 i

Salt) = 5 1H,d (23)

which can be roughly regarded as a quantized analogue of the classical Poisson
bracket.

GNS Theorem (Gelfand-Naimark-Segal)

The content of this important theorem is strongly related to the algebraic formulation
of quantum theory.



Theorem 2. Let w be a state on a unital C*-algebra A. Then there exists a representation
7 of the algebra by linear operators on a dense subspace D of some Hilbert space L and a
unit vector QeD such that:

w(a) = (Q, m(a)f), (24a)
D = {r(a)|acA} (24b)

Proof: We introduce the scalar product on the algebra:
(A, B), :=w(A*B)

having the properties of linearity for the right and anti-linearity for the left factor, while
hermiticity ((A*, B),, = (B*, A)) follows from positivity of w, as well as the fact that
the scalar product is positive semi-definite: (A, A), = w(A*A) > 0.

Consider the set R = {acA|w(a*a) = 0}. R is a closed left ideal of A,

[since for aeR, be A we have from Cauchy-Schwartz inequality:

w ((ba)*(ba)) = w(a*b*ba) = (b*ba,a) < \/(b*ba,b*ba)\/(a,a) = 0 = bacR)|

We define D as the quotient space D := A/R, where the scalar product is positive
definite by construction. Hence D can be completed giving a Hilbert space H. Now the
representation 7 is induced by left multiplication of the algebra: m(a)(b+ R) := ab+ R,
which is well-defined since R is a left ideal of A. Finally set 2 = 1+ R and the conditions
of the theorem are satisfied. [J

Remark 6. It is easy to see that the construction is unique up to a unitary equivalence.
Consider (n', D', H',§Y) satisfying the theorem’s conditions and we define an operator
U:D— D' by

Un(A)Q = 7' (A (25)

U is well-defined, since w(a)Q2 = 0 if and only if w(a*a) = 0, but then we will also
have 7' (a)QY = 0. U preserves the scalar product and is invertible, hence it has a unique
extension to a unitary operator from H to H'. As a result, the representations m, 7’ are
unitarily equivalent:

7'(a) = Ur(a)U*, acA (26)

Remark 7. It is trivial to see that any unit vector ®eD induces a state of the algebra by
w(A) = (P, 7(A)P). The GNS construction proves us that the converse is also true.

The importance of the GNS theorem is that it allows us to consider the Hilbert space
as a derived concept in the quantum theory and the C*-algebra of observables as the
fundamental object.



Appendix

Definition 8. A topological vector space X is a vector space over some field k (R or C)
which 1s endowed with a topology such that the vector addition: X x X — X and scalar
multiplication: k x X — X are continuous functions.

Definition 9. A topology is a collection T of subsets of X # () (X being the topological
space), satisfying:

1. X,0 et

2. 1 1s closed under arbitrary union

3. T s closed under finite intersection

e.g.: X ={1,2,3,4}, then 7 = P(X) the power set of X forms a topology. (discrete
topology)
Definition 10. Supremum. Given a subset S of an ordered set T, supS is the least

element of T that is greater or equal to every element of S. If supS exists, then it is
UNIQUE.

Proof of Heisenberg relations:
We will use the following property: Let w be a state on a unital C*-algebra A. Then
w(a*) = w(a) VaeA.
We decompose:

1 1 1 1
ab = §(ab + ba) + §(ab —ba) = 5{@, b} + 5[@, b]
a,b are self-adjoint, hence
{a,b} = ab+ ba = a*b" + b*a* = (ba)* + (ab)* = {a,b}"

and
[a7 b] = _[bv CL]*

By use of the above property w yields a real value on the anticommutator and an imagi-
nary on the commutator. Namely

[w(ab)[* = iIW({% b}) + w([a, b))
By Cauchy-Schwartz inequality we also have that
jw(ab)]* < w(b*)w(a®)
Altogether:

wla)o(t?) 2 (a0} + e, )P =

> =

2 2 1 2
w(a)w(b%) = 7 lw(la,b])

We now set @ := a —w(a) -1, b := b — w(b) - 1 where [@,b] = [a,b]. Applying the
inequality we arrive at

Au(aP B0 2 Fleofa, )P



Definition 11. For a set X, a sigma algebra is a collection x of subsets of X such that:
1. x is not empty
2. x is closed under complements, i.e. if U C Xis in x, then also X\Uex

3. x is closed under countable unions, i.e. if each element of the family (U,;);en is in
X, then U, Ui ex.

Definition 12. A Borel set is a subset of X that can be obtained from open sets in X
through the operations of countable unions, intersections and relative complements.

Definition 13. For A a unital C*-algebra, denote B(R) the sigma-algebra of Borel subsets
in R. A normalized projector-valued measure on R with values in A is a map

P:BR)— A
such that
1. YE C R Borel subset, P(E) = P(E)? and P(E) = P(E)* (projector-valued)
2. P(0) =0 and P(R) =14 (normalized)
3. VE = [, E, and P(E) = lim, 00 X2, P(E)
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