Introduction to Constructive Quantum Field Theory

Christian Brennecke*

Abstract

In these notes, we discuss basic mathematical results in constructive quantum
field theory. We start with a short motivation and recall basic ideas from classical
mechanics, quantum mechanics and quantum field theory, concluding with a precise
notion of a quantum field theory based on Wightman’s axioms. In the first main
part we then focus on the explicit construction of several important free field theo-
ries (scalar, vector and Dirac spinor fields) which presupposes a detailed discussion
of distributions and basic aspects of the representation theory of the Lorentz and
Poincaré groups. In the second part we discuss several topics related to general
properties of quantum field theories and to the construction of interacting theories.
This includes basic results on spin and statistics, locality, the reconstruction from
Wightman functions, aspects of the interaction picture and Haag’s theorem as well
as the Euclidean approach. The last part of the notes concludes with basic, recent
results on non-Abelian (lattice Yang-Mills) gauge theories.
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1 Introduction

In this section, we introduce basic notions and discuss standard examples from classical
and quantum physics. The main purpose of this section is to motivate a certain notion
of a quantum field theory which is based on the so called Wightman axioms. This is
the central notion of a quantum field discussed in these notes. The main references on
which these notes are based are [4, 22| 21], which contain extensive reference lists to
background, advanced and the original research literature. For detailed physics back-
ground on classical mechanics, special relativity, quantum mechanics and quantum field
theory, we refer the interested reader to [7] [, [, 24].

1.1 Classical Mechanics

A basic starting point for the discussion of classical mechanics is Newton’s law. Consider
a massive point particle of mass m > 0 which moves in some Euclidean space R%. In
classical mechanics, our goal is to describe the trajectory of the particle at every given
instance of time. This can, in principle, be determined based on Newton’s law. If the
position of the particle is described by the curve t — z(t) € R? and its momentum is
t = p(t) = m(dx/dt)(t) € R then Newton’s law states that the change of momentum
in time is equal to the force that acts on the particle, that is

d_ #x
dt

Here, F : R — R denotes the force that acts on the particle. Note that describes
a second order ODE and admits, under suitable assumptions on F', a unique regular
(e.g. twice continuously differentiable) solution ¢ ~ x(¢) with initial data zg,py € R?
such that z(0) = z¢, m(dz/dt)(0) = po. In typical situations of interest, the force F' is
conservative which means that F' = —VV for some potential V : R¢ — R. For instance,
the gravitational force between a particle of mass m; > 0 at € R? and a particle of
mass mg > 0 fixed at the origin 0 € R3 is described by Firavity () = —Gmymaz/|z|® so
that Fgravity = —V Vravity f0r Vravity(2) = —Gmima/|z| (G denotes the gravitational
constant). In the following we restrict our attention to conservative forces.

The dynamical law implies that when no force (F' = 0) acts on the particle,
the particle moves at constant speed (and the trace of its position is a straight line).
This is called, more specifically, Newton’s first law or the law of inertia. Classical
mechanics assumes this law to be correct under the assumption that the coordinate
system that we use to describe our particle is a so called inertial frame. Such frames are
rather vaguely described (see e.g. [7, Chapter 1]) as coordinate frames in which space
is homogeneous and isotropic (no point and no direction play a mechanically distinct
role) and time is homogeneous (no instance of time plays a mechanically distinct role).
The existence of such frames is assumed (an example of a frame which is not an inertial
system is one which accelerates with regards to a particle at rest that does not interact
with anything else) and the Galilean relativity principle states that the mechanical laws
can not distinguish one inertial system from another. Based on these considerations,

= F(z). (1.1)



it follows that different inertial systems move with constant speed with regards to each
other (consider a massive particle at rest upon which no force acts, centered at the origin
of R% with regards to one coordinate system, and apply the Galilean principle so that
x(t) = vt + xg for all t € R in the transformed system). From a more practical point
of view, what this discussion implies is that if K and K’ denote two inertial systems
moving with relative speed v € R? with regards to one another and the position of our
particle in K is described by the curve ¢ — z(t), then its position with regards to the
coordinate system in K’ is described by

2 (t) = z(t) — vt,

assuming that there is a universal time, parametrized by ¢t € R, that is used in both
systems K and K’ (that is ¢ = t). In other words, within the framework of classical
mechanics, we assume that time is measured independently of the (inertial) reference
frame that we choose to describe mechanical phenomena.
Given a potential V : R — R and a solution ¢ — x(t) of , one observes that
_ v

Hz,p) = o+ Va)

is preserved in time. Indeed, we readily find that

2
L H@p) =) G+ IV (@) S =0
The function H : R?* — R is called Hamiltonian and it is identified with the energy
of the system (the sum of kinetic and potential energies). One can reformulate the
dynamics described by as a system of first order ODE that involve H. This is
the starting point for the Hamiltonian formulation of classical mechanics in which the
possible mechanical states are described by points (z,p) € U xR™ for an open set U C R"
and some n € N (more generally, the states are described by points in a 2n-dimensional
manifold). The dynamics of the states is determined by Hamilton’s equations

dx dp
kel H X
dt Vel dt

where Vg = (0g,,...,0,,) and Vp, = (9p,,...,0p,) denote conventionally the gradients
in U x R™ with regards to the first and, respectively, last n coordinates.

= —V,H, (1.2)

Example 1.1 (Single Particle in External Field). The Hamiltonian of a single particle
of mass m > 0 that moves in U C R? under the influence of an external potential
V : U — R, whose position is € U and whose momentum is p € R? is given by

H(z,p) = @ + V(z).
’ 2m
The Hamiltonian equations read
dx P dp
- = H=— - = — CCH — — F’
@ =V m’  dt v vV

which is equivalent to our previous definition p = m(dx/dt) and Newton’s law (1.1)).



Example 1.2 (System of Interacting Particles). Consider a collection of N € N particles
of mass m > 0 that move in R? and interact with each other through some interaction
potential V : R — R. Their positions and momenta can be described collectively by
(x1,...,N,P1,---,pN) € RN x RV, The many-body energy is described by

N 2
Di
H(xla"wa?pla"'va) = E Q;lb + § : V(xl_x])
i=1 1<i<j<N

The first contribution is called the kinetic energy while the second term on the right

hand side describes the interaction energy among the particles. The dynamics reads

dr;  p; dp; ;
at  om’ dt Z Flei—z;)  (Vi=1...,N).
1<G<N:j#i

Example 1.3 (Particle in Static Magnetic and Electric Fields). In classical physics,
the electromagnetic phenomena are described by Maxwell’s equations. If we denote the
(time-dependent) electric and magnetic fields by £ : R x R* — R? and, respectively,
B :R x R? = R3, then in the presence of charge and current densities p: R x R? — R
and, respectively, j : R x R3 — R3, Maxwell’s equations read

1
divEk=p, VXxFE=-—-0,B,
) ¢ (1.3)
divB =0, VXB:E((?tE+j).

Here, ¢ denotes the speed with which electromagnetic waves travel in the vacuum. The
charge density p (which describes the electric charge per unit volume) describes the
distribution of all electric charges so that the total charge @ in U C R¢ at time ¢ equals

Q) = [ dopt.o)
U
By (1.3)), the densities p and j are necessarily related by the continuity equation
Orp + divj = 0. (1.4)

In particular, if the current density has compact support, say in Br(0) C R? for some
R > 0, this implies that the total charge in this region

dq = T LX) = — o(ldx) (-, x) =
i 0= [ b= [ o)t =0

is constant. Here, the second step follows from integration by parts. In other words,
Maxwell’s equations explain the conservation of the total electric charge. In case of a
single particle of charge e moving in R? whose position is described by ¢ — x(t), the
charge and current densities are equal to the distributions (cf. Section below)

e D@ RS, (15)

te p(t,z) = ey € D'(R3), tw j(x,t) = €5a:(t)£



where here and in the following, §, € D'(U) describes the Dirac distribution centered at
y € U C R On the other hand, the force exerted by electric and magnetic fields FE and
B on a particle of charge e is equal to the Lorentz force so that by Newton’s law

2
m%:eE—l—S%xB. (1.6)
The non-trivial system of equations , , and generalizations thereof to a
system of interacting charged particles (including possibly not only electromagnetic, but
also other interactions such as gravity) models an enormous range of phenomena.

To relate the dynamics to a Hamiltonian system, we need to relate the electric
and magnetic fields to certain potentials. In typical situations of interest, this can be
done as follows. Consider a particle moving in R? whose influence on the charge and
current densities p and j is negligible. Moreover, assume that the particle travels through
a smooth magnetic field which is time-independent, that is 9;B = 0. Then implies

(&'Ej — 8jEi) =0

foralli,7 € {1,2,3},7 # j. Assuming E to be smooth and identifying the rotation V x E
with the exterior differential dE of the one form E = Z?:l E;dz; € Q'(R?), note that

dE = Z (8ZE] — a]EZ) dx; N\ d.CL‘j =0.
1<i<j<3

In other words, ;B = 0 and imply that E is closed. By the Poincaré Lemma (see
e.g. [10, Prop. 6.30 & Theorem 15.14]), we conclude that E = d® for some potential
® : R? — R or, equivalently by slight abuse of notation, £ = V®. Identifying similarly
the magnetic field B with the differential two form

B = Bydxs A dxs — Badxy A dxs + Bsdzy A dzs € 92(R3),

the second identity in ([1.3)) is equivalent to dB = 0, so that B = dA for A = Z?:l A;dx;
or, equivalently, B = V x A for a magnetic vector potential A = (Ay, Ay, A3) : R? — R3.
In terms of the electric and magnetic potentials (®, A), the identity (|1.6) reads

A2z e dx
mﬁ—evq)ﬁ—EEXVXA

and setting p = mdx/dt + eA/c, this dynamics can be reformulated as

dat ~ m\P

b Lo-te) o

(&
= (p—ZA)-9,A—ed;® (i=1,23).
> mc<p ; ) A= oD (i=1,23)

Notice that this corresponds to the Hamiltonian dynamics for the energy function

(r.p) = Hlw,p) = 5 |p— SA@)[ + e(x).



1.1.1 Canonical Transformations, Flows and Symmetries

Consider now a general Hamiltonian system with smooth energy H € C°°(P) and (flat)
phase space P = U x R™. As already remarked in the previous section, the Hamiltonian
H is preserved in time under the Hamiltonian dynamics (|1.2)). Indeed, this follows from

i=1

dH dx dp
— =V,H — H.- £
dt v dt+vp dt

In typical examples the Hamiltonian H is not the only quantity that is preserved in time,
but also other quantities such as the momentum or angular momentum may be preserved.
This is related to specific symmetries of the Hamiltonian. In order to make this more
precise, and in foresight of the following sections, let us introduce some additional ma-
chinery. Let F' € C°°(P) be a smooth function and denote by ¢t — (z(t),p(t)) € P a
(local) solution of Hamilton’s equations . Then a straightforward calculation shows

d B dx dp B

where for F,G € C*°(P), we introduced the Poisson bracket

{F,G} = (02,F 0,,G — 0, F 0:,G).

i=1

It is bilinear as a map {-,-} : C°°(P) x C*°(P) — C*°(P), it satisfies
and an explicit calculation shows that for all 4,j € {1,...,n}, we have

{zi,z;} =0, A{pi,pj} =0, {xi,p;} = i (1.8)

By , the vanishing of {F, H} = 0 implies that F is a conserved quantity under
the Hamiltonian dynamics . It is thus natural to look for criteria that ensure the
vanishing {F, G} = 0 of the Poisson bracket. Below, we relate this to certain observable-
associated flows, for which we need to introduce a few additional tools.

Denote by J € R?"X2" the matrix

(0 1
=0 )
and recall that the symplectic group Sp(2n) = Sp(2n,R) is defined by

Sp(2n) = {M € R¥>*" . MTIM = J}.

Matrices M € Sp(2n) are called symplectic and they leave the symplectic bilinear form
o :R?" x R?" — R, defined by o((1,(2) = (1 - J(o, invariant. That is

o (M, M) = o(C1,C2)



for all ¢(1,¢a € R?". Symplectic matrices are invertible, because 1 = det(MTJM) =
|detM|? and we have that M~! = —IJM7TJ, because J? = —1gan.

Symplectic matrices occur naturally in the question for which coordinate transfor-
mations ¢ € C°°(P,R?") the form of the Hamiltonian equations is preserved. For
a precise statement in the following lemma, let us say that ¢ € C°°(P,R?") is a canon-
ical transformation if its differential satisfies (D¢)(¢) € Sp(2n), for every ¢ € P. Note
that this implies in particular that ¢ is a local diffeomorphism, by the inverse function
theorem. In other words, we can think of ¢ as a (local) coordinate transformation.

Lemma 1.1. Let t — ((t) be a solution to Hamiltonian’s equations so that

c
= = JVH(Q).

If (' = ¢ o ( for a canonical transformation ¢ € C°(P), then

Moreover, setting ¢*F = F o ¢, ¢ is canonical if and only if for all F,G € C*°(R?")
¢o*{F,G} = {¢"F, ¢*G}.

Remark 1.1. Note that if H describes the energy of a particle system described within
a given reference frame whose coordinates are ¢ = (x,p) € P, then if ¢ € C°(P,R?")
is a (possibly local) coordinate transformation (a local diffeomorphism), then H o ¢~}
describes the energy in terms of the new coordinates ' = ¢ o (.

Remark 1.2. Geometrically, ¢*F is the pullback of the form F € Q°(R?") = C>(R?").

Proof. Using the chain rule, we verify that

2~ Do) % = Do(IVH(C) = Do) IV (H 0 67) ()
= D$(Q)IDGT(O)V(H o ¢~ 1)(¢')
—IV(H o6 H)(Q),

where we used that VH = (DH)T and that M7 € Sp(2n) if M € Sp(2n) (exercise).
For the second statement, notice that {F,G} = VF - JVG as well as V(¢*F) =
(D¢)T(VF) o ¢, so that the pullback identity is equivalent to the statement that

(VF-JVG) o= ((VF)oo) DpJ(D)" (VG) o .

Now, on the one hand, if ¢ is canonical, then D¢ J(D¢)” = J and we conclude the invari-
ance of the Poisson bracket under taking the pullback by ¢. On the other hand, assuming

that the invariance of the Poisson bracket, we can choose the canonical coordinate func-
tions x;,p; (for F,G), for i,j = 1,...,n, in R?" to deduce that D¢J(Dg¢)T = J. O



Next, let us recall the notion of the flow and the Lie derivative with regards to a
vector field. Let X € C*°(P,R?") be a smooth vector field (identifying P = U x R" with
a flat, smooth manifold and R?" ~ TP = |_| <p R?" with its tangent space). By basic
existence and uniqueness theory for ordmary dlfferentlal equations, recall that for every
¢ € P there exists a (non-empty) time interval (—t¢,t¢) C R, an open set Us C P that
contains ¢ and a smooth map ®x : (—t¢,t¢) x Us — P such that for every € Uy, the
map t — Px(t,§) is equal to the unique, smooth solution of the initial value problem

df
J_x
o= X(),
f0)=¢.
In particular, ®x(¢,-) is a local diffeomorphism with inverse ®x(—t, -), because

@X(S, ) o @X(t, ) = (I)X(t, ) o (I)X(S, ) = (I)X(S +, )

Given F € C*°(P), a vector field X and its flow @y, the Lie derivate Lx (F) € C*(P)
of F' in the direction of X is defined by

d

LX(F)(Q) = S F(@x (6, Q) = lim + (F(@x(1,0)) ~ F(Q)).

Recall that this is a natural geometric definition of the directional derivative of F' (or,
suitably extended, of a tensor field) in direction X. In standard coordinates X =
(X1,...,X9,), we find from the chain rule that

2n

Lx(F)(Q) =) (Xi0,F)(¢) = (VF - X)(¢) = (XF)(C)

i=1
and, based on the group property of the flow, we find that
o1
Lx(Dx(t,-)F) = lim — (F(Px(t,-) o Px(s, ")) — F(Px(t,)))

s—0 s

= lim 1(lt‘ﬂ(@x(& Ox(t,-)) — F(®x(t,"))) = @x(t,)" (Lx(F)),

s—0 s

as well as
& (@x(t,)'F) = (VP X) 0 bx(t,) = Bx(t, )" (Lx(F) = Lx (®x(t,)°F).

Given these notions, observe that Hamilton’s equations ((1.2)) are equivalent to the
flow dynamics with regards to the Hamiltonian vector field Xy = JVH € C>®(P,R?").
Consequently, the Hamiltonian dynamics (1.7)) of observables can be rewritten as

d
dt
Here, first step is equality is identical to (1.7). For the second equality, on the other
hand, we used that Lx, (F') = {F, H}, which follows from evaluating the first equality

at t = 0, and that dt(IDXH( V*F = Lx, (®x,(t,-)*F), proved above. The connection of
the previous observations to canonical coordinates is the content of the next lemma.

B, (1) F = B, () {FHY = (@, (4, FL H).



Lemma 1.2. Denote by (¢,() — D+(¢) = ®x,,(¢,() the flow of the Hamiltonian vector
field X = JVH. Then, for every t € R for which ®, exists, ®¢(-) is canonical.

Proof. By Lemma [1.1] it suffices to show that for all F,G € C*°(P), we have that
8}{F,G} = {9]F, 9;G}. (1.9)

To this end, let us set F; = & F and Gy = ®;G so that dF;/dt = {F;, H} and thus

d
g{FmGt} = {{Ft7H}7Gt} + {Ft, {thH}} = {{FtaGt}aH}
with {F}, Gt };—o = {F, G} (all identities holding true pointwise in P). Since

Cai(F,0) = {(#i{F,C), H)

with (®;{F,G})—o = {F,G}, the map t — ®;{F,G} solves the same initial value
problem. By standard results for ordinary differential equations, we conclude ((1.9). [

Let us now get back to the question of characterizing quantities that are conserved
under (L.2). We noted earlier that an observable F' € C*°(P) is conserved if {F, H} = 0.
From the previous discussion, we conclude that this is equivalent to the statement that
Oy, (t,-)"F = F, that is, F' is invariant under the flow associated to Xy = JVH.

Observe that we can also turn this picture around: F' is conserved under if
the Hamiltonian H = ®x,(¢,-)*H is invariant under the flow ®x,(¢,-) generated by F,
where Xp = JVF. This naturally suggests to look at the symmetries of H in order to
find conserved quantities. Indeed, in typical examples, symmetries of H can be described
by suitable Lie group actions. Recall that a Lie group G is a smooth manifold that is also
a group and such that the group multiplication and inverse maps are smooth. Typical
examples are matrix groups such as linear, orthogonal transformations

O(n) = { R € R™" : R linear, R°R = 1p» }.

If H is invariant under the action of a Lie group G, it is invariant under the action of
all its one-parameter subgroups (that is, continuous group homomorphisms) v : R — G.
The latter can be identified with the integral curves (that is, the flow) of left-invariant
vector fields on G (its Lie algebra), s.t. the connection between symmetries and conserved
quantities becomes obvious. Let’s illustrate this strategy through some explicit examples.
For a general geometric discussion, see e.g. [10, Chapters 18 & 20].

Example 1.4 (Momentum Conservation). Consider a single particle moving in U C R?
in an external field V : R? — R. The Hamiltonian is of the form

Hp) =2 4 V()
2m
as in Example Consider the translation group G = (R?, +) acting on P = U x R?

as a(x,p) = (z + a,p), for a € G, and consider its one-parameter subgroups G, =



({nt : t € R},+), for directions n € R? with |n| = 1. Then, the flow ®x, associated
to the (constant, Hamiltonian) vector field X,, = (n,0) = JVP, € C>®(P,R??), for
P,, € C*°(P) denoting the momentum P, (z,p) = p-n in direction n, is equal to

&x (t,z,p) = (z + tn,p).

Indeed, ®x,, (0,z,p) = (z,p) and d®x, (-, z,p)/dt = (n,0) = Xy 0 Ox, (-, 2, p).
Thus, P, is conserved under (1.2)) if

Ox, (t, ) H=H <= V(z)=V(x+tn), VY (z,p)€P,teR.

Generalized to the N-body setting as in Example consider the Hamiltonian
vector field X,, = (n,...,n,0,...,0) = JVP, € C°(PN, RN, for P, € C®(PV)
denoting the momentum P, (z,p) = Zf\il p; -m. Arguing as above, the total momentum
P= Zf\i 1 Di is a conserved quantity, because of the invariance

(I)Xn(t’ )*HN = HN — (I)Xn(tv )*V(xl - :U]) = V(xl - :Ej)a v Z.vja n e Rd? |n| = 17

12
where we recall that Hy(x1,...,ZN,p1,---,DN) = vazl “20;‘1 + 2 1<icien V(i — 7j).

Example 1.5 (Angular Momentum Conservation). Consider a single particle moving
in R? with Hamiltonian H : P — R defined by

o _|pP?
(e.0) = 2L 4 V(a)

as in Example for P = R3 x R3. Recall that the special orthogonal group
SO(3) = {R € R¥?: RTR = 1ps,detR = 1}

describes rotations in R? (for more on SO(3), see Section [3.2)). It is a well-known fact
from linear algebra that a general rotation matrix R € SO(3) can be written as

3
R=¢“"X where n-X = E n; X5,
i=1

for an angle w € [0,27), a rotation axis n € R3, |n| = 1 and where the matrices

00 0 0 01 0 -1 0
Xi=|00 -1|, X,=(0 0 0], Xs=[|1 0 0 (1.10)
01 0 ~1.0 0 0 0 0

form a basis of the linear space of skew-symmetric matrices
50(3) = {X e R¥?: X = —X*}.
Equivalently, one can show that every R € SO(3) can be decomposed into a product

R = W1 X1 ow2X2 w3 X3



of three rotations around the standard coordinate axes. We assume these basic facts in
the sequel without proof; for detailed explanations, see e.g. [11 Sections 2.1 and 7.1]
In geometric terms, s0(3) ~ T1_,S0(3), equipped with the usual matrix commutator
as the Lie bracket [-,] : 50(3) x s0(3) — s0(3), represents the Lie algebra of the Lie
group SO(3) and the corresponding exponential map exp : s0(3) — SO(3), defined by

= Xk
_ X _ E
eXp(X) =€ = ﬂ’
k=0

is surjective. Matrices R € SO(3) act naturally on points in P as R(x,p) = (Rzx, Rp).
Consider then e.g. the one-parameter subgroup {Re, ., : w € [0,27)} C SO(3) of rotations
around the coordinate axis es = (0,0, 1), where an explicit calculation yields

cos(w) —sin(w) 0
Reyw = exp(wXs3) = | sin(w) cos(w) 0
0 0 1

Then, w +— Re, w(z,p) = (eXWx, eXWp) = ®x, . (w,z,p) is equal to the flow of
(z,p) = Xey(z,p) = (X32, X3p) = IVL3(x,p) € C(P,P) for Ls(z,p) = z1p2—z2p1.

In particular, if V(Re, ) = V(-) is invariant under rotations around es, the angular
momentum L3 around e3 is a conserved quantity. If, more generally, V(R-) = V() for
all R € SO(3), then the angular momentum (z,p) — L(x,p) = x X p is conserved. We
leave the detailed verification of the last two statements as a basic ezercise.

Problem 1.1. Prove that O(3) and SO(3) are Lie groups and that so(3) >~ T4,,50(3).

1.2 Quantum Mechanics

Despite describing a vast range of phenomena, there are various physical observations
that can not be explained based on the principles of classical mechanics. This includes
e.g. the discreteness of atomic spectra or internal particle properties such as spin. Quan-
tum theory generalizes classical mechanics in order to describe such phenomena. The
mathematical setting is quite different, so let us summarize a few of the basic axioms.

First of all, possible states of a quantum mechanical system are normalized vectors,
the so called wave functions, ¢ € H,||¢| = 1, in a complex, separable Hilbert space
(H,(-,-)). In accordance with standard physics notation, we assume throughout these
notes that inner products are conjugate linear in the first slot and linear in the second
slot. Wave functions 1)1,y € H which only differ by a complex phase so that 1; = e®)
for some w € [0,27), are identified as describing the same physics (in other words, one
may identify the state space more precisely with the space of unit rays H/ ~, where
b1 ~ g if and only if 1 = €™y for some w € [0, 27)).

Physical observables, such as the position or momentum of a massive particle, cor-
respond to suitable self-adjoint operators A : D4 — H, D4 denoting the linear, dense
domain of A. Recall that the adjoint A* of such an operator A : D4 — H has domain

D(A*) = {p e H:D(A) > ¢ (p, AY) € C extends to a linear functional in H*}.

10



Riesz’ lemma shows that if ¢ € D(A*), then there exists a unique §{, € H such that
(p, AY) = (&, ) for every ¢ € D(A) and one thus defines A*p = £,. An operator is
self-adjoint if D(A) = D(A*) and A = A*. Such operators have a canonical form which
is the content of the spectral theorem. For its proof, see e.g. [14, Chapters VII & VIII].

Theorem 1.1 (Spectral Theorem). Let A : Dy — H be self-adjoint. Then, there
is a measure space M = (X,B(X),un) with a finite Borel measure u, a unitary map
U:H — L*(M) and a real-valued, ji-measurable function f : X — R such that

UDs={peL*(M): foe L} (M)} and UAU*p = fo € L*(M),Vp € UD,.

Define g(A) = U*(g o f)U for every bounded, measurable function g : R — R, where
go f is interpreted as multiplication operator in L?>(M), and denote by xqo : R — R the
characteristic function of Q € B(R). Then, the family of bounded, self-adjoint operators
(xa(A))oeBw) forms a projection valued measure, which means that

i) xo(A) =0 and xr(A4) = 1y,
i) X1 (A)X0,(A4) = Xain0, (A4) for every Q1, Qs € B(R) and
i) xa(A) = > xa,(A4) strongly in H, if Q= U2, Q; with Q;NQ; =0, Vi#j.

In terms of this projection-valued measure, A : D — H has the spectral decomposition

A= /J(A)/\de(A), (1.11)

where 0(A) C R denotes the spectrum of A.

Remark 1.3. Recall that 0(A) = C\ p(A) where the resolvent set p(A) C C is given by
p={z€C:(A-z) admits a bounded inverse (A —2)"" : H — Da}.

We split 0(A) = 04(A)Uoess(A) into a discrete part o4(A), the set of isolated eigenvalues
of A of finite multiplicity, and its complement oess(A), the essential spectrum.

Remark 1.4. The theorem generalizes the well-known fact from linear algebra that every
Hermitian matric H = H* € C™" can be diagonalized and admits an orthonormal
eigenbasis (@;)7—, so that Hp; = Nipi, for suitable (real) eigenvalues \; € R. In this
case, the spectral projection valued measure represention of H is simply given by

H =Y Xilei){pil.
=1

The map U can be defined by linearly extending C" > ¢; — Xqn;} € L2(2,B(2), ),
where @ ={X\; :i=1,...,n} and where u denotes the counting measure on Q.

11



Based on the spectral theorem, let us point out how, in the context of quantum
mechanics, observables like the position or the momentum of a particle are connected
with self-adjoint operators. Suppose that A : D4 — H represents some observable O
and that the system is in state ¢ € H. Then, based on the normalization ||[¢| = 1 and
on the spectral decomposition of A, one identifies O with a real-valued random
variable (ranging almost surely in the spectrum o(A) C R of A) and the probability P
that O takes a specific value in some measurable set 2 € B(R) is defined as

MOeﬂwiéwwﬁmwozwwmAw» (1.12)

Notice that the law Q — O,(P)(Q2) = P(O € ) defines indeed a Borel probability mea-
sure on R. In other words, quantum mechanics only provides probabilistic predictions
for the outcomes of physical measurements. Within this probabilistic interpretation, the
expectation value EQ of the observable O represented by A is then equal to

EO—/WO—AOmwwM—/WAw%mmw—wAw (1.13)

and for this reason, we refer in the sequel to inner products like that on the r.h.s. of
the previous equation as expectation values. Other basic statistical quantities from
probability theory can be similarly related to suitable inner products, e.g. the variance

E(O — EO)? = EO? — (EO)? = (¢, A%p) — (4, Ah)2. (1.14)

Observe that while (1.12)) is well-defined for every ¢ € ‘H (as it should be if every state
1 € H is a possible state of the system), this need not be the case for (1.13]) and ([1.14).

Before switching to some concrete examples, let us explain how one describes the
dynamics of quantum systems. Here, one postulates the existence of a strongly contin-
uous one-parameter unitary group (U;)ser acting on H. If the system is in state ¢ € H
at time ¢ = 0, then the system is in state U;1) at every other time ¢t € R. Note that U1
is indeed a valid state, because ||Up)|| = |[¢| = 1, for all t € R. By (L.2)), the classical
dynamics is determined by the energy (the Hamiltonian). By analogy, one defines the
Hamilton operator H : D — R in quantum mechanics as the generator of the quantum
dynamics (Up)ier. This relies on the following fundamental result.

Theorem 1.2 (Stone’s Theorem). Let (Uy)ier be a strongly continuous one-parameter
unitary group on H. Then, there exists a self-adjoint operator H : Dy — H such that

U =e ™M vieR.

Proof. We follow [14]. Before defining our candidate for H, we first need to find a
suitable dense domain on which we can differentiate ¢ — Uy (+). Using that, heuristically,
¢ ~ e ¢ for small t (assuming we knew the existence of H already), it is useful to
consider for f € C°(R) and ¢ € H the vector space generated by vectors of the form

o — /Rdt FOUi6 € .

12



Here, the integral on the r.h.s. can be defined as a vector-valued Riemann integral (and
coincides with the usual Bochner integral). Set

D =span{¢;: f € C°(R), ¢ € H}.

Then D C H is dense, because for a standard approximation of the identity (fy)nen in
C(R) (choose e.g. f = nf(n.) for some f € C°(R) such that 0 < f <1, [ f =1s0
that supp(fn) C (—1/n;1/n), Vn € N), we have that

imsup o7, — ol = msup | [ e £,(6)00 )] < Tmsup sup Ui~ o] <.

n—=oo |t<1/n

Next, we define H (initially on D) by differentiating ¢ — U;. For ¢y € D, we compute

1 1
}1_13% E(Utd)f - ¢f) = %E}% t/RdS f(8)(Uprs —Us)p = — /R f/(S)U(3)¢ = —¢y,

where in the last step we applied the dominated convergence theorem. This suggests to
define the operator H : D — D by

o1 )
Hoy =ilim E(Utﬁbf —¢f) = —igp.

By definition of ¢y € D, note that Uy : D — D for each t € R (Uipy = ds(_y)),
H:D — D, [U,H|=0in D and that H is a symmetric operator, because

<H¢fa ¢g> = <_i¢f’v ¢g>
_y /R dsdt f/(0)g(5) (6,0 1450

_ /R dsdt f'(H)g(s + £)(, Ust)

— —i/RQ dsdt f(t)g' (s + t) (¢, Ust)
= <¢f> H¢g>

To conclude the theorem, it suffices to show that H is essentially self-adjoint and
that the exponential of its (self-adjoint) closure is equal to U;. For the first part, suppose
that ¢ € D(H*) with H*1) = 1. Then, for each ¢ € D, we compute

8t<Ut¢v¢> = <7ZHUt¢7w> = *<Ut¢»7/)>

This implies that (U, ) = (¢, 1)e™t so that (¢,1) = 0, because et — 0o as t — —o0
while |[(—Up, ¥)| < ||¢]|||v0]|. Since ¢ € D was arbitrary and D = H, this implies that
1» = 0. Repeating an analogous argument for the case H*i) = —iy, we deduce that
H : D — D is essentially self-adjoint. Now, denote by H : D(H) — H the self-adjoint
closure of H and set V; = e . Given ¢ € D, we compute that

0 (Ui — Vig) = —iHU$ — iH Vi = —iH (U, — Vi)4,
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which implies
0il|Usp — Vegl|* = 2Im(H (Upgp — Vi), Urp — Vi) = 0.
Thus, Uyp = Vi for all t € R and ¢ € D, so that U; = V;, using D = H. O

In quantum mechanics, one identifies the dynamics conventionally with (Uy)ier =
(e=*Ht/h), cp. where h is a fundamental small constant, called Planck’s constant. The
unitary dynamics is then related to the Schrodinger equation: if H has domain Dy C H,
then an application of the spectral theorem shows that for every ¢ € Dy, the map

t(t) =e My e C(R, D) NCHR,H),

is the unique C(R, Dy) N CY(R,H) solution of the initial value problem

Sy
ihigy = 1Y, (1.15)
¥(0) = ¢.

For general initial data ¢ € #, not necessarily in D, the dynamics (e /"), cr solves
(1.15) weakly (e.g. in form sense by testing the equation with elements from Dy).

Similarly as in in the context of classical mechanics, one can study the dynamics
of observables. Suppose that a physical observable O is represented by a self-adjoint
operator A : Dy — H and that, at time ¢ = 0, the system is in state ) € H, ||¢| = 1.
As mentioned earlier in , the probability that O € 2 is defined as

P(O € Q) = (¥, xa(A)).

If the system evolves in time until ¢ € R via (Uy)ier, this probability changes to

P(O: € Q) = (¥, U—ixa(A)U) = (¢, xa(U-+AU)Y).

This clearly motivates to view Ay = U_yAU; : U_4D 4 — H as representing the dynamical
observable (O;);cr at time t € R. Note that A; = A}, because unitary conjugation
preserves self-adjointness. The formal quantum analogue of (|1.7)) thus becomes

d 1

—A=—[A H] 1.16
CA= (A H] (1.16)
Due to potential domain constraints, the rigorous interpretation of (1.16)) requires some
care. However, assuming e.g. that A € L£(H) extends in fact to a self-adjoint, bounded
operator on H, the operator dynamics ([1.16) always admits a rigorous, weak formulation
in quadratic form sense (by taking the expectation of (1.16)) w.r.t. vectors in Dp).
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1.2.1 Basic Examples via Canonical Quantization

In Section [1.1] we discussed several basic examples of classical mechanical systems. In
this section, we describe the quantum mechanical versions of these models.

In order to generalize Examples and we need to understand which self-
adjoint operators should represent the position and the momentum of a particle. In our
examples, the corresponding operators can be found based on a recipe called canonical
quantization. This method is an important tool to guess and to formulate quantum
mechanical (or quantum field theoretical) models with desirable properties that gener-
alize their classical counterparts. It should be kept in mind, however, that this method
has certain limitations (some of which are discussed below) and that, after all, quantum
mechanics (or quantum field theory) is a more accurate theory to describe interact-
ing particle systems than classical mechanics. For a quick introductory discussion of
quantization schemes and their limitations, see e.g. [5, Chapters 13, 22 & 23|.

Keeping the previous remarks in mind, let us explain the canonical quantization
scheme. Comparing with motivates to replace the Poisson bracket {-,-}
of two classical observables by the commutator %[, -] of the corresponding quantum
operators when passing from a classical to a quantum mechanical description. The
constant of proportionality ¢/ ensures consistency of the dynamics and .

Let us apply the quantization scheme by reconsidering Examples and
Consider first a single, massive particle moving in R¢, similarly as in Example Its
classical dynamics is determined by its position and momentum (z,p) € P = R? x R,
Recalling (L.8)), these satisfy as observables (that is, as coordinate functions in C*°(P))

{w, 25 =0, {pi,pj} =0, A{zi,pj} = dij.

By the canonical quantization scheme, we now want to find a Hilbert space H and self-
adjoint operators X = (X1,...,Xy),P = (P1,..., P;) that represent the position and,
respectively, momentum of the particle so that (on a suitable domain D C H)

[Xi,X;]=0, [P,P]=0, [X;,P]=ihs;. (1.17)

Let us start to look for a suitable position operator X. In classical probability, the
position X of an object can be modelled as a random variable with distribution P € P(R9)
(the set of Borel probability measures on R?) through the map z — X(z) = z, defined
on the probability space (R, B(R?),P). If P is absolutely continuous with regards to the
Lebesgue measure dz, it admits a density p : R? — [0, 00) and we have that

P(X e Q)= / dz p(x).

Q

Comparing this with (T.12), it is natural to define H = L*(R?, B(R?),dz) = L*(R?) and
to define, for i € {1,...,d}, the position coordinate operators X; : Dx, — L?(R%) by

(X)) (z) = zp(x) for a.e. z € RY, o € Dy, = {yp e LERY) -z — zp(x) € LQ(Rd)}.
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Then each X is self-adjoint by Theorem and there exists a dense domain D C L?(R%),
e.g. D = S(RY), such that for all i,j € {1,...,d}, we have D C Dx,, X;D C Dx, and

[Xi, Xj]jp = 0.

In this so called Schrédinger representation, the modulus square [¢|?> of an element
Y € L*(R?) has the interpretation of a probability density. This means that | (z)|>dz
describes the probability to find the particle near the point = € R%.

The momentum operators P; can certainly be no functions of X = (X1,..., Xg) and
one may attempt instead to look for differential operators that satisfy . A quick
computation shows that we can define P; = —ihd,, : Dp, — L*(R%) on the domain

Dp, = {v € I*(RY) : 0p, € L*(R") } = {¢ € L’(R") : p = p;ib(p) € L*(RY)},

where 0, denotes the j-th distributional derivate in R? and where 121\ denotes the L?(R%)-
Fourier transform of . Recall that for 1), QZ € L' N L?(RY), we have R%a.s. that

bp)= | dre”®™rrp(n), p(e) = [ dpePT(p). (1.18)
R4 R4
Moreover, the map L?(R%) 3 ¢ ) e L%(R%) is unitary and it maps S(R?) to itself.
It is straightforward to verify that the above choices imply that, on a suitable dense
domain D C L?(R?) that is preserved by all the X;, Pj (e.g. D = S(R?)), we have that

[Xi, X;] =0, [P, Pj] =0, [Xi Pj] = ihéi;.

The relations ([1.17)) are called canonical commutation relations (CCR) and they have
a fundamental physical consequence, called the Heisenberg uncertainty principle. For
the following bounds, fix e.g. some normalized state 1 € S(R?) c L?(R?). Recalling the

identity (|1.14]), notice that (1.17)) and Cauchy-Schwarz imply that

h 1

5 = W (X5 = {0, X)), By = (&, P)])]

1
< (0, (X5 = (0, X50))°9) (0, (B — (v, Pj)*y)
1 1
= ((, X7v) = (¥, X;0)°)® (o, Pfv) — (¥, Piy)?) =,
In other words, the variances of the position and momentum distributions of a particle
cannot simultaneously be small, at the scale i < 1. This means that if the position
distribution of a particle is localized (the particle position is known), its momentum
distribution is necessarily rather wide (the particle momentum is completely uncertain,
because all momenta are equally likely to be measured). Obviously, this is in strong
contrast to classical mechanics which does not imply such constraints. The smaller ,
the weaker the uncertainty constraints and in the semiclassical limit 2 — 0 one recovers
classical behavior in the sense that the position and momentum operators commute. For
an introductory discussion of basic, semiclassical results, see e.g. [5, Chapter 15].

N
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Having set up a model for the position and momentum operators of a particle moving
in R%, the Hamilton operator H that describes the energy of a particle of mass m > 0
in an external field V : R¢ — R is, by analogy to (I.1)), given by

_ |inV|?
 2m

hZ
" 2m

H

+ V(x) (—A) + V().
Here and in the following, we write V' (z) for the multiplication operator ¢ — V1) in
L?(R%). Note that H is a well-defined, symmetric operator on S(R?). Under suitable
conditions on V| it is essentially self-adjoint and thus admits a unique self-adjoint exten-
sion. See e.g. [I5] for a thorough discussion of self-adjointness of Schrédinger operators.
It should be obvious how the above considerations can be generalized to formulate
a quantum model of a particle moving in some subregion U C R?. Similarly, we can
generalize Examples[1.2]and If we want to describe a system of N particles of masses
m; > 0 that move in R? and interact through a potential V : R* — R, a possible state
space is H = L*(R¥, B(RV), dz) = ®§V:1 L?(R?) and the Hamiltonian takes the form
N h2
H = Z 5 (—8a) + > Viwi—a).

mj .
7j=1 1<i<j<N

Similarly, if a particle moves in R? in a static electromagnetic field that is generated
by the electric and magnetic potentials ® : R®> — R and, respectively, A : R? — R3, its
energy is described by a suitable self-adjoint extension of the operator

1. e 2
H = %‘zﬁv—k EA(xﬂ + e®(z).

The previous examples were obtained via canonical quantization, described at the
beginning of this section. Although one can not hope for an intuitive derivation of the
quantization scheme, it is quite natural to wonder whether it allows for other choices of
the position and momentum operators. The following fundamental result implies that
the choice is essentially unique for systems of finitely many degrees of freedom.

Theorem 1.3 (Stone-von Neumann). Let (Us) ecrd, (Vi)iera be two strongly continuous
families of unitary operators on a separable Hilbert space H that satisfy the integrated
canonical commutation relations (ICCR)

UUp = Uiy, ViVi = Vipy, ViUs = ULV, Vs, t € RY (1.19)

Assume, moreover, that H has no non-trivial closed subspace D (i.e., D # {0} and
D # H) that is invariant under (Us) jepa and (V),cra and call such a pair an irreducible
realization of the ICCR. Then, any two non-trivial irreducible realizations of the ICCR
are unitarily equivalent.

Problem 1.2. Suppose that A = A*, B = B* € L(H). Show that A and B satisfy the
commutation relation [A, B] =i if and only if "B = e3¢t 4eiB for every s,t € R.
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Remark 1.5. The previous problem motivates why we can view the relations (1.19) as
an integrated version of (1.17)) for the strongly continuous families of unitary maps

U, =X, V, = e P/h v s t e R

The integrated variant (1.19)) of the CCR is easier to analyze, since all involved operators
are bounded so that no domain issues (due to the unboundedness of X and P) arise.

Proof of Theorem[I.3. We prove the theorem for d = 1. The general case follows along
the same lines and is left as an exercise for the interested reader.

In order to prove the theorem, it suffices to consider the case H = L?(R) (any two
separable Hilbert spaces are unitarily equivalent) and to show that every irreducible

realization (U!)ser, (V/)ier of (1.19)) is equivalent to the canonical one, defined by
U, = "X, V, =™/t v teR.

To see that this defines indeed an irreducible realization of the integrated canonical
commutation relations (T.19)), note first of all that for every ¢, € L?(R), we have that

{p, Vi) Z/desﬁ(p)e%“p@(p)Z/Rd:vso(:v)df(xﬂ) = (p, (- + 1)),

so that (Vi)(-) = ¢(- +t), for every ¢ € R. Based on this observation, one readily
verifies the identities (1.19)), the non-trivial case being

(ViUs¥) () = Vi (e 9(-)) = et (- + t) = "' (UViah) (), Yo € L2(R).

Furthermore, the pair (Us) cga and (V4),cpa is irreducible. Indeed, suppose there is a
non-trivial closed subspace D C L?(R) that is both invariant under all maps U; and all
maps Vg, for s, € R. Then we can pick a normalized element ¢ € D and consider a
vector ¢ € DT in the orthogonal complement of D. By the invariance of D under all
maps Us and V;, we find that for every ¢ € S(R), it holds true that

de((2)P(x)p(x) = [ dpC(p)( | daib(@)e > Pp(x) ) = 0.
J fowen( ], )

A standard density argument implies that |¢(x)p(z)| = 0 for a.e. z € R. Since Vyp € D,
the same argument implies |¢(z)p(x +t)| = 0 a.s. in R, for every ¢t € R. But then

0= /R2 drdy |y (z)p(z — y)|C(y) = /Rda: (@) (] * €) (2)

for every ¢ € S(R). Choosing a strictly positive ( € S(R), so that ( *|¢| > 0 everywhere
since ||| = 1, we conclude [(z)| = 0 for a.e. x € R and thus ¢y = 0 € L?(R). This
means that D = D = H and it proves that (Us)ser, (Vi)icr is irreducible. We leave it
as an ezercise to show that a simple generalization of the previous analysis implies that
the realization of the ICCR from Remark is irreducible, for every d € N.
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In order to proceed with the proof, it turns out convenient to set
ist _its / ity — S oy
Wsp=e2UVs=e 2ViU, Wi,=ez2UVg=e 2VUy,
so that our goal is equivalent to finding a unitary map ¢ : L?(R) — L?(R) that satisfies
UWs U =W, Vs, teR. (1.20)
Now, observe that for every normalized v, v’ € L?(R), the linear spaces

Dy = span{Wsytz/J 18, t € ]R}, Dip/ = span{W;tzp’ 18, € R}

are dense in L?(R), because they are invariant under the irreducible realizations of the
ICCR. To construct U, we look for two normalized elements 1, v’ € L(R) that satisfy

<¢) Ws,t¢> = <1/J/7 Wé:,tq//% V Sat S R (121)

Once such elements 1,1’ are found, we conclude from ([1.19) that

< E )\jWSj,tjw7 Z MkWSk:tk¢> =
j=1 k=1

e
Mz 11

Xl~c,ul<: <¢7 W;j,tj Wsk’tkw>

I

<

Il
,_.
B

Il
—

kbt (s W_s; —t; W2 )

kﬂke_%(sjfk_sktj) (0, Woy—s; s —1,9)

I
NE
Pjs

1

< Z AjW;j,tjwl? Z ,U/kWs/k,tkwl>
j k=1

Jj=1

<.
Il
S -
Il
L

This and the density of Dy, Dy in L*(R) imply that U : Dy, +— Dy, defined by
u(Z AkWSk,w) = Zkagk,tkq//, VA, €C, sty € R k€N,
k=1 k=1

is an isometry and extends to a unitary map that satisfies, by definition, (1.20)).
It thus remains to find two vectors ¥,¢" € L3(R), |[¢|| = ||[¢'|| = 1, that satisfy
(1.21). Finding such elements is not obvious and to explain the key idea, let us rewrite

(0, We i) = tr [00) (| W,

To find suitable v and v/, it would be useful if the trace on the r.h.s. would only involve
the operators (W ¢)ster and this suggests to look for averages of the form

)l = [ | dsdeos, W, (1.22)
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for some ¢ : R? — R, say ¢ € S(R?). In particular, this would imply that

() /Rdsw(s)f(s) = /]1%2 dsdt e%Sngo(s, Hf(x+s) = /R2 dsdt e%(er‘”)tcp(s —x,t)f(s)

for every f € S(R) and for a.e. € R. Recalling the well-known fact that the Fourier
transform of a Gaussian density remains a Gaussian, that is

2
/dxe_‘wub”" = \/?e‘ﬁa, Va € (0,00),b € C,
R a

it is left as a exercise to verify that ((1.22)) is indeed satisfied for the explicit choice

1.2

1
x = p(x) = nieT " € SR), (s,t) — @(s,t) = 2*67%(32+t2) € S(R?). (1.23)
T
Similarly, it is left as an elementary ezercise to verify that for the choice ((1.23]), we have
(W, Wtp) = e‘i(SQHQ), Vs, teR.

Now, to find a corresponding state ¢’ € L?(RR), consider by analogy to (1.22)) the operator
P —/ dsdt (s, t)W., € L(L*(R))
R2 ’

whose boundedness is a direct consequence of the integrability of ¢ and the unitarity
of U, V{. Recalling that (W¢,)* = W’ _, and that ¢(s,t) = ¢(—s,—t), we find that

P’ = (P')* is self-adjoint. Motivated by (1.22)), we may expect that P’ # 0 is a non-trivial
projection. To see this, assume first by contradiction that P’ = 0. Then, using

i(sth—SQtl) /
52,t2)

/ / / .
W_Sly_tl Wsz,tz W81,t1 =e

we conclude that for every ¢ € S(R?), we also have that

1 —~ . )
/R? dsdt {(s,t)p(s, )Wy, = ) /}1{{4 dsidtrdsadty C(s1,t1)e™ 52T 205y, 1)WY, )

~

1
=52 - dsdt {(—t,s)W', _,P'Wg,=0.
But ¢ > 0 in R?, so pick e.g. a non-negative bump function ¢ € C°(B(0)) which
satisfies [po dsdt (c(s,t)¢(s,t) = 1. Moreover, pick a normalized 7' € L*(R?). Then, by
the strong continuity of the map (s,t) — Wy, we find for € > 0 small enough that

dsdt Cc(s,t)p(s, )W 7' — 7"H < sup |[Wsur' — TIH/ dsdt ((s,t)p(s,t) <1
RZ

H R? |s"] [t <e
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and thus [, dsdt ((s,t)@(s, )W, # 0, a contradiction. This shows that P’ # 0. To
see that (P')2 = P’ is a projection, we compute explicitly that

(P/)Q = /R4 dsldtldSthQ gO(Sl, tl)QD(S2, t2) Sll,tl 5,27t2
- /4 dsidtidsadts 90(51’t1)¢(527t2)6%(81t2_82t1) s/1+827t1+t2
R

= / dsdtds'dt’ (s — s',t —t')p(s, t')e%((stl)tlfsl(t*t/))W;t
R4

! 34t )
:/ det(p(S,t) ;715(/ ds'dt e—(sl)Q_(t/)2+é(S—it)s’-‘r;(S—it)t'> —p.
R? R2

2T

More generally, motivated once again by (1.22), a similar computation (ezercise) yields
le/ tPI — Ple_i(82+t2)P, — e—i(82+t2)Pl
S, :

Given these observations, we conclude the proof by finding some normalized vector
Y = P(¢'), [|¢]| = 1, for some 0 # ¢’ € L?(R), so that P'¢)' =)' and thus

(W, W) = (0, PW Py = e i) — (g W), Vst € R,
This proves ((1.21)) which, as explained earlier, implies the unitary equivalence ((1.20). [

The canonical quantization scheme has been quite important historically, because
it leads to natural candidates for quantum variants of well-known classical models in a
relatively straightforward way. This applies in particular to the development of quantum
field theories, which describe quantum versions of classical fields. A classical field ®, such
as the electromagnetic field, can be understood as a collection of observables (®;),.ccr3
labelled by the space coordinates (® is typically tensor-valued, e.g. scalar- or vector-
valued). In this sense, it consists of an infinite number of degrees of freedom. When
applying the canonical quantization scheme to it, one associates, loosely speaking, to
each observable ®, a pair of classical canonical variables that satisfy (like position
and momentum in case of a single particle) and replaces it with a corresponding pair of
operators that satisfy the canonical commutation relations . Theorem shows
that in case of finitely many degrees of freedom (including e.g. all interacting many-
body systems of finitely many particles), this procedure yields a quantum model which
is essentially unique. In the remaining part of this section we explain that, in contrast to
the finite particle case, for an infinite number of degrees of freedom, uniqueness is lost.

For a simple motivation that suggests the loss of uniqueness for infinitely many
variables, consider the pair (Us),cpd, (V2)icpra as in Remark and set for o > 0

Ul =X =U,,, V] =e""PI" =V, Vs teR™

With analogous notation as in the proof of Theorem a basic change of variables
shows that UW U* = W], for U : L*(R?) — L*(R?), defined by

UP)() = 05 p(-/0).
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In other words, rescaling by ¢ > 0 yields a unitarily equivalent, irreducible realization
of the ICCR , for every d € N. Heuristically, we may expect the loss of unitary
equivalence if d = oo, in which case the above expression for &/ does no longer make
sense. To set up this observation rigorously, we first need to define a reasonable version
of L? ( I jeN R) that generalizes in a suitable sense the Lebesgue spaces L?(R%), for d € N.
To this end, observe that for every d € N, the map

Vi LA(RY) — LXRY BRY), ), p(der) = }d (Vag)() = miez!
T

is a unitary map and that u®¢ is a Gaussian probability measure on R
Problem 1.3. Let d € N and set Uy = VUV, V) = VaVi V) and Wy, = Vdeés'tUtVsV:l‘
as well as x> ' (z) = 1 € L2(R?, B(RY), u®?). Prove that
(Usp)(x) = (),
(Vo)) = e 72 p(a + 1),
</‘/},a Wsl t"/},> = e_i(l(SIQ—Ht'Q)v
for every s,t € RY, ¢ € L2(RY, B(RY), u®?) and a.e. x € RY.

Problem [I.3]suggests that instead of considering the canonical models in the different
spaces L2 (Rd) for each fixed d € N, we can set up a model with an infinite number of
degrees of freedom into which one can naturally embed all finite particle models. More
precisely, applying the Kolmogorov extension theorem, see e.g. [3, Chapter 10], we define
[t as the unique (regular Borel) probability measure on (22, 8(2)) for Q = [[72, R s.t.

o(-)

/Quoo(d:v)f(x):/Quoo(dx)f(:cl,xg,...,xd):/Rdu@@d(da:)f(xl,xg,...,xd)

for every integrable f : €2 — C that only depends on the first d € N coordinates
in Q. Then, identifying for d € N an element ¢ € L*(R%, B(R?)) with the function
e (p@1)(z) = @(r1,...,14) € L*(Q,B(), lisn), we have the isometric embeddings

L2(,u®d) N LZ(M®d+1) N LQ(M®d+2) oy ey LQ(/Joo)

for L2(u®?) = L*(R?, B(RY), u®?) and L2(pieo) = L2(Q,B(Q), tioo). Moreover, since
integrable functions in (€2, B(2), ie0) can be approximated up to arbitrarily small errors
by linear combinations of characteristic functions of open sets in Q (equipped with the
product topology admitting a countable basis for its topology), we verify that

00
L2 = J (™) € LP(ueo)
d=1

is dense in L?(jis0). As a consequence, the canonical projection Iy : L?(jise) — L?(pu®?)
satisfies limg oo ||t — Ig2b|| = 0, for every 1 € L%(uioo). We leave the careful proof of
the last two statements as an exercise. In view of Problem we then define

(Usp) () = €5 %p(a), (Vip)(x) = e "3 p(a 1 1), (Woep)(x) = 7 (UVip) (@)
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for every s,t € R<® = |J,cyR?Y < Q and ¢ € L%*(uo). Notice that, heuristically,
the pair (Us)ger<o, (Vi)ier<e corresponds to a countably infinite sequence of canonical
position and momentum operators (X, Pj);en that satisfy the CCR ([L.17]).

As in the proof of Theorem we obtain for every s,t € R<* that

UsUp = Usyi, ViVi = Vi, ViUs = ULV, (1.24)

and that
(W, W, ) = e~ 1 s+t

Here, © + ¥(z) = 1 € L%*(uoo) with |90 = 1. Since (Us)ser<oe, (Vi)icr<e define
isometries on L2<OO, they must be unitary on L?(us) (alternatively, unitarity can be
checked explicitly based on (1.24)). The pair (Us)ser<c, (Vi)ier<e is also irreducible.
Indeed, assuming D C L?(us) to be a closed, non-empty invariant subspace, we can
pick » € D, |l¢|| = 1 and ¢ € D+, as in the proof of Theorem As before

0= / oo () C(2) () Vip ()

for every ¢ € S(R?) — L2__ and every t € R<™ so that |¢p(z)e 0"~/ 2p(z + )| = 0
and hence |¢(z)p(x +t)| = 0 a.s. in Q. Now, note that for d € N sufficiently large and
0 # ¢ € L?(dus) we have explicitly

A € X)
= 2
fRd M®d(d$)| fQ>d :U’®>d(dX) g(.’E, X)‘
for a.e. z € RY Qug = [[241 R and p®>49 defined such that pio, = u®? @ u®>¢ (based

on another application of Kolmogorov’s theorem). If we assume by contradiction that
1 # 0, Cauchy-Schwarz implies for suitable C' > 0 (by normalization) that

(Hdg)(xa X)

(M, MUVig) | < € [ pan)] [ = ax) v X) [ = ay) Vigla, )

>d

< C/Rd pda) ([l(2, ), 1) 2 uesa) (L [UVepl(2)) 1o om0,
<C [ pelde) P () p(a + )] =0
Q

for every t € R<*°. But now arguing as in the finite dimensional case (using that Us and
V; commute with II; if s, € R%), we conclude that Iz = 0 € L?(u®?) for every d € N.
This shows 1) = 0 € L?(jio0 ), a contradiction, and the irreducibility follows.

Now, note that for every other irreducible pair (U.)scr<sc, (V/)ser<> that satisfies
and that is unitarily equivalent to (Us)ser<os, (Vi)ier<e (via some map U, say),
there must exist a normalized state 1'(= Uv) € L% (100 ) such that

(W, W, ) = e sl
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for every s,t € R<°°. Our previous considerations then suggest to fix ¢ > 0 and to set
Ué = Us/oa V;/ = Vor.

Clearly, (Ul)ser<, (V}/)secr< satisfies ([1.24)) and is irreducible. But this pair can not be

unitarily equivalent to (Us)ger<co, (V;)ier<e. Otherwise, there exists some ¢’ € L?(fioo),

[«']| = 1, such that (', V] ¢') = e for every tq = 0,...,0,1,0,...) (the non-zero

entry being at the d-th slot) and every d € N. But if ¢/, = 14 is the projection of ¢’

onto L?(u®?) < L%(jis), we infer from a small variation (ezercise) of Problem [1.3] that
o? _J2
(i, Vi, Ya) = € 7 gl — e 3

as d — co. On the other hand, (', V{,, ¢') = e~1 and strong continuity implies

’<wl7 V;f/d+1wI> - <¢élﬂ Vt/d+1¢2l> ‘ —0

)

el

as d — oco. Thus, we obtain for every o # 1 the contradiction that e” 4 = e~1. In these
cases, the pair (U.)scr<oc, (V/)ser<e is not unitarily equivalent to (Us)ser<oc, (Vi) ier<os-
The previous counter examples to uniqueness rely on a simple scaling argument so
that, heuristically, also the corresponding position and momentum operators are merely
rescaled versions of the canonical ones. For a more detailed discussion including a
characterization of unitary equivalence in the setting of L?(i), see [22, Section C.4].

1.2.2 Symmetries and Their Representations

Following [24], Section 2.2], a symmetry transformation is a transformation that does not
change the physics of a system, but rather our point of view of how to describe it. Basic
examples include Euclidean transformations such as rotations that describe the change
of the coordinate system used to measure e.g. the position of a particle.

Suppose now that we consider a quantum system whose state is described by a
normalized wave function @ € H in a Hilbert space H. The probabilistic interpretation
of quantum mechanics, summarized in , implies that all probabilities one may
potentially be interested in reduce to the computation of squares of inner products

[, )P for ¢, € H, [l = [l0f| = 1. (1.25)

Assume that T describes a symmetry transformation. What are reasonable conditions
to impose on 77 Since 9 and ™, for w € [0, 27), describe the same physical state, it
is natural to assume that T': Ry — Ri is a map on the space of unit rays. Here, we set

Ri= |J fver:o~vr= |J MW
YEH,|[Yl|=1 YEH,||||=1

recalling that 1)1 ~ vy if and only if 1)1 = €™y for some w € [0,27). This means that
T maps one physical state to another physical state. Furthermore, 7' must not influence
measurement outcomes which means that

Tlgl - T[Y] = [¢] - [¥] (1.26)



for every [¢], [t)] € R1, where we set [¢] - [¢] = [(p,¥)]. Tt is left as a basic ezercise
to show that implies that T is injective. Since we can usually switch from one
coordinate system to another and back, it is also reasonable to assume that T is onto.

In the sequel, we call a map T : Ry — Rq with the previous properties a symmetry
transformation. Notice in particular that every linear, unitary and every antilinear,
antiunitary operator on H induces a symmetry transformation. It is a fundamental
result that these operators constitute all possible symmetry transformations.

Theorem 1.4 (Wigner). Let T : Ry — R be a symmetry transformation. Then there
exists a linear, unitary or an antilinear, antiunitary operator U : H — H such that
[Uy] = T[] for every v € H, ||¥|| = 1. In particular, T is equal to the symmetry
transformation that is induced by U. If dimH > 2, the map U : H — H is unique up to
multiplication by a constant of modulus one.

Proof. We follow [2] and begin with a few preliminary remarks.

We assume throughout the proof that dim H > 3 (see Problem for the remaining,
simpler cases). Since the equivalence ¢ ~ 1 for two non-zero vectors implies that
(/1] = [0/I1Vl] € R, we can extend T': R — R via T[] = [l T[u/||]] for every
non-zero ray ¢ € R = H/ ~. Then remains valid for every ,¢ € R.

Next, observe that if ([¢];)I; is a sequence of orthonormal rays so that [¢]; - [/]; =
dij, then we have by for every pair of representatives 1; € [¢];,9; € [¢]; and

Wl € T, o) € T[p]; that
(i, V)| = (Wi, 5) | = 645 = (i, by) = (5, 9.
As a consequence, if o = > 7" Ahs (= Do, (¥4, ¢)1hi), then we have for every ¢’ € T'¢]
’ Z(%W = ¢'|I? - Z! V@) = (Tle) - Tlel) = Y (T[] - Tle))?
=1 =1

_HSO <¢za )i

1=

2
=0.

In other words, ¢' = > | Maj! for constants |\;| = |\;| for each i € {1,...,n}. Notice
that this looks already close to linearity. Loosely speaking, our goal is to make sure that
the transformed phases A, can be chosen in a consistent (linear or antilinear) way.
Now, let’s begin to construct the map U. This is done in three main steps. In the
first step, we have some freedom how to set the direction of U on a fixed unit vector. To
be more precise, let [e] € Ry and choose some e € [¢], ¢’ € T[e] € Ry. Then we may set

Ue=¢. (1.27)

In the second step, we extend U to {e}* in a way that is consistent with (T1.27)
and with the statement of the theorem. To this end, consider ¥ = e 4+ ¢ for some
0 # ¢ € {e}*t. Then, we can write equivalently ¢» = Aje + Age,, for the normalized
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vector e, = ¢/|l¢l| € {e}t, A1 = 1 and A2 = [|¢||. Fixing some e, € Tley], we know
based on the preliminary remarks that for every 1" € T[¢)], we have that

VAN 3,
w— 16+)\26<ﬂ

for some A, N, € C with |[N|| =1, |A;] = ||¢||. In particular, by orthogonality of e’ and
€,,, there is one and only one element " = €'+ Xyef, € T[¢)] such that X} = 1, [Ay] = [o]|.
Based on this specific choice (which determines \,), we define

Uirp=Xge, €Tley], Ule+) =€ +UrpcTle+y], Up=Urp e Tley]. (1.28)

This implies in particular the additivity U(e + ) = Ue + Uy for every ¢ € {e}*.
Next, we analyze the map U, in detail. Our goal is to verify that U, defines a
linear or an antilinear map on {e}*. To this end, pick @1, 92 € {e}*. By (1.26), the
preliminary remarks and (T.28), we have that [(UL o1, UL2)|? = |{p1, p2)|? as well as
|2

114+ (U1, Uppa)|? = (€ + U1, + ULpa)|? = [{e + p1,e + p2)|? = |1+ (o1, p2) >

By expanding the squares, this implies that Re (U p1, U] v2) = Re (¢1, p2). In particu-
lar, if (@1, p2) = Re (@1, ¢2) is real, we must have Im (U 1, U} p2) = 0 (recalling that
(UL o1, ULp2)| = |[{p1,92)]) so that in this case

(Ure1,ULp2) = (p1, p2). (1.29)

Next, let us pick some vector ¢5 € {e}* (at this point, we make use of the assumption
that dimH > 3) that is orthonormal to ¥y = ey, = ¢1/[|¢1]| € {e} (assuming in the
sequel without loss of generality that ¢; # 0) and such that

o1 =MY1, 2 = s + pae. (1.30)

From the preliminary remarks, we recall that if ¢} = U, v; € T[1;], then ¢} and 4 are
still orthonormal. By definition of U, , we have for every ¢ € {e}*,v € C that

UL(vp) = xu (V)" with |xy(v)| = [v].

In the sequel, let’s abbreviate x;(v) = xy,(v). Note in particular that x;(1) = 1, by
definition of ;. Moreover, by the previous observations, we find for vy, € C that

Rexi(v1)xi(v2) = Re (UL (1194), UL (r29i)) = Re (119, v21hi) = Re 1o
so that

Rexi(v) =Rexi(1)xi(v) = Rerv and x;(v) =v if v € R (since |x;(v)| = |v]).

Now, pick an arbitrary linear combination ¢y = v111 4+v213. Then, by the preliminary
remarks, we know that U, ¢ = 1] + v41) for suitable coefficients |v]| = |v4], ¢ € {1,2}.
If v; = 0, then v, = 0 = x;(v;). Otherwise, if v; # 0, then ((7;)~*;, v;40;) = 1 so that

() s, vits) = Re (0a) ™Mb, winhs) = (UL () abi, Urvinys) = xa((03)~H)xa(va).-
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At the same time, ((7;) ™ s, viay;) = (7;) by, 1), so that by the same argument
()i, ) = (UL@:) i, ULp) = (UL(@i) i, i + vths) = xa((@2) 1) w7
Combining this, we find that v/ = x;(1;). In other words, for every v, s € C, we have

UL (191 + veth2) = x1(v1)U 91 + x2(v2)ULs.

Since this implies

Xbr 4460 (V) (W1 + 05) = Xopy 440 (W)U L (01 + 92) = UL (viP1 + vipa) = x1(v)] + x2(v)¥h,

we have by orthogonality in fact that x1(v) = x2(v) for all v € C, that is

UL (11 + vethe) = x(v1)ULy1 + x(v2)ULvs.

where from now on we set x(v) = x1(v) for all v € C. This leads us to asking what
possibilities we have for the function x? By the previous observations, |x(i)] = 1 and
Re x(i) = Rei = 0 so that x(i) = oi for o0 € {—1,1}. For a general v € C, on the other
hand, we know that Re x(v) = Revr and, similarly, that

Im x(v) = Re(—ix(v)) = o Re(x(i)x1(v)) = o Re (—iv) = o Imv

so that, in conclusion, x(v) = v for all v € C or x(v) = 7 for all v € C. In particular,
X : C — C is either a linear or an antilinear map.

Let us collect the previous observations and draw some conclusions on U . Recalling
that 1 = A1¢1 and o = p11 + petbe, the previous arguments imply that

Ui(pr 4+ @2) = UL (M + p)h1 + poth2) = x1(A1 + 1)U + xa(p2) ULy
= x1(A)U L1 + x1(p)Urn + xa(p2) UL
=Upp1 + UL,

that U} (vyi) = x(v)pi, i € {1,2} for x(v) = v or x(v) = ¥ and, finally, that

(U1, Urga) = x(M)x (1) = x(A1)x (1) = x(A1p) = x ({1, 2))-

Since 1 (# 0) and o were arbitrary vectors in {e}*, this proves that U, extends either
to a linear, isometric or to an antilinear, anti-isometric map on {e}* that is consistent
with the symmetry transformation 7" : Ry — R, by construction.

We are now ready to finish the construction of the map U. To this end, it only
remains to define its action on vectors of the form ae + ¢ for ¢ € {e}* and for some
a € C\{0,1}. Here, we finally set

Uae+p) = x(@)U(e+a " 9) = x(@)e'+x(a)UL(a™p) = x(@)e'+ULp = x(a)Ue+Ugp

and it is readily verified that this yields a map U : H — H that is either linear and
unitary or antilinear and antiunitary (depending on the function y : C — C) with the
consistency property that Uiy € T[¢] for every ¢ € H.
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We conclude the proof by showing the uniqueness of U, up to multiplication by
a constant phase. Suppose that Uy,Us : H — H are compatible with the symmetry
transformation and that both are either linear, unitary or antilinear, antiunitary (we
leave it as an exercise that T cannot be induced by both a linear, unitary and an
antilinear, antiunitary map). By compatibility with 7', we have Uiy ~ Usy for all
¢ € H. This means that for every ¥ € H, there exists wy, € [0,27) so that

Usth = v Upa).
If p, 9 € H are linearly independent, we infer from
e“eUrp + U = Us(p + 9) = ¢+ (Urp + Urgh) = et U + €9+ Uy

that ews = ety = ¢y Note here that linear independence of ¢ and v is preserved
by Ui, by (anti-)unitarity and the fact that ¢ and 1 are linearly independent if and only
if [{p, )| < |lellll]]. On the other hand, if ¢, are linearly dependent, we can find
some ¢ € H independent of both ¢ and v so that the previous argument implies

eimp — €iw‘P+C — @iwC — ei""w+4 — eiw¢.

In conclusion, this shows that Uy = ¢ U; for some w € [0, 27). O

Problem 1.4. Verify Theorem[I.]] for dimH = 2. For dimH = 1, prove the existence
of a unitary map as in Theorem[1.]}, but explain why uniqueness as in Theorem[1.4) fails.

Theorem shows that unitary (or antiunitary) operators are appropriate to model
symmetries in quantum mechanics where states are described by suitable vectors in a
Hilbert space. We conclude this section by presenting some basic examples.

Example 1.6 (Translations). Consider a particle of mass m > 0 moving in R? in an
external field V : R® — R. As discussed in Section we can model this by choosing
the Hilbert space H = L?(R%) and the Hamiltonian

_ |inv)? N
- 2m

H V(z).

As usual, we assume that V satisfies suitable constraints so that H can be realized as a
self-adjoint operator on a dense domain in L?(R?). A basic symmetry transformation is
to translate the coordinate system that we use to measure positions. If the state of the
system is described in the original coordinate system by ¢ € L?(R?) and the system is
translated by a € R?, the state from the viewpoint of the transformed system reads

z = (UgY)(z) = (z — a) € L*(RY) = U, L*(RY).

Clearly, the maps (U,),era form a family of unitary transformations.
In analogy to Example consider a direction n € R?% |n| = 1. In the classical
setting, the group of translations (¢n);cgr leads to the conservation of the momentum in
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direction n if V' is translation invariant in direction n, i.e. V(-+tn) = V(-). An analogue
remains valid in the quantum mechanical setting. To see this, note that Theorem
applied to (Up,)ier implies the existence of a self-adjoint operator p - n that satisfies

Upp = e/t e R.

A direct calculation shows that

I o Yt -,

(pn9)(z) = ihlin - (U — Uoy))(z) = ihliny t — (= ihV-ny)()
for all ¢ € L?(R%) that satisfy V-n1 € L2(R%). Choosing for n € R the canonical base
vectors e; in R?, for j =1,...,d, the corresponding translations are generated by

p;: Dy, = {v € L*(RY) : 0,9 € L2 (RY)} — L*(RY), pjp = —ihdy,%, j € {1,....d}.

In other words, the generators of translations in R? are the momentum operators that
we introduced earlier in Section based on the canonical quantization method.
Now, let us explain why translation invariance V(- + tn) = V() of V implies the
conservation of p-n under the Schrodinger dynamics . In fact, a direct calculation
shows the invariance U, HU},, = H, for all s € R. The functional calculus thus implies

Usne—itH/h U:n _ e—itH/h e—is(pn)t/hU:n _ 1L2(Rd) . e—is(p-n)t/ﬁ _ e—ispn/h
for every s,t € R and this implies by (the proof of) Theorem that
(p-n) = /My e M — Vi e R.

Example 1.7 (Rotations). Consider a particle in R3, in the same setting as in the pre-
vious Example Symmetry transformations that describe rotations of the coordinate
system can be implemented through the unitary operators

Ur: L*(R3) — L*(R?), (Ugy)(x) = ¢¥(R™1x), for R € SO(3).

In analogy to Example the quantum angular momentum L - n in direction n, |n|,
is the generator of the one-parameter unitary group (U,wn-x),cr, Where the matrices

X1, X5, X3 denote the generators of so(3), defined in ((1.10). For example, the angular
momentum in direction es takes the explicit form

(L) () = ih lim 2LE700) — (@)

w—0 w

= ihul)igb % (¥ ((cos(w)z1 + sin(w)za, — sin(w)x1 + cos(w)zz, x3)) — ¥(x))

= (22(ih0a,) — 21(ih0p,)1)) (x) = ((21p2 — T2p1)V)) (2)-

More generally, one readily verifies that L = (L1, Lo, L3) = = X p on a suitable, dense
domain, where x and p denote the quantum mechanical position and momentum oper-
ators. Once again, this is consistent with the definition of quantum angular momentum
via canonical quantization of the classical angular momentum. Recall that the latter
corresponds to the classical observable (z,p) — L(x,p) = x x p € C®(R? x R?).
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The two previous examples illustrate that a symmetry that corresponds to a Lie
group may give rise to a strongly continuous unitary representation of the group on the
state space. At this point, let us introduce some basic definitions. Let G be a group.
Then, a group representation p : G — GL(V) = { A:V =V :Alinear ,A7! exists} of
G on a vector space V is a group homomorphism to GL(V'), the vector space of invertible
linear maps on V. That is, p satisfies

p(g9192) = p(91)p(g2), ¥ 91,92 € G.

Unless mentioned otherwise, all considered vector spaces V are assumed to be vector
spaces over C. We call dim(V') the dimension of p. If G is a topological group and V'
is a normed space, we call p strongly continuous if the map G 3 g — p(g)v € V is
continuous, for every v € V. We call p irreducible if there does not exist a non-trivial,
closed subspace S C V, so that S # {0} and S # V, which is invariant under p, that
is, p(g)S C S for all ¢ € G. Otherwise, p is called reducible. From a physical point
of view, according to the ideas of E. Wigner [25] 26], if a quantum system comes with
a symmetry group that is described by an irreducible representation, then the system
can be considered elementary in the sense that the symmetry can not be used to resolve
some finer structure of the model. If it is reducible, on the other hand, one can factorize
the state space accordingly into finer, elementary subspaces.

In view of Theorem [1.4] in the context of quantum mechanics typical symmetry
groups, like e.g. SO(3) in Example lead to representations that take values in the
space of unitary operators U(H) = {U : H — H : U is unitary}, if H denotes the
Hilbert space describing the possible states. Unitary operators (as opposed to antiunitary
operators) naturally occur if the symmetry is described by a connected Lie group that
contains the identity (which is unitary). A representation p : G — U(H) that takes its
values in U(H) is called a unitary representation of G.

Lemma 1.3. A unitary representation p : G — U(H) is irreducible if and only if for
every ¢ € H,y # 0, we have that

H =span{p(g)Y: g € G} <= {0} ={peH: ({U(9)y,p) =0, VgeG}

Proof. The space span{U(g)¢ : g € G} is clearly invariant under p. If p is irreducible,
this implies it must be equal to {0} (¢» = 0) or H (¢» # 0). On the other hand, if
H = span{p(g)y : g € G} for every non-zero ©» € H and if there exists a non-empty,
closed linear subspace S C H invariant under p, we pick ¢ € S, ¢ # 0 and find H =
span{p(g)¢ : g € G} € S C H. In other words, S = H or equivalently S+ = {0}. O

Lemma 1.4 (Schur). Consider a finite-dimensional, unitary representation p : G — H.
Then p is irreducible if and only if every linear map A that commutes with every operator
p(g), for g € G, is a multiple of the identity 1.

Proof. Recall that every linear map A has at least one eigenvalue A € C in a complex
vector space H. If ¢ # 0 is a normalized eigenvector and p is irreducible, we know that
span{p(g)¢ : g € G} = H. In particular, if ¢ = U(g)¢p, we see that

Ay = Ap(g)p = p(g)Ap = Ap(g)p = A,
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which implies by continuity that A = Alg. On the other hand, if p reducible, pick a
non-trivial subspace S C H, S # H, that is invariant under p. This induces a unitary
representation p’ : G — U(S), because p(g)S C S. Without loss of generality, we may
assume that p’ is irreducible, because otherwise we can repeat the previous step until
it is (recalling that dim(#) < oo). By the previous step, we may thus assume that
S = span{p(g)p : g € G} for some 0 # ¢ € S. Notice that the invariance of S under p
also implies the invariance of S+ under p, which readily follows from unitarity and

(p(9)¥,C) = (1, p(9)*¢C) = (¥, plg™"){).

Now, choose P : H — S to be the orthogonal projection onto S and let ¢ € H,¢ # 0.
By a simple density argument, we may assume w.l.o.g. that ¢ = ¢ + 12 = p(g)¢ + 12
for 1 € S99 € S*+. Then, using that Pp(h)p = p(h)p € S as well as Pp(h)is = 0 for
every h € GG, we obtain

Pp(h)p = Pp(h)p(g)e + Pp(h)b2 = Pp(hg)p = p(hg)p = p(h)(Pp(g)e + p(h)Pi2)
= p(h)Py.
This implies that [P, p(g)] = 0 for every g € G, but P # A1y, for every X € C. O

In Example we analysed the unitary representation p : SO(3) — U(H), given by
p(R)Y = (R

for p € H = L*(R?), to describe the rotation symmetry of a system that describes a
massive particle in R3. This representation is induced by the group action

SO(3) xR*> (R,z) — Rz € R?

of SO(3) on R3 and the SO(3)-invariance of the Lebesgue measure. In the same way,
every other finite-dimensional, unitary representation 7' : SO(3) — U(C") induces a
unitary representation p : SO(3) — U(L?(R?,C")) through

p(R)Y = T(R)Y(R™.), V¢ € L*(R,C"). (1.31)

In fact, in view of quantum mechanics it is more appropriate to allow for projective

unitary representations which are maps p : G — U(H) so that for every g1, g2 € G, there
exists a phase A(g1, 92) € C,|A(g1,92)| = 1, such that

p(9192) = g1, 92)p(91)p(g2)- (1.32)

This naturally suggests to study all the possible projective representations of a given
symmetry group. Interestingly, in important cases including SO(3), the projective rep-
resentations can be understood in terms of ordinary representations of a larger, so called
covering group. This is what we want to explain next in the context of SO(3). To this
end, we use the following result that relates SO(3) to SU(2), which is defined by

SU@2) ={AeC¥?: A*A=1cz,det A =1}

B B (1.33)
={A= (aij)?,jzl € C¥?%: ayy = Gg, az1 = —12, |an1|> + |a12)* = 1}.
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Observe that the second equality implies that SU(2) is a (locally path) connected, com-
pact and simply connected Lie group, for it is diffeomorphic to the unit sphere S3 C R%.

Proposition 1.1. There ezists a two-to-one group homomorphism R : SU(2) — SO(3),
which is in particular a local homeomorphism.

Proof. Denote by o1, 09,03 € C2*? the Pauli spin matrices, defined by

o1 = ((1) é) , 09 = <(3 _02) o3 = <é _01>. (1.34)

Note that ioq,i09,i03 € C2*? form a basis of the linear space of traceless, antisymmetric
matrices in C?*2, which, as a side remark, equals the Lie algebra su(2) of SU(2).
Now, consider the map

3
R?’er—)a'x:Zijj:(a'x)*
j=1
so that tro -« = 0 for every = € R3 and observe that

det(o - ) = —a2 — |z1 — izo|? = —|z|2

Given that A(c - z)A* is self-adjoint and traceless, and since the o1, 09, 03 € C?*2 form
a basis of the traceless, self-adjoint matrices in C?*2, we find for every A € SU(2) a
unique y4(z) € R3 such that

A(o-z)A" =0 -ya(z), with (ya(z)); =trojA(c-z)A", j € {1,2,3}.

The map x — ya(x) is clearly linear, continuous and can be written as ya(x) = R(A)x
for some R(A) € R3*3. We claim that the map

SU(2) > A R(A) € R3S
is a two-to-one homomorphism from SU(2) to SO(3). To see this, note first that
|IR(A)z|> = —deto - (R(A)z) = —det A(o - 2)A* = —deto -z = |z|*

Combined with the fact that R(1¢2) = 1g2 with det 1z = 1, that SU(2) 5 A —
det R(A) € {—1,1} is continuous and the fact that SU(2) is connected, we conclude that
R(A) € SO(3). The group homomorphism property follows from

o (R(AB)z) = AB(0 - 2)B*A* = A(o - (R(B)z))A* = o - (R(A)R(B)z)

so that R(AB) = R(A)R(B). That SU(2) 3 A — R(A) € SO(3) is surjective, follows
from Problem Finally, suppose that R(A) = 1ps. This is the case if and only if

Ac-z=0-2A
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for every x € R3. In particular, this implies that [A, o;] = 0 for all i € {1,2,3}. Choosing
i = 3, an explicit computation then verifies that 8 = 0 if

= (% %)

Combining this with the condition [A, o1] = 0 implies that Im(a) = 0 and since A*A =
12, we conclude A = 1¢2 or A = —1¢2. Combined with the homomorphism property,
we see that R(A;) = R(As) if and only if 41 = Ay or Ay = —Ay so that the map
SU(2) 2 A — R(A) € SO(3) is a continuous two-to-one homomorphism. In fact, the
two-to-one property readily implies that R is locally bijective (exercise). Since SU(2) is
compact, this and the continuity of R imply that R is a local homeomorphism. ]

Problem 1.5. Recall the generators X1, X2, X3 € R3*3 from (1.10). Prove explicitly
that , ‘
e 2% (0 x)e2 =0 - (e“X37) (1.35)

for every x € R3,w € [0,27). Prove analogous formulas for rotation matrices around
the azes e; = (1,0,0) and ea = (0,1,0). Finally, use these results to arque that the map
SU2) > A— R(A) € SO(3) constructed in Proposition is surjective.

Our next goal is to show that every finite-dimensional projective unitary represen-
tation of SO(3) corresponds to an ordinary unitary representation of SU(2). In other
words, by enlarging the symmetry group, we can work with a much simpler mathemati-
cal object (an ordinary representation compared to a potentially complicated projective
representation). To make this more precise, we say that a projective representation p can
be lifted, or deprojectivized, to an ordinary representation p’ if there exists a function
A:G — {z€C:|z| =1} such that p(g) = A(g)p'(g), for every g € G.

Proposition 1.2. Let G be a compact, connected and simply connected Lie group. Then,
every finite dimensional strongly continuous projective unitary representation of G can
be lifted to a strongly continuous unitary representation of G.

Remark 1.6. The reason we assume G to be compact is that under suitable additional
assumptions, it is a general fact that non-compact Lie groups do not admit non-trivial
finite-dimensional unitary representations. Details on this can be found e.g. in [6].

Remark 1.7. Prop. is a simplified version of a much more general result from [1)].
Before proving Prop. we record its consequences for SO(3)-representations.

Corollary 1.1. Let p : SO(3) — U(H) be a finite-dimensional strongly continuous
projective unitary representation of SO(3). Then, there exists an ordinary representation
7 of SU(2) and a continuous map X\ : SU(2) — {z € C: |z| = 1} such that

p(R(A)) = A(A)T(A), ¥ A € SU2).

Here, R: SO(3) — SU(2) denotes the homomorphism constructed in Proposition [1.1]

33



Proof. As noted earlier, SU(2) is diffeomorphic to the unit sphere S? ¢ R* and is thus
compact, connected and simply connected. Applying Prop. to

SU(2) 3 A p(R(A)) e U(H),
which defines a projective representation of SU(2), implies the claim. O

Proof of Prop. [1.3 Let p: G — GL(C™) be a projective unitary representation so that

p(9192) = w91, 92)p(g1)p(g2) with |u(g1,92)| =1, Vg1,92 € G.

Since p is assumed to be strongly continuous and finite-dimensional, it is continuous
in the usual sense if we equip U(C"™) C GL(C™) with the standard Euclidean topology.
Notice that this, combined with the continuity of the maps G2 > (g1, 92) + 9192 € G as
well as G2 3 (g1, 92) — p(g1)p(g2) € U(C™), implies also the continuity of

G? > (91,92) — P(919) ] = u(g1,92) € {z € C:|z| =1}.

p(g1)p(g2

In the sequel, we assume furthermore that p(1g) = 1¢n (if this is not the case, multiply
p by a suitable constant of modulus one, which yields again a projective representation).
The proof consists of two main steps. In the first step, we prove the claim locally
at the identity 15 of G. In the second step we bootstrap the construction based on the
connectedness properties of G and the local homomorphism from the first step, to obtain
a global representation of G with the desired properties.
Let’s start with the local step. Among the key observations is the simple fact that

Gogr—rdetp(g) e{zeC:|z|=1}

is continuous. Since det p(1g) = 1, continuity implies the existence of a small open
neighborhood V' C G, 1¢ € V, in which |det p(g) — 1] is small enough, so that V' 3 g —
Mg) = (det p(g))~"/™ is well-defined and continuous. We then simply set

7(9) = Mg)p(g) € U(H) (1.36)
for every g € V so that by the properties of p, we have that

rtn) = G ),

Using that det 7(g) = 1, by definition of A, this implies that

(/W/W>n —1
Mg1)M(g2) '

Assuming V C G to so small such that the last step implies % =1, we find

7(9192) = 7(91)7(92), V 91,92 € V. (1.37)
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Loosely speaking, this means p can be lifted locally to a homomorphism 7 : V — U(H).

Our next goal is to show that 7 : V' — U(H) can be extended to a global homo-
morphism 7 : G — U(H) in such a way that p is induced by 7. Here, we use the
connectedness properties of G. In particular, without loss of generality, we assume in
the following that V' C G is path connected.

The key step is how to extend 7 to G. Afterwards, straightforward arguments imply
that the extension corresponds to a de-projectification of p. So, let’s first extend 7 from
V to all of G. Since 7(1g) = 1cn, a natural strategy is to choose for general g € G a
continuous path 7 : [0, 1] — ¢ with v(0) = 1¢, 7(1) = ¢g and to define 7(g) as

7(9,7) = T, )T (v ) - T ) (1.38)

where 0 = tp < t1 <ty < ... <t =1 is a partition that is fine enough to ensure that
'Ytﬂt_iil € V for every i € {0,...,k}. We leave it as a simple ezxercise to show that
implies that a refinement of the partition does not change the r.h.s. in ((1.38]). Thus,
7(g,~) only depends on 7 and not on the specific partition that we choose. In the next
step, we show that the simple connectedness of G implies that

7(9.m) = 7(9,72) (1.39)

for every pair of continuous paths 7; : [0,1] — G s.t. %(0) = 1¢, vi(1l) = ¢, i € {1,2}.
Assuming for the moment the validity of ((1.39), we can then define

7(9) = 7(9,71)

for some (and hence all) v : [0,1] — G s.t. v(0) = 1¢, (1) = g. Since V is path
connected, note that this coincides with our earlier definition 7 : V' — U(H). Further-
more, note that for two paths 1 : [0,1] — G with 71(0) = 1¢, 11(1) = g1 € G and
v : [0,1] = G with v1(0) = 1, 72(1) = g2 € G, we can form a path v : [0,1] — G with
7(0) = 1g, ¥(1) = g192 € G as the concatenation v = 71 o (—72) o 72. Then and
imply (ezercise) that

7(9192) = 7(9192,7) = T(g1,11)7(92,72) = 7(91)7(g2),

so that 7 : G — U(H) is a representation of G. Similarly, (1.36) and (1.38)) imply that
for every g € G, there exists M'(g) € C with |\ (g)| = 1 such that

7(9) = T Ve )T Ot 1 Vo) -+ TV
= A Yo )P ) - AT i )P ()
= X(g)o(9).
In other words, 7 : G — U(H) is a de-projectification of p : G — U(H). Observe,
moreover, that the map G 3 g — X(g) is continuous.

To finish the proof, it remains to verify that 7(g,~) is independent of v : [0,1] — G
with 4(0) = 1, v(1) = g. By standard concatenation, this is equivalent to showing

35



that 7(1¢g,7) = 1c¢n for every loop 7 : [0, 1] — G starting and ending at 1¢. So consider
such a loop and choose a homotopy 1 : [0,1] x [0,1] — G between ~ and the constant
loop [0,1] 5 ¢t — ~(t) = 1¢, by the simple connectedness of G. Note that trivially
7(1g,7) = 1cn. We now show that for |u; — ug| sufficiently small, we also have that

7-(97¢u1) :T(ga¢u2)7 (1'40)

where 1, (t) = ¥ (u,t) such that ¢,,(0) = ¢, (1) = 1¢, for every u € [0, 1], and such that
Yo = Y0, ¥1 = 7. Once (1.40) is proved, the path independence of 7(g,~) follows.
To prove ((1.40)), we choose a partition 0 =ty < t; < t3 < ... <t = 1 so that

(9, Yur) = T(Wu () uy (b)) - T (g (81) 800y (F0) 1) Py (8) 0y (Bi1) ™ €V
and
(9, Yus) = T(Wus (1) s (te—1) ™) - - T (P (1) s (t0) 1), Wy (8) 0y (ti1) ™' €V
for every i € {1...,k}. Continuity and then also imply that
Yoy (8)uy ()7L, oy (8) by (1)L €V, Vt; < s,t < tiy1,i€{0,1,...,k—1}.

Now, for every fixed ¢ € {1,...,k}, write

Py (E)Vuy (ti1) " = (Y () ug () 1) (g (E) Vs (ti-1) ™) (Y (tim 1) (Fim1) 1)

and notice that for |u; — ug| sufficiently small, the continuity of the homotopy v implies
that all three elements in the brackets on the r.h.s. belong to V. Applying (|1.37)) yields

T(wm (ti)wul (ti—1>_1)
= 7 (Vuy (E)Puy (£6) ™) T (Vg (i) g (1) ™) T (Vg (i 1)1huy (ti-1) 7).

Similarly, continuity of ¢ implies that

(s (tim) oy (i) ™) 7 =ty (i) (him1) €V
whenever |u; — ug| is small so that another application of shows that
T (P (1) tuy (be—1) ™) - T (P (1), (0) ™)
= 7 (1) T (Yuy (1) Pus (te—1) ™) T (VY (te—1) Yy (te—1) )
X T (wm (tk*1)¢u2 (tkfl)_l)'r (% (tk*1)¢u2 (tk72)_1)7 (% (tk*Q)wul (tk*Q)_l)
X X T (g (81) Wy (01) ™) T (Yo (1) (0) 1) 7 (10)
= T (Wuy (t) s (te-1) 1) - - T (Vg (1) 900y (0) ™)

This shows that 7(g,¢w,) = 7(g, ¥u,) Whenever |u; — ug| is sufficiently small. O
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Consider now once more the transformation behavior of a rotation invariant quantum
system whose symmetry is described by a (possibly projective) unitary representation

p(R)y = T(R)p(R™.), V¢ € L*(R®,C") (1.41)

as in (L.31), where T' : SO(3) — U(C™) is some finite-dimensional (possibly projec-
tive) unitary representation of SO(3). As discussed earlier, the transformation behavior
is interpreted as the change of the physical states under a rotation of the coordi-
nate system that is used to describe the system. An important physical insight is that
not only spatial symmetries describing changes of coordinates may be relevant for the
correct description of a quantum system. Instead, one may also allow for other, so called
internal symmetries that have no relation to classical coordinate transformations. This
idea is central for the formulation of modern gauge theories which are quantizations of
classical field theories equipped with an internal symmetry group G (fields are modelled
as connection forms on a principal G-bundle).

In view of Corollary a simple generalization of is to consider instead of
SO(3) the symmetry group SU(2). The latter does not act directly on R3. However, it
is a double cover of SO(3), so we can define a unitary representation by

p(A) = T(A)p(R(A)"), ¥ € L*(R?,C") (1.42)

for A € SU(2), where T : SU(2) — U(C™) is some finite-dimensional unitary representa-
tion of SU(2) and where R : SU(2) — SO(3) is the covering map from Prop. |1.1

The previous discussion motivates to study the unitary representations of SU(2). We
defer this to Section and conclude this section with some further examples instead.

Example 1.8 (Spin-1 Particles). Consider the state space H = L*(R3,C?), the defining
representation SU(2) 3 A+ A € C?*2 of SU(2) and the induced representation p on H,
defined through for n = 2. This model is used to describe elementary particles
such as electrons, positrons or neutrons (non-relativistically). Based on p, we obtain a
generalized angular momentum, say in the direction of e3 = (0,0,1) € R3, by

(J3y)(x) =i lim 1 <e_%”3“’1/)(e“’x3x) — 1/J(x)) = (Lg + @)1/1(:6), for a.e. x € R3.
w—0 W 2

Here, we used Problem which shows that R(e_%"?"“) = e¥X3_ The operator S = %03
is called the spin operator in direction e3. Similarly, one defines spin operators S; and
Sy and collects them into the spin vector S = (51,52, 53) which measures a quantum
mechanical property that has no classical counterpart. In analogy to spatial angular
momentum, one interprets spin as some internal angular momentum. It is readily verified
that the spectrum spec(S;) = {—s,s} for s = % so that the spin in each coordinate
direction is quantized. Particles as above are therefore considered to be of spin s = %

Spin is an important property used to explain e.g. the Stern-Gerlach experiment or
the fine structure of atomic spectra. To describe energetic effects in the non-relativistic

setting, a suitable Hamiltonian that takes spin into account is the Pauli-Hamiltonian

1. e 2 e
H = 2m‘zhv+ CA(;E)‘ +e®(x) — mcS B(x),
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where B(xz) = V x A(z) denotes the magnetic field generated by A. It is worth to note
that for A(z) = (B x )/2, so that B(xz) = B = const. for all x € R3, one has that

2
2 AN oy,

2me

1 e
—ithV + —-A =
2m ’Z + c (x)‘ 2m
What this shows is that the spin S couples in the Pauli-Hamiltonian to the magnetic
field B like a small constant magnetic field couples to the spatial angular momentum in
the Hamiltonian of a massive, charged particle that moves in an electromagnetic field.

Example 1.9 (Indistinguishable Particles). Despite the spin, which is related to the
internal symmetry group SU(2), there exist also other symmetries that have no classical
counterpart. Consider for instance a system of N € N particles moving in R?. We saw
earlier that a natural state space is H = ®f\i1 L?(RY) = L2(RN). If ) € H describes
the state of the system, it enables us via to predict the probabilities for certain
measurement outcomes. But what if the IV particles are indistinguishable, based on
their basic properties such as their mass, spin or charge?

In this case, it seems reasonable to postulate that permuting the particles is a sym-
metry of the system. Since the permutation group Sy of N elements acts on R via

7T(l'1, e ,xN) = (xﬂ(l), R ,l'ﬂ.(N)), VredSy, (ml, R ,:CN) S RdN,
we can define the associated unitary permutation operators U, : H — H by

(Ur) (@1, 2n) = (Tr(1)s - - - Tr(ny)-

Now, in general, we clearly have ¢ 4 U,t. So, in the setting of indistinguishable
particles, it is natural to restrict the state space to those wave functions v that satisfy

Urp ~ ¢ <= Uztp = Artp
for every m € Sy, where A\; € {z € C: |z| = 1}. Since Uy, or, = Ux, Ur,, this implies
Arjoms = Am Ay, V 71, T2 € SN,

so that A : Sy — {z € C : |z| = 1} defines a one dimensional representation of Sy.
Now, it is well-known that every permutation m = 71 o ... o 7} is equal to a product of
transpositions (Tj);?:l, k < N, swapping exactly two elements. For a transposition 7, on
the other hand, the homomorphism property implies A;or = A2 = A(1s,) = 1, so that
Ar € {—1,1} and thus A, € {—1,1} for every m € Sy. Furthermore, based on the simple
observation (7, k)o(j,1) = (j,1)o(l, k) for every j,k,l € {1,..., N}, it follows that A, =1
for all transpositions or A\, = —1 for all transpositions 7 € Sy. This determines the one
dimensional representations of Sy. According to each representation, we can now build

the appropriate physical state spaces. One calls the particles described by states in

N
L2R™) = {y € LPRM): Urtp = ¢, YV € Sy} = () L*(RY)

sym
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bosons while fermions are particles that are described by states in

N
L2,R™) = {y € L(R™) : Urtp = (—1)%8My, v 7 € Sy} = [\ L*(RY).
For more on indistinguishability, see also the discussion in [24, Sections 4.1 & 9.7].

1.3 Special Relativity

In Section we described some of the basic ideas of classical mechanics. In particular,
Examples and describe the standard Hamiltonians for charged, massive
particles interacting with electromagnetic fields. Although a vast range of mechanical
and electromagnetic phenomena is well-described by these models, towards the end of
the 19th century, fundamental difficulties emerged in the unification of Newton’s and
Maxwell’s theories. These problems were related to the understanding of the propagation
of light (e.g. what is the medium in which electromagnetic waves propagate, interpreting
electromagnetic waves as a mechanical phenomenon?) and, consequently, of the classical
notions of space and time. This lead in particular to a reconsideration of the concept of
inertial systems (for which Newton’s law is supposed to be valid), briefly described in
Section and the relativity principle which states that the form of physical laws does
not depend on the choice of the inertial frame used to describe the physical phenomena.

Anticipating the formalism of special relativity, it is useful to make the assumptions
of Newtonian mechanics on space and time more precise using a geometric formulation;
we follow [I3, Chapter 6]. According to Newtonian mechanics, absolute space is a
three dimensional Riemannian manifold (E, g) with a symmetric, positive definite metric
g € C*(E,(T*E)®?). Newtonian mechanics then postulates that (F, g) is isometric to
(R3,.), where - denotes the Euclidean inner product. This means that there exists a
diffeomorphism ® : E — R? so that

gp(v,w) = d®p(v) - dPp(w), Vv, w € T,E.

Particles are described by trajectories [tg,t1] o ¢t — 7(t) € E and Newton’s law states
that the force acting on a particle is equal to its acceleration times its mass. In particular,
time is absolute in the sense that it is independent of any specific coordinate frame.

Observe that the postulate that space is isometric to (R3,-) singles out isometric
coordinate frames as preferred coordinates. Such frames correspond to the previously
mentioned inertial frames. Indeed, if a trajectory [to,t1] 2 t — 7(t) € E of a particle of
mass m > 0 is described in terms of isometric coordinates y = (y1,%2,%3) : E — R? and
if no force acts on the particle, then Newton’s law states that

d?y d*(y o) d(y; o) d(y; o)
Moy =0 = me— i+ > Tiu() o ilt =0,
1<i5<3 (1.43)
d?(y o)
<— 112 =0
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Here, we used that the metric g is locally constant and diagonal in isometric coordinates
so that the Christoffel symbols (I‘Z)f’ k=1 vanish identically (for their definition and
other basic notions from (semi-) Riemannian geometry, see e.g. [13, Chapter 3]).
implies that in isometric coordinates particles travel on straight lines (yov)(t) = at +b
for suitable a,b € R3. By the last identity in , this describes equivalently the
geodesics of (F, g) in isometric coordinates. As a consequence, the Riemannian distance
dg(p, q) between two points p =y~ 1(v) € E and ¢ = y~}(w) € E, defined by

dg(p,q) =inf {L(y) : [0,1] >t — y(t) € E piecewise smooth, v(0) = p,v(1) = ¢}

for L(vy) = fol dt \/ gy (t)(dvy/dt,dv/dt), is equal to the standard Euclidean distance

dg(p.q) = dg(y " (v),y " (w)) = Jv — w].

Now, suppose we consider a change of coordinates from one inertial frame to another.
This corresponds to a Riemannian isometry ¥ : R3 — R? which, by the last observation
and the invariance of the Riemannian distance under isometries, satisfies

W (v) — U(w)| = v —wl|, Vv,we R

In other words, ¥ : R® — R? is a Euclidean isometry and thus equal to a Euclidean
transformation W(x) = Rz + a for some translation a € R* and some orthogonal matrix
R € O(3) (ezercise). If we can reach the new inertial frame continuously from the
original frame, we may assume additionally that R € SO(3). Put in geometric terms,
the isometry group, defined as the group of isometries on (F,g) (with the composition
of maps as group multiplication) is isomorphic to the Euclidean group

E(3)={(a,R):a € R3, R € O(3)} with (a,R)(d’,R') = (Rd' +a,RR'). (1.44)

Finally, in anticipation of the axiomatic transformation behavior of quantum fields,
let us also recall the transformation behavior of classical fields with regards to inertial
frames in Newtonian mechanics. By definition, classical fields include all tensor fields
on (E,g). Suppose that w.r.t. a fixed inertial frame u : £ — R? a field is represented by

0 0

O = U-Wida dyy ®. . . Qduy, . ..® € C®(E,(T*E)*P®(TE)®?), (1.45)
P 8uj1 (9Uj

q

where here and in the following we use the Einstein summation convention (indices
appearing once as upper and once as lower index are summed over). Recall that the
vector fields 0/0u; € C*°(E,TE), for j € {1,2,3}, in (1.45) are defined by

0 _ (dqf1 0

= - = vpeF
i 0 O,

This means that d/0u; € C*(E,TE) is equal to the pushforward of the standard
Euclidean vector field 8/0x; € C°°(R3,TR3) (which as a vector corresponds to the
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standard basis vector e; € R? and as a derivation to the directional derivative in direction
ej € R3) by the diffeomorphism u=! : R? — E. Put differently, if U € C*°(E,TE) is a
general vector field of the form

v-vid ¢ C*(E,TE),
Ouj

its pushforward (dulU) o u™! € C*®(R3, TR?) by u~! : R® — E, which is interpreted as
the coordinate representation of U with regards to the chart u : E — R3, takes values

0

; 0
— (U7 -1 3
o u1(y)> (U7 ou )(v)8 , Vv e R

Lj |v

(dull) o u™ (v) = dupy-1(y) ((Uj ou1)(v)

The one forms du; € C*(E, (T*E)) in ({1.45)), on the other hand, correspond to the dual
elements which are defined so that du;(0/0,,) = d;;. This means explicitly that

(duj)p = (dz)) () (du)p, Vo € B,
so that the pullback (u=1)*w € C®°(R3, (T*R?)) of a general one form
w = wldu; € C°(E,(T*E)),
interpreted as the coordinate representation of w w.r.t. the chart u : E — R3, satisfies

(W) wp = (@ 0w (W) (duy)y-1wyduy, = (W o u™)(v)(dzy)),

Problem 1.6. In the same notation as above, suppose u : E — R3 is a global chart and

let U =1UJ a% € C®(E,TE), f € C®(E,(T*E)). Verify that

(Uf)ou™ = (U7 ou™) 0y, (fou™).

Generalizing the previous remarks to ®, we see that the coordinate representation
®,, of the field ® with regards to the coordinate frame u : E — R3 takes the form
0 0

T

®, = (" daoy™t) day, ®. .. dzy, ® € C™(R%, (T*R*)®P @ (TR?)®9).

Now, consider a different inertial frame ' : E — R? w.r.t. which ® has the form

o 9
au;q

O = ()T du @ @ dup © = ©. € C®(R?, (T*R*)®P @ (TR?)®9).

ous;,
Then, the chain rule, applied to (v o u™!)(-) = R(-) + a, for suitable (a, R) € E(3),
implies that the component functions (®-r1-Ja oy~ 1) and ((®')"1-»J1-Ja o (u)~1)

of the coordinate representations ®, and, respectively, ®,, of the field ® are related by
(q)’h,..ip;jl...jq o Uil)(')

i1 ip ( p—1\j1 —1\Jp k1. Epily . n—1 (1.46)

=R "R TR (BT ((@")Fr*viftta o (W) (R(-) + a).

1° lp
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As mentioned earlier, the transformation behavior has a quantum field analogue
that is collected as part of the Wightman axioms (see Section below).

Despite its simplicity and intuitive character, the Newtonian perspective on space and
time outlined above led to fundamental, conceptual difficulties (related for instance to
the attempts to explain the Michelson-Morley experiment; for a brief historical overview
see e.g. [19 Section 1.6]). The resolution of these problems led ultimately to the theory
of special and general relativity by Einstein. In special relativity, one still holds up the
relativity principle, but one modifies the notion of inertial frame. A central postulate of
special relativity is that the speed of propagation of light, or more generally of any inter-
action between interacting particles (cf. the discussion in [§, Chapter 1]), is a universal
constant that is independent of the inertial frame. Note that in the context of Newtonian
mechanics, interactions act instantaneously at an arbitrarily large distance which seems
counterintuitive. The postulate of the constancy of the speed of light remedies this and
it leads to the following, modified geometric formulation of spacetime.

On a heuristic level, suppose a ray of light is described in two different inertial frames
with coordinates z = (x¢,x1, x2, x3) and, respectively, &' = (z, 2}, 2, %) where z and
x(, measure the time in each frame via the identification ¢ = z¢/c, t' = z{/c, ¢ > 0
denoting the speed of light. Note in particular that time is now considered relative to
the inertial frame, like the spatial coordinates. Special relativity then postulates that

/
- ]%( - ‘%f e RldtP = dal? = Rldt]? — |da .

This is an infinitesimal version of the identity

1 0 0 0
nex) = ey = (e o), for q=|g 0 0 [eRML ()
0 O 0o -1

In special relativity, this observation is generalized to the following point of view on space
and time. Spacetime is a four dimensional time-orientied Lorentz manifold (F, g) which
is isometric to the (flat) semi-Riemannian manifold (R%,7). Here, 1 is identified with
the constant metric tensor with components as in with regards to the Euclidean
standard basis and it is called the Minkowski metric. Accordingly, the space (R* n)
is called Minkowski space. Identifying the tangent spaces of (R* 1) canonically with
T,R* ~ R%, for all z € R*, tangent vectors v € R* are future-oriented if 2o > 0 and
past-oriented if zg < 0. This defines the time-orientation of (R*,7) (cf. [I3, Chapter 5]).

As an aside, let us also mention that the theory of general relativity generalizes the
previous postulate and interprets spacetime as a general, time-oriented Lorentz manifold
whose curvature determines gravity. Freely falling bodies follow the geodesics of space-
time while its curvature itself is dynamically linked to the distribution of matter within
it through Einstein’s equation (for more details, see e.g. [13, Chapter 12]).

Following the geometric discussion on Newtonian mechanics above, let us proceed
similarly for special relativity and record some of its basic aspects. First of all, notice
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that g defines indeed a symmetric, non-degenerate bilinear form. Its non-degeneracy
follows e.g. by isometric equivalence to 7 and by noting that n(x,y) = 0 for all y € R*
implies that |z|> = n(x, Px) = 0, for P(xg,z1,%9,73) = (20, —21, —%2, —x3), so that
x = 0. According to its semi-definiteness properties, one calls tangent vectors v € T,E
timelike if g,(v,v) > 0, lightlike if g,(v,v) = 0 and spacelike if g,(v,v) < 0. Physically,
a timelike vector corresponds to a velocity smaller than ¢ > 0 and a lightlike vector is a
velocity of the speed of light. Spacelike vectors correspond to velocities greater than the
speed of light. By definition, spacelike tangent vectors are excluded in the description
of massive (m > 0) and massless (m = 0) particles. Massive particles are described by
future directed timelike curves [r0,71] > 7 — (7) € E, so that g, (dy/dr,dy/dT) > 0
for all 7 € [r9,71]. Massless particles are described by future directed lightlike curves
[T0,71] 2 7+ (1) € E, so that g, (dy/dr,dy/dr) = 0 for all T € [rg, 71]. Finally, as a
generalization of Newton’s law of inertia, special relativity postulates that freely falling
particles (those on which no external forces act) are described by the geodesics of (E, g).

As in Newtonian mechanics, the isometric coordinates correspond to the preferred
inertial frames. Given such a coordinate frame x = (z¢, 71,2, 23) : E — R*, geodesics
[10,71] © T+ (z o)(7) take the simple form

(xoy)(T)=ar+b

for suitable a,b € R*. The defining property d?v/dr? = 0 implies furthermore (ezercise)
that, as in the Riemannian setting, geodesics minimize the so called proper time

70) = [ dr\[ o . )

70

among all piecewise smooth, timelike curves ¢ : [19, 71] — F and that the semi-Riemannian
distance between two timelike separated points p = x71(v),q¢ = 2~ }(w) € E equals

dg(p,q) = V(v — w,v —w).

Here, timelike, lightlike and spacelike separated points refer to points that can be con-
nected by a timelike, lightlike and, respectively, spacelike curve. In Minkowski space
(R*,-), this corresponds to points v,w € R* such that n(v — w,v — w) > 0 (timelike),
n(v —w,v —w) = 0 (lightlike) and n(v — w,v —w) < 0 (spacelike). Spacelike separated
events cannot causally influence each other (if n(x,z) = |ct|? — |x|? < 0 for z = (ct, %), a
light ray starting at 0 € R3 travels the distance ct until time ¢, so it does not reach x).
As in the Riemannian setting, if ¥ = (2’ o 1) : R* — R* describes a change of
inertial frames (that is, a semi-Riemannian isometry), the above observations imply

n(V(v) — ¥(w), ¥ (v) — ¥(w)) =nv —w,v—w), ¥Yo,weRL

Assuming w.l.o.g. that ¥(0) = 0 (by shifting ¥ to ¥/ = U —W¥(0) if necessary), bilinearity
of the metric implies 7(¥(v), ¥(w)) = n(v,w), for every v,w € R From here, it is
straightforward to deduce (ezercise) that ¥ : R* — R* is affine-linear and that the
isometry group ISO(1,3) of (E, g) is isomorphic to the Poincaré group P, defined by

P={(a,L):a€R* LeO(1,3)} with (a,L)(d’,L') = (Ld’ +a,LL’). (1.48)
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Here, O(1,3) denotes the group of linear maps L : R* — R* that satisfy
n(L(v), L(w)) = n(v,w), ¥ v,w € R%. (1.49)

The elements of O(1,3) are called Lorentz transformations. In special relativity, fields
transform as in (1.46|), replacing (a, R) € E(3) by (a,L) € P.
The analogue of SO(3) in Newtonian mechanics (rotations that are path-connected
to the identity 1gps € SO(3)), consists of the proper Lorentz group El, defined by
Ll ={L=(Luw)h,—o € O(1,3): Ly > 0,det L = 1}. (1.50)

The condition det L = 1 is motivated as in Newtonian mechanics, noting the embedding

0(3) > R (é 22) € 0(1,3).

The condition Loy > 0 ensures that L maps timelike vectors to timelike vectors. Note
here that L € O(1,3) implies L™! exists and that LT, L' € O(1, 3) (exercise) and

3 3
A, k=0
anL,u)\Lyn =Mk = nij)\,uLm/ é L(2)0 =1 + Z L?O =1 + Z L(2)]
j=1 j=1
Hence, if L, M € El, we have in fact Lgg, Mgo > 1 and by Cauchy-Schwarz that

3 2 3 3
> LojMjo| < <Z L%j) (Z Mfo) = (Lgo — 1) (Mgy — 1) < Lo Mgy,
=1 j=1 j=1

which implies

3
> LojMjo| > 0.

J=1

3
(LM )oo = LooMoo + Z LojMjo > LooMoo —
j=1

Since det M L. = det M det L = 1, this verifies that El is indeed a subgroup of O(1,3).
Further properties of El as well as the associated group 771 = {(a,L) eP:Le El}
are discussed in detail in Sections 2.2] and 3.2

Let us conclude this section by connecting special relativity to Newtonian mechanics.
As already mentioned, in special relativity freely falling bodies move on geodesics of
spacetime. Choosing a fixed inertial frame, suppose that |9, 7] + 2(7) € R* describes
such a geodesic. If the particle is massless, we have by definition n(dx/dr,dx/dT) = 0.
Since linear reparametrizations 7 — a7 4+ b map geodesics to geodesics, we have some
freedom to choose a particular parametrization for massive particles. Generalizing the
massless case, one parametrizes [1g, 71] — x(7) € R* conventionally in such a way that

n(dw/dr, dx/dT) = mZCQ, VT1¢e [Tg,ﬁ].
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In this parametrization, one refers to the derivative p = (po,p) = dz/dr as the four-
momentum. The geodesic equation can then be formulated as the Hamiltonian dynamics

dzx d7p_

o =0. 1.51
dr p; dr ( )

Recalling that massive particles are described by forward oriented curves, this implies

n(p(7), p(r)) = m*e, po(r) >0, V7€ [r0,m]. (1.52)
The connection to Newtonian mechanics follows from combining the dynamics (1.51)
and the relativistic energy relation ((1.52)) to eliminate pg and xy = ct. This yields

dx
m=w(p) = VPP +m2E, 0 = w(p) (> 0).

By the inverse function theorem, the second identity implies that we can express the
relativistic time 7 as a function of zg = ct, the local time associated to the chosen inertial
frame, and the chain rule then implies that the remaining spatial variables (x, p) satisfy

dx _dxdr _ cp dp

dt  drdt  w(p) di =0

This corresponds to a Hamiltonian system on R? x R? with Hamiltonian (x,p) +
H(x,p) = cw(p). Conservation of the energy F = H(x,p) under the Hamiltonian
flow t — (x(t),p(t)) € R? x R? implies the identity p = (po,p) = (E/c,p). For this
reason, p is also called the energy-momentum vector. Finally, observe that

E=cw(p) = mc2\/ 1+ I = mc® + ﬁ + O((\v]/c)4)
m2c? 2m

for v.= dx/dt. In other words, we recover the Newtonian expression for the kinetic
energy of a free particle (up to the so called rest mass) to leading order in |v|/c. The
classical Newtonian dynamics for massive particles thus follows in the non-relativistic
limit |v|/c — 0. For massless particles, on the other hand, the non-relativistic approxi-
mation can not be applied. While the Hamiltonian formulation remains valid, we obtain
from n(p,p) = 0 that E = |p|c and hence v = dx/dt = c¢p/|p| so that |v|/c = 1. In
other words, massless particles travel with the speed of light.

1.3.1 Examples of Classical Fields

Compared to Newtonian mechanics whose initial focus lies on describing the trajectories
of interacting massive particles, modern particle physics focuses rather on fields as funda-
mental entities while particles are interpreted as quantum excitations of the fields (once
the latter are quantized). In Section [3| this viewpoint is illustrated for three important
types of fields. In this section, we introduce the corresponding classical fields.

In Example , we introduced the electromagnetic field so let’s discuss it first
in the context of special relativity. Throughout this section, we work without loss of
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generality directly in Minkowski space (R*,7) and recall that changes of inertial frames
are determined by the Poincaré group P. As mentioned in the previous section, typical
fields are tensor fields on (R* 7). Physically, they are determined by suitable partial
differential equations that are invariant under Poincaré transformations. Motivated by
the discussion of the previous section, this means that if a field that is represented by
components (q)il---ip;ﬁ---jq)il it € C>(R*) on Minkowski space, its transformed
yeelpsJlydq

components, determined by (with (a, R) € E(3) replaced by (a,L) € P), must
satisfy the same equations in R*. This is in particular the case if the field equations
admit a geometric (that is, coordinate free) formulation.

In case of the electromagnetic field, the field equations are Maxwell’s equations .
Based on a relativistic generalization of the Lorentz force (recall and see e.g. [4,
Section 7.2.3]), it is natural to associate the field with a rank two tensor (as a relativistic
force, both its input and output are smooth vector fields so that, by duality, it can be
identified with a two form). It turns out that the identification of the field with a two
form F € Q?(R*) leads to a geometric reformulation of Maxwell’s equations (L.3).

So, consider smooth (time-dependent) electric E = (Ej, By, E3) € C*®(R* R3) and
magnetic B = (By, By, B3) € C*°(R* R3) fields as well as smooth charge p € C>°(R?)
and current densities j = (j1, j2,73) € C®°(R* R3). Then, one defines the electromag-
netic field tensor F' € Q%(R*) by

F = Eidxo A dx1 + Eodxg A des + Egdxg A dxs

+ Bidxo A drg — Bodxi A dxs + Bsdry A dxo, (1.53)
its Hodge-x (see e.g. [12, Section 7.9.2]) dual form «F € Q?(R*) by
*F = —Bidxg N\ dr1 — Badxg A dre — Bydxg A dxs (154)
— Fidxo N dxg + Eodxy A dxs — Esdry A dxs
and, finally, the current differential form j € Q3(R*) by
J = pdxy ANdxo A dxs — j1dxg A dxe A drxs (155)

+ jodxg A dxz1 A dag — jsdrg A dxy A dxs.
Recalling xy = ct so that d,, = %at, Maxwell’s equations take the following elegant form.
Problem 1.7. Show explicitly that the system , s equivalent to
dF =0, d«F =3, dj =0. (1.56)

Use this to show that the system (1.3)), (L.4)) is invarant under Poincaré transformations
(alternatively, verify the invariance explicitly based on (1.46)), for (a,L) € P).

The last problem shows that Maxwell’s equations are independent of the inertial
frame, which is of fundamental importance in view of the relativity principle.

Generalizing Example the equations can also be reformulated in terms of
the electromagnetic vector potential. Indeed, applying the Poincaré lemma to the closed
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form F € Q?(R?), we find that there exists a one form A € QY(R*) such that F = dA.
We can identify this with a vector A = (®, A) = (®, Ag, A1, A3) € C°(R?) via

A = ®drg + Ardry + Asdrs + Asdxs

so that

F = Z (O%AJ — 890]141) dx; N dl’j. (1.57)

0<i<;5<3
This connects Maxwell’s equations with the wave equation in a straightforward way. To
see this, notice first that if I’ = dA solves , so does F' = dA’ for A’ = A+ dx
for every x € C®(R*), because dA’ = dA + d*>x = dA. This is referred to as the gauge
invariance of the electromagnetic field. Since electromagnetic forces are encoded by F', a
gauge transform does not influence the physics of the system. This observation is further
developed in modern gauge theories (for more on this, see Section .
Abbreviating 9, = 0,,, 9V = 7" 0, and choosing x € C*®(R*) such that

9"8,x = —0"A, € C™(R?Y),
note that A’ = A + dy satisfies
oA, =0"A, + 8"0,x = 0.
This choice of x is called Lorenz gauge and can always be arranged. Note indeed that

3 3
1
A 2 2 2 2
00y =0"000y =05y = Y 07, = 50 =) 07 =10
j=1 j=1
corresponds to the d’Alembertian, the generator of solutions of the wave equation. In
conclusion, potentials A € Q!(R*) in Lorenz gauge that solve (1.56)) satisfy

OA =34, 0'A, =0, (1.58)

3
“w
equation with propagation speed c, the speed of light, and with a vector constraint.

where JA = (DA#) _oand j = (]ﬁ)i:o' This corresponds componentwise to the wave

Problem 1.8. Prove the following statements:
a) Let f € C®(R*). Define the function u € C®(R*) pointwise by

1 [
) = uteoa) = g [T [ ol S0

where o(+) denotes the uniform measure on {y € R3 : |z —y| = zo} C R3. Verify that
Ou = f. For more on wave equations and a derivation of this formula, see [20)].

b) Use Mazwell’s equations in Lorenz gauge to deduce the wave equation in (1.58]).
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c¢) Let A € C®(RY, RY) satisfy (1.58)) for j =0 and define for (a,L) € P
Al (x) = L",Ay(Lx +a), Vo € RY.
Show that A" € C™(R*, R*) also satisfies (1.58).

Without sources (j = 0), the system of equations describes the so called free
(non-interacting) electromagnetic field. Motivated by the Lorenz gauge formulation,
it also turns out to be of independent interest to study scalar valued solutions ¢ €
C>®(R* R) (real scalar field) or ¢ € C*®°(R* C) (complex scalar field) of the so called
Klein-Gordon equation with mass m > 0. Such fields solve the generalized wave equation

(O+m?)p = (8"0, + m?)p = 0. (1.59)

In quantum field theory, the quantum excitations of the electromagnetic field describe
photons while the quantum excitations of fields solving correspond to bosons of
mass m and spin zero (the connection to spin as well as between m and the mass of the
field quanta is explained in Section . Notice that is invariant under inertial
coordinate changes. This follows by noting that 0“9, = A, is equal to the Laplace-
Beltrami operator related to the Minkowski metric. Alternatively, we readily compute

(070, + m*) @(L(-) + a) = nV“L)‘VL“N (O\0x)p(L(-) +a) + m*o(L(-) + a)
= (O+m?)¢) (L() +a) =0.

The quantization of the scalar field is explained in detail in Section [3.1

Problem 1.9. On L?(R3,R) @ H'(R3,R), define the field Hamiltonian

o) =5 [ do (m@)F +[96()? + mlo(w)).

Show that its partial derivatives 0-H € (L*(R*,R))",0,H € (H'(R®R))" satisfy
(3rrH)|7r(P) = <7T7P>L2(]R3)7 (8¢H)|¢(P) = (Vo, VP>L2(R3) + m2<¢7 P>L2(R3)-

Symbolically, this means that Or)H = 7(v), Oy H = (A + m?)é(x) so that we can
view the model as a Hamiltonian system with continuously many canonical momenta
and positions. Setting ¢ = 1, show that the Klein-Gordon 1s equivalent to the
Hamiltonian dynamics generated by H.

We close this section with a brief discussion of classical Dirac fields. Dirac fields are
spinor valued fields on Minkowski space and as such beyond the classical notion of a
tensor field. The detailed mathematical introduction of spinors is beyond the scope of
these notes and we refer the interested reader to e.g. [23, Chapter 13] and [11, Section
8.4]. As the name suggests, spinor fields are related to the quantum property of spin.
In particular, there is no field in classical physics described as a Dirac field. As a
mathematical object, it is nevertheless useful in view of the correct relativistic description
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of massive quantum particles of spin—% (such as electrons, protons or neutrons). These
particles can be described through the quantization of classical Dirac fields. In Section
we discuss an alternative motivation for the introduction of spinors based on the
inclusion of parity as a fundamental symmetry.

Consider the Dirac vy-matrices (’y“)ﬁzo, defined by

’70 = <1f[)j2 152> € (C4> ’YM - < . O(-)'u> < (C4’ V,u € {1a273}7 (16())

-0y

where we recall the definition of the Pauli spin matrices o, € C**? from (1.34)). The
Dirac matrices form what’s called a Clifford algebra.

Problem 1.10. Denote by [A, By = AB + BA the anticommutator. Prove that
971+ = 20, Y v € {0,1,2,3}.
Conclude that for every x,y € R, we have that
Vv Yl = 2n(x,y).

Problem implies in particular the isometric property (’y“:ﬂu)Q = n(x, z) for every
x € R* which leads to the observation that

0= (+"0u) "

In other words, the linear operator v*0, can be considered a square-root of L. By
definition, classical Dirac fields ¢ : R* — C* correspond to solutions of the Dirac equation

(iv" 0y — m)yp = 0. (1.61)
In particular, every solution ¢ € C°°(R* C*) also solves componentwise
0= (i7"0, — m)*p = (-0O+ m? — 2mint 0, )b = —(O0+ m?)y

the Klein-Gordon equation.

As mentioned at the beginning of this section, the previous examples describe clas-
sical free fields. As one can check explicitly (ezercise) it turns out that the defining
equations for the above examples can be obtained as critical point equations of suitable
non-linear functionals (ezercise). For instance, the functionals Ssc, Sgm and Sp for the
real scalar, electromagnetic and, respectively, Dirac fields take the form

Ssc(p) = / (8”0 Oy +m?p?) da,
[lfo,tﬂXR:g
Sem(4, 7) :/ (dA/\*dA—?A/\j),

[to,tﬂ xR3

Sp() = / T (40, — m)e de.
[to,tﬂ xR3
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Classical interacting theories can be obtained by combining fields of different type. The
fundamental principle on which possible interactions can be obtained is called the local
gauge principle, see e.g. [4, Section 7.4] for a brief introduction. This is discussed in
detail in Section[6.1] Of independent mathematical interest are also presumably simpler
interacting theories such as the qbfl—theories whose action functional takes the form

Scbﬁ (p) = / (0" 0vp + m2p? + )\<p4) dzx.
[to,tl]XRd

Critical points of Sy satisfy a cubic, non-linear wave equation (ezercise). In these
models, the non-linearity is usually referred to as the self-interaction term.

1.4 Quantum Fields and Wightman’s Axioms

The previous sections summarized basic concepts from classical and non-relativistic
quantum physics. Quantum field theory combines the principles of quantum mechan-
ics with special relativity. Constructive quantum field theory in particular aims at the
rigorous construction of non-trivial interacting quantum field theories and the detailed
analysis of their properties. To date, it remains a major open challenge in mathematical
physics to construct a non-trivial interacting quantum field theory in spacetime dimen-
sion d = 4. In lack of such examples, we continue our discussion in the following sections
within an axiomatic framework for general quantum field theories. The explicit con-
struction of non-interacting theories in Section [3] shows that the axioms are certainly
not unreasonable. This is further confirmed by the rigorous construction of non-trivial
interacting theories in lower spacetime dimensions d < 4, outlined in Section

Let us now list the Wightman axioms that describe the central notion of a quantum
field theory discussed in these notes. In the rest of these notes, we largely ignore universal
physical constants and set from now on in particular ¢ = h = 1.

0. Relativistic Quantum Theory. The possible states of the theory are described
by the unit rays in a complex, separable Hilbert space H. The state transformation
law with regards to coordinate changes from one inertial frame to another is given by a
strongly continuous projective unitary representation

Pl 3 (a,L) = Ula,L) € {U € L(H) : UU = UU* = 13}

of the proper Poincaré group 731. It turns out that every such representation can be
obtained through a strongly continuous unitary representation of the inhomogeneous
SL(2,C) (consisting of pairs (a, L) € C* x SL(2,C), see Section [2.2)), where

SL(2,C) = {L € C**? :det L = 1} (1.62)

denotes the special linear group. This is a consequence of the main result of [I] (of
which Corollary was a special case). In the sequel, we might therefore identify the
representation of 771 directly with a representation of the inhomogeneous SL(2, C).
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The relativistic four momentum operator (Pu)ﬁzo is identified through an application
of Stone’s Theorem with the generators of spacetime translations a € R?, that is

Ula,1ga) = eP"on,

To be more precise, one applies the following generalization of Theorem whose proof
is left as an ezercise (alternatively, one may consult [14] Chapter VIII]), to the strongly

continuous family of unitary operators (U(a, 1R4))a cRi-

Theorem 1.5. Let R" 5 x — U(x) be a strongly continuous map of R™ into the set of
unitary operators on some separable Hilbert space H and such that

Ulx+y)=Ux)U(y), ¥,y e R"

Set D = span( [, dz f(z)U(x)¢ : f € CP(R™),¢ € H). Then D is a domain of
self-adjointness for each of the generators A; corresponding to the strongly continuous
unitary groups R 3 x; — U(0,...,0,2;,0,...,0) = e iy | Aj:D — D and [A;, Ayl =0
i D. Furthermore, there exists a projection-valued measure (XQ)QGB(RTL) such that

n n
U(x) _ / eIy Xdy = H/Reizjyj Xdy(Aj) — H eimjAj'

J=1

Based on this identity, we write symbolically U(x) = 4" @,

In other words, the four momentum P = (Py, Py, P>, P3) : Dp — H* is equal to a
densely defined, self-adjoint operator. We typically suppress the P-dependence of its
spectral measure (xo(P))oesms) = (X)oep®+)- The component Py = E is interpreted
as the field energy (the Hamiltonian) and the operator P*P, = m? is interpreted as
the square of its mass (in the non-interacting examples discussed below, the latter is by
construction always a positive constant). On P, one assumes the spectral condition

o(P)C {peR: p'py > 0,pp >0} =V,
for the forward light cone V., defined by
Vi={peR":p'p,>0,p >0} (1.63)

The spectral constraint on P is motivated by the energy relation (1.52)) for a single
particle of mass m > 0 (see also the related discussions in [21] Section 1.4]).

Finally, one assumes the existence of a unique (up to multiplication by a phase) state
Yo € H, ||1o|| = 1, which represents the vacuum and which satisfies

Ula, L)tbo = tho, ¥ (a, L) € PL. (1.64)

The vacuum state has the lowest possible energy Pyi)p = 0 (and, more generally, zero
four momentum Pty = 0) and is usually interpreted as describing the state with no
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physical particles. As such, it takes the same form in all inertial systems. If 0 € o(P)

turns out to be a discrete eigenvalue (that is, isolated and of finite multiplicity) of P,

we say that the theory has a mass gap of size A,z = inf o(P*P,) N [0, 00) > 0.
Following e.g. [15, Section IX.8], it is worth to point out that is equivalent to

Ula,1gs)g = g, ¥V a € RY (1.65)

if (U(a,L)) (a,.L)eP] forms an ordinary representation. Indeed, based on the commutator
Ula,L) = U(a,1ga)U(0, L) = U(0, L)U (L 'a, 1g4),

for all (a,L) € 731, we obtain that

F(P)U(0.L) = /

R

v f@U0.0) = [

» X da (/R4 da f(a)e%w'w) U(0,L)
_ /R da J(a)U (270, 1)U (0, 1)
— U0, L) f(LP)

for every f € S(R*), L € L'l. Using a dominated convergence argument to approximate
the characteristic function of the point 0 € R*, this shows in particular (exercise) that

By the uniqueness assumption on g, (1.65), we know that the range ran(x{o}) =
span(vy) is one dimensional. Thus, the previous commutator identity implies that

U(o, L)|ran(X{0}) : ran (x(o}) — ran(x{o})

so that El 5L~ U(O,L)|ran(x{0}) is a one-dimensional unitary representation of El
(and hence commutative, irreducible). Lemma implies that U(0, L) ran(y ;)

multiple of 1. Since El (see Section ) is connected and U (0,0) = 14, we get ((1.64).

I. Regularity of the Field. For n € N, we consider n-component quantum fields
¢ = (@4, ..., P,) whose transformation law is related to an n-dimensional representation

is a

S 731 — C™*"™ of the proper Poincaré group 731. This is made more precise and
exemplified in Section [3| below. The field components are assumed to form operator-
valued distributions which by definition means the following.

For every f € S(R%), there exist operators ®(f) = (®1(f),...,®,(f)), defined on a
linear, dense domain D C H such that ¥y € D. The domains of the adjoint components
O(f)* = (P1(f)*, ..., Pn(f)*) also contain D and we assume, moreover, that

Ula,L)D C D, ®(f)DC D, ®(f)*DC D,V (a,L)ePl, ke{l,...,n}.
Finally, we assume that for every ¢,1 € H and j € {1,...,n}, the linear functional

SRY) 3 [ (o, @x(f)y) €C
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defines a tempered distribution (see Section for the definition and basic properties).
Let us add two comments on the regularity assumptions. First, in view of basic
quantum theory, a quantum field (®,),crs should correspond most naturally to a family
of self-adjoint operators labeled by the points in Minkowski space (to every spacetime
point we attach an observable). We allow for more general fields which are not necessarily
self-adjoint. Such fields are useful and occur quite naturally in quantum field theory (for
instance, in the form of the so called creation and annihilation operators). Second, as
becomes already clear in the simplest case of a massive non-interacting scalar field, it is
usually not possible to define a quantum field as an operator-valued function (that is,
a self-adjoint operator ®, for each spacetime point # € R*), but rather as an operator-
valued distribution. In this sense, one interprets the operators (®(f))res(r4) via

o) = | des@pe, (1.66)

as a smeared version of the field (®,),cr1, which is only to be understood symbolically.
Mathematically, there is of course no necessity to restrict to tempered distributions
and one might consider more general fields in this regard as well. The temperedness
assumption is nevertheless useful and allows to work with the Fourier transform.

II. Transformation Behavior of the Field. With the same notation as in I, the
transformation law of the field ® takes the form

Ula, L)®x(f)U(a, L)* = S(L),'®((a,L)f), ¥ (a,L) € PL, f € S(RY), (1.67)
where we set
((a,L)f)(x) = f(L™Y(z — a)), ¥ (a,L) € P,z € RY. (1.68)

The identity (1.67) is assumed to hold in D C H. The left hand side in (1.67) is
interpreted as representing the field components w.r.t. a transformed inertial frame.
With the heuristic identification ([1.66]), note that (1.67)) is equivalent to

Ula, L)(®4),U(a, L)* = S(L),H(®))arre, ¥V (a, L) € PL, 2 € RL. (1.69)

ITI. Local Commutativity (Microscopic Causality). For a fixed choice of — or
+, the following holds true: let f,g € S(R*) satisfy f(x)g(y) = 0 if n(x —y,x —y) > 0.
In this case, we call f, g spacelike separated. Then, for every such pair

[(I)k(f)’q)l(g)]i = [(I)k(f)’q);(g)]i =0, Vkle€ {1’ s ,TL}, (170)

where [A, Bl = AB+ BA. The identities ([1.70]) are motivated by the causality relations
of events in (R*, 7). As was noted in Secti spacelike separated events can not in-
fluence one another. It is therefore natural to assume that the corresponding fields can
be jointly diagonalized (in case of self-adjoint quantum fields), which is defined mathe-
matically by requiring that their projection valued measures commute. The possibility
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for anticommutators in (1.70) is related to the quantum field theoretic discovery that
half-inter spin fields can only be appropriately quantized if one imposes anticommutation
relations. There is no classical or non-relativistic motivation of this assumption.

IV. Quantum Field Theories. A relativistic quantum theory satisfying 0 with a
quantum field satisfying axioms I, IT, I11, is called a quantum field theory if the vacuum
g € H is cyclic for the smeared fields. By definition, this means that the linear space

Do = span{®;, (f1)... @, (fi)vo € D: f; e SRYVjeNie {1,...,n}" ke N}

is dense, that is, Do = H. Loosely speaking, a non-trivial quantum field should have an
impact on a sufficiently large class of states in order to be physically relevant.

Axioms O to IV make precise what we mean by a quantum field theory. In view
of particle physics, one should also include axioms that relate the theory to scattering
experiments. This topic is not discussed in these notes. References on possible extensions
related to scattering can be found in [21] Section 3.1].

2 Some Mathematical Tools

In this chapter, we discuss basic aspects of the theory of distributions and of the Lorentz
and Poincaré groups. The relevance of these topics to the description of quantum fields
should be clear from the Wightman axioms described in the previous Section

2.1 Distributions

This section discusses basic results in the theory of distributions. In addition to [2I], we
follow mostly [I8, Chapters 1, 6 & 7] and [14, Chapter V].

2.1.1 Locally Convex Topological Vector Spaces

From a functional analytic point of view, distributions are most naturally defined in the
context of locally convex topological vector spaces. In this section, we first discuss some
general definitions and results in this context. In the next Section we get more
concrete by defining distributions and tempered distributions on open subsets 2 C R".

A topological vector space is a vector space X equipped with a topology such that
the vector space operations + : X x X — X and - : X x K — X are continuous and
such that the point sets {z} are closed, for every x € X. Throughout this section, we
always consider real K = R or complex K = C vector spaces.

Problem 2.1. Let X be a topological vector space and define for x € X,a € K the
translation 7, : X — X and, respectively, multiplication operators pq : X — X by

(y)=x+y, pa(y)=a-y, VyeX.

Show that both T, and us map X homeomorphically onto itself.
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We call a family B of subsets a local base at 0 € X if every B € B is open, contains
0 € B and if every other open neighborhood of 0 € X contains an elements B € B.
Given a local base B at 0 € X, Problem implies that every open set in X is equal
to a union of translates of elements of B. In the following, we therefore refer to a local
base at 0 € X simply as a local base. Any such base determines the topology of X.

We say that X is locally convex if there exists a local base B whose elements are
convex. We say that (X, 7) is metrizable if there exists a metric d : X x X — [0,00) on X
whose induced topology is equal to 7. We call X a Fréchet space if it is a locally convex
metrizable topological vector space whose metric d : X x X — [0,00) is translation
invariant (that is, d(z,y) = d(1,z, 7.y) = d(x + 2,y + z) for every z,y,z € X) and such
that (X, d) is complete (every Cauchy sequence converges to a limit in X). We say that
X has the Heine-Borel property if every closed and bounded subset of X is compact.

Proposition 2.1. Suppose X is a topological vector space, K C X is compact and
C C X is closed such that KNC = 0. Then 0 € X has a neighborhood U C X such that

(K+U)N(C+U)=0.

As a consequence, if B is a local base for X, then every element in B contains the closure
of some element of B. Furthermore, X is a Hausdorff space.

Proof. By assumption, singletons are closed and they are certainly compact. Applying
the claim on K and C' to two single point sets in place of K and C thus shows that X is
a Hausdorff space. To prove the general claim on K and C, on the other hand, we may
assume w.l.o.g. that K # () (so that K + U = ()) and proceed as follows.

First of all, suppose W C X is an open neighborhood of 0 € X. Then W contains
another neighborhood U such that U = —U and such that U + U C W. Indeed, since
0+0=0¢€ W and + : X x X — X is continuous, by assumption, we find open sets V7, V5
such that 0 € Vi, Vo and such that V; +V, C W. Choosing U = ViNVaN(=V1)N(=V2),
we see that U = —U and that U + U C V; 4+ Vo, C W, as desired.

Now, let x € K. Then z € C°¢ and C° — x is an open neighborhood of 0 € X. By the
preceding observation, we find U, C X open, 0 € U, = —U, such that U, + U, C C°—z.
Applying the preceding observation once more, now for ﬁx, we find an open neighborhood
U, C X,0€ U, =—U, such that U, + Uy + Uy, + U, C Uy + U, C C¢— . In particular,
2+Uy+Uy+ Uy Cx+ (Up+ Uy + Uy +U,) C C° has empty intersection with the closed
set C. Moreover, since U, = —U,, we also have that

(24U +U)N(C+U) =0 (= (2+U,+U,—U,)NC =0).
Now, K is compact so that we find finitely many points x1,...,x, € K such that
K C U(JCJ + Umj).
j=1
Thus, setting U = ﬂ;‘:l Uy;, we conclude that
K+Uc| @+ Uy +U) C | () + Us, + Us))

j=1 7=1
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has empty intersection with C'+ U. Finally, for the statement about B, notice that

C+U=J@+0)

zeC

is open, because the topology of X is translation invariant. The previous observation
thus shows that K + U C (C' + U)® so that also its closure K + U N (C +U) = 0. Thus,
if B is a local base for X and B € B is an open neighborhood of 0 € X, choose K = {0}
and C = B° to find an open neighborhood U C X of 0 € X and thus, by definition of a
local base, an element B C U with 0 € B such that

BC(§C+U)C—<U(9C+§C))C— ((z+B)cB.

zeU zeU

We call a subset S C X balanced if aS C S for every a € K with |a| < 1.

Proposition 2.2. Let X be a topological vector space. Then, every neighborhood of
0 € X contains a balanced neighborhood of 0 € X and every convex neighborhood 0 € X
contains a balanced convex neighborhood of 0 € X. In particular, every locally convex
space X admits a balanced convex local base.

Proof. Let B C X be an open neighborhood of 0 € X. First we show that B contains
a balanced neighborhood W. To see this, recall that multiplication by @ € K is a
homeomorphism and in particular continuous. This means that - (V x Us) € B for some
Us C K or, in other words, that oV C B for all || < § for some § > 0. Thus

W = U aV C B

0<|a|<d:aVCB

is equal to a balanced open neighborhood contained in B.

In the next step, assume additionally that B is convex and let us construct a balanced
convex neighborhood S C B. To this end, consider A = ﬂ|a\:1 aB and choose W C B
as above. Then, for |a| = 1, we have that « ='W C W so that W C Niajz1 @B =AC B.
Now, W is open, so W C A° is contained in the interior of A which, as an intersection
of convex sets, is convex. This means that also A° is convex (ezercise). A° (containing
0 € X) is also balanced if A is (exercise). To show that A is balanced, on the other
hand, let |8| < 1 and notice that SaB = |laB C aB for every |a| = 1, because aB is
by assumption convex and contains 0 € X. Thus, we have for all || < 1

BA= () IBlaBC A.

la|=1
This implies that A° C B is an open convex balanced neighborhood of 0 € X. O

In a topological vector space X, we call a set S C X bounded if for every neighbor-
hood U C X of 0 € X we have that S C tU for every t > s, for some s > 0.

o6



Proposition 2.3. Let B be an open neighborhood of 0 € X in the topological vector
space X. Assume that (ap)nen 1S increasing with lim, . a, = co. Then

X = U anB.
neN

If (bn)nen is decreasing with limy, o b, = 0 and B is in addition bounded, then
B = {an in € N}
forms a local base for X.

Proof. For the first part, fix € X and notice that {« € K : ax € B} is open, by
continuity of scalar multiplication, and contains 0 € X, by assumption on B. Since
lim,, 00 a;l = 0, we must have a;lx € B, that is = € a, B, for n € N large enough.

For the second part, let U be an open neighborhood of 0 € X. Since B is assumed
to be bounded, we have that B C tU for all t > 0 large enough. This shows that for all
n € N large enough, we have B C b, U, that is b,B C U. O

Problem 2.2. Let X be a topological vector space. Show that the closure of a bounded
set is bounded and that every compact set is bounded.

Next, let us recall some results on metrizability in the context of topological vector
spaces.

2.1.2 Distributions and Tempered Distributions

2.1.3 Regularity and Nuclear Theorems for Tempered Distributions
2.1.4 The Laplace Transform of Tempered Distributions

2.2 The Lorentz and Poincaré Groups

3 Construction of Free Quantum Fields

3.1 The Free Massive Scalar Field
3.2 Representation Theory of the Lorentz and Poincaré Groups

3.3 The Free Massive Vector and Dirac Fields

4 General Properties of Quantum Field Theories
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4.1 Reconstruction from Wightman Functions

4.1.1 Basic Properties of the Wightman Functions

4.1.2 Refined Analyticity Properties

4.1.3 The Reconstruction Theorem

4.2 Locality

4.3 The Spin-Statistics Theorem

4.4 The Interaction Picture and Haag’s Theorem

4.4.1 Heuristics: Perturbation Theory and the Interaction Picture

4.4.2 Haag’s Theorem

5 The Euclidean Approach to Quantum Field Theory

5.1 Gaussian Processes
5.2 Path Integral Formulation
5.3 Reconstruction from Correlation Functions

5.4 Construction of
6 Basic Results on Lattice Yang-Mills Theories

6.1 Gauge Theories in Physics
6.2 Leading Order Partition Function of U(N) Lattice Yang-Mills
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