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Abstract

In these notes, we discuss basic mathematical results in constructive quantum
field theory. We start with a recap of classical mechanics, quantum mechanics, spe-
cial relativity and quantum field theory, concluding with a precise notion of a quan-
tum field theory based on the Wightman axioms. In the first main part we then focus
on the explicit construction of several important free field theories (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. The
second part focuses on general properties of quantum field theories. This includes
the reconstruction from Wightman functions, locality results, the spin-statistics the-
orem and Haag’s theorem, which is related to the interaction picture. Many of these
results rely on the analyticity properties of the Wightman functions which follow
from a general discussion of the Laplace transform of tempered distributions. The
third and final part focuses on basic aspects of the Euclidean approach to quan-
tum field theory. Here, we discuss Gaussian measures on locally convex spaces, the
Osterwalder-Schrader reconstruction theorem, aspects of the construction of the ¢3
model and some recent results related to Euclidean 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 [5, B3I, 30], 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 [111, 12} 13], 33].

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. [I1, 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. [14, 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, the first equality is equivalent to . 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
O {F,G} = {O]F, ;G). (1.9)

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

d
LG = {{F, HY, G+ {F, (G HY ) = {{R, G}, H
with {F}, Gt }i—o = {F, G} (all identities holding true pointwise in P). Since

SOHE.G) = {01{F.G}. 1)

with (®;{F,G})ji—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 . 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
O, (t,-)"F = F, that is, F' is invariant under the flow associated to Xy = JVH.

Now, based on the characterization {F, H} = 0, the key observation is that we can
also turn this picture around: F' is conserved under the dynamics if the Hamiltonian

H=0oyx,(t,)'H < H(z,p)=H(®x,(t,z,p)), V(z,p) €P

is invariant under the flow ®x,(¢,-) generated by the Hamiltonian vector field Xp =
JVF. To find the conserved quantities, this naturally suggests to look at the symmetries
of H, as first established by E. Noether. Indeed, in typical examples, the symmetries
of H are described by smooth, linear 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 as well. Typical examples are matrix groups such as the group of
linear, orthogonal transformations

O(n) = {ReR™™: R"R = 1gn}.

For simplicity of notation, let’s identify in this brief discussion Lie group elements with
their linear representations that act on P. If H is invariant under such an action, it is
invariant under the action of all its one-parameter subgroups (that is, continuous group
homomorphisms) v : R — G. In particular, if the Lie algebra g of G is generated by
gi,---,q;, then H is invariant under the integral curves (—¢,€) > t — v;(t) = exp(tg;),
where exp : g — G denotes the exponential map associated to G. To associate to each
generator a conserved quantity Q; € C°°(P), the task is then to solve for @Q); in

%%(-)(az,p) =IVQi(vi()(z,p) < Jgi(z,p) = VQi(x,p), ¥(z,p) € P.

8



If P has vanishing first de Rham cohomology group, we can solve for Q); if the differential
form w = Ele(wk dzy, + wy, dpy) that is associated with the vector field Jg; is closed,
that is dw = 0. Below, we illustrate this strategy through some explicit examples. For
more on the geometric background and a general discussion of Noether’s theorem in the
context of symplectic manifolds, see e.g. [I4, Chapters 9, 15, 16, 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 ®y, 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

Ox, (t,z,p) = (z +tn,p).

Indeed, @, (0,z,p) = (z,p) and d®x, (-, z,p)/dt = (n,0) = X,, 0 ®x, (-, 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,R*N) for P, € C®(PN)
denoting the momentum P, (z,p) = Zfil p; -n. Arguing as above, the total momentum

=) .=, pi is a conserved quantity, because of the invariance

(I)Xn(t’ )*HN = HN — q)Xn(ta )*V(xl - .iU]) = V(xl - x])a v Z.aja n e Rd? |n| = 17

12
where we recall that Hy(x1,...,2N,p1,...,DN) = Zfil Ig;ll + Zl§i<j§N Vi(x; — ;).

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

o _|pP?
(r.0) = 2L 4 V(@)

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

0 0 O 0 01 0 -1 0
Xi=|00 -1], Xo=[0 0 0, Xg=[1 0 O (1.10)
01 0 -1 0 0 0 0 0
form a basis of the (real) linear space of skew-symmetric matrices
50(3) = {X e R¥?: X = —XT}.
One can show, moreover, that every R € SO(3) can be decomposed into a product

_ X3 0X1 9 X3
R =3¢ e

of three rotations around the so called Euler angles ¢, 6,1. We assume these basic facts
in the sequel without proof. For detailed explanations, see e.g. [16], Sections 2.1 and 7.1]
and Problem ?7 below.

In geometric terms, so(3) ~ T1_,SO(3), equipped with the usual matrix commutator
as the Lie bracket [-,-] : s0(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

o0
Xk
— X -
k=0
is surjective. Matrices R € SO(3) act naturally on points in P as R(x,p) = (Rx, Rp).
Consider then e.g. the one-parameter subgroup {Re, ., : w € [0,27)} C SO(3) of rotations
around the axis e3 = (0,0, 1), where an explicit calculation yields (ezercise)

cos(w) —sin(w) 0
Reyw = exp(wX3) = | sin(w) cos(w) 0
0 0 1

Then, w +— Re, w(z,p) = (eXW:U, eXWp) = ®x, . (w,z,p) is equal to the flow of
(,p) — Xey(x,p) = (X3z, X3p) = IVLs(z,p) € C°(P,P) for Ls(x,p) = x1p2—x2p1.

In particular, if V(Re,.-) = V(-) is invariant under rotations around es, the angular
momentum L3 around ez 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 ezxercise.

Problem 1.1. Prove that O(3) and SO(3) are Lie groups and that s0(3) ~ T7,,50(3).
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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 11, ¢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
Y1 ~ g if and only if ¢ = ey for some w € [0, 27). This is sometimes referred to as
a (global) gauge invariance (the phase describing the choice of a specific gauge).
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 € H:D(A) 29 — (p, AY) € C extends to a linear functional in H*}.

Riesz’ lemma shows that if ¢ € D(A*), then there exists a unique §, € H such that
(p, Ay = (&, ) for every ¢p € 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. [21, 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, p-measurable function f : X — R such that

UDy={peL*(M): fpe L*(M)} and UAU*p = fp € L*(M),Vp € UD4.

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 xq : R — R the
characteristic function of Q € B(R). Then, the family of bounded, self-adjoint operators
(xa(A))aepw) forms a projection valued measure, which means that

i) xo(A) =0 and xr(A4) = 1y,
it) X0, (A)x0,(A4) = Xa1ne,(A) for every Q1,0 € B(R) and
i) xa(A) =372 xa,(A4) strongly in H, if Q= U2, Q; with Q;NQ; =0, Vi#j.

In terms of this projection-valued measure, A : D4 — H has the spectral decomposition

A= / ) (1.11)

where 0(A) C R denotes the spectrum of A.
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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 \lei){eil-
=1

The map U can be defined by linearly extending C" > ¢; — xqy,) € L2(9,B(Q), ),
where Q = {X\;:1=1,...,n} and where p denotes the counting measure on §Q.

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 ) € . 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 Q2 € B(R) is defined as

P(O € Q) = /Q (W, xar (A)9) = (0, xa (A, (1.12)

Notice that the law  — O, (P)(Q2) = P(O € Q) 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

8O~ [aro - /R O, (P)(dN) A = / A (A = (4 A0 (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? — (RO)? = (¢, A%)) — (¢, Ay)2. (1.14)

Observe that while (1.12)) is well-defined for every 1 € ‘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;)er acting on H. If the system is in state ¢ € H

12



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 [|Upp|| = |[¢]| = 1, for all t € R. By ([1.2)), the classical
dynamics is determined by the energy (the Hamiltonian). By analogy, one defines the
Hamilton operator H : Dy — R in quantum mechanics as the generator of the quantum
dynamics (Uy)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 [2I]. 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 ¢ (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 FOU6 € .

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 € CX(R) such that 0 < f <1, [ f=1s0
that supp(f,) C (—=1/n;1/n), Vn € N), we have that

lim sup [, — 6] = limsup H [ at (v - ¢>H < limsup sup U — ] = 0.

n—oo \t|§1/n

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

1 1
}Ln% Z(thsf —¢5) = }g% t/RdS f(8)(Upyrs —Us)p = — /]R ' ($)U(s)p = =y,

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

o1 ‘
H¢f = Z%l_I)% E(Ut(ﬁf - ¢f) = —'L(Z)f/.

By definition of ¢y € D, note that Uy : D — D for each t € R (Uipy = ds(_y)),
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H:D — D, [U,H|=0in D and that H is a symmetric operator, because
(Hoyg,hg) = (—idgr, ¥g)
=i [ dsdt £(09(5) 6.0 11.0)

= /R dsdt ' ()g(s+t)(¢, Ush)

_ /]R dsdt f(1)g/ (5 +1)(0, Ust)
= (¢y, Hipg).

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*t) = 1. Then, for each ¢ € D, we compute

8t<Ut¢71/}> = <_ZHUt¢7w> = _<Ut¢7¢>

This implies that (U;¢, 1) = (¢,¢)e™" so that (¢, ) = 0, because et — o0 as t — —o0
while |[(—U, ¥)| < ||¢]|||v0]|. Since ¢ € D was arbitrary and D = H, this implies that
1 = 0. Repeating an analogous argument for the case H*¢) = —it), 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~ "H | Given ¢ € D, we compute that

0y (Urp — Vip) = —iHUp — iHVip = —iH(Uy — Vy) 9,
which implies
O|Use = Vig||* = 2Im(H (Ui — Vi), Urp — Vagp) = 0.
Thus, Uyp = Vi for all t € R and ¢ € D, so that U; = V;, using D = H. ]

In quantum mechanics, one identifies the dynamics conventionally with (Uy)ier =
(e‘th/ M)ier, where £ 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

tep(t) = e My € C(R, D) N CHR, H),

is the unique C(R, Dy) N C1(R,H) solution of the initial value problem

Cdy
thgy = 1Y, (1.15)
P(0) = ¢.

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

P(O € Q) = (¥, xa(A)Y).
If the system evolves in time until ¢ € R via (Uy)¢er, this probability changes to

P(O: € Q) = (¢, U—itxa(A)U) = (¢, xo(U-+AU) ).

This clearly motivates to view Ay = U_;AU; : U_yD 4 — H as representing the dynamical
observable (O)icr 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]| 1.1
SA= (A H) (1.16)

Due to potential domain constraints, the rigorous interpretation of requires some
care. However, assuming e.g. that A € £(H) extends in fact to a self-adjoint, bounded
operator on H, the operator dynamics always admits a rigorous, weak formulation
in quadratic form sense (by taking the expectation of w.r.t. vectors in Dp).

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 [1.2] 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. [, 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 (x,p) € P = R? x RY.
Recalling , these satisfy as observables (that is, as coordinate functions in C*°(P))

{zi,z;} =0, A{pi,pj} =0, {xi,p;} = iy
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By the canonical quantization scheme, we now want to find a Hilbert space H and self-
adjoint operators X = (Xy,...,Xy),P = (P1,..., P;) that represent the position and,
respectively, momentum of the particle so that (on a suitable domain D C H)

[X:,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 modeled as a random variable with distribution P € P(R%)
(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)= / dx 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) = zab(x) for a.e. z € RY, o € Dy, = {y e LA RY) -z — zp(x) € LQ(Rd)}.

Then each Xj is self-adjoint by Theorem and there exists a dense domain D C L?(R%),
e.g. D = S(RY), such that for all 4,j € {1,...,d}, we have D C Dx;,X;D C Dx, and

In this so called Schrédinger representation, the modulus square [¢|? of an element
¢ € L*(R?%) has the interpretation of a probability density. This means that |1 (z)[>dz
describes the probability to find the particle near the point z € 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, = {$ € L*(RY) : 9,9 € L2(RY) } = {v € L2RY) : p = pjd(p) € LA(R)},

where 0, denotes the j-th distributional derivate in R? and where 1 denotes the L2 (RY)-
Fourier transform of . Recall that for 1, 121\ € L' n L*(R?%), we have R%a.s. that

0) = [ dwe @), uln) = [ dpep) (1.18)
R4 R4
Moreover, the map L?(R%) 2 ¢ ) 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, Xj] =0, [P, PJ] =0, [Xi, Pj] = ihoj;.
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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 15 = (0, X)), Py = (&, Py)]y))|

1
< (0, (X5 = (0, X50))°9)2 (0, (B — (0, Pj)) )
1 1
= (0, XJ0) = (&, X;0)%)* (0, Bjv) = (&, Pe)) .
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 A,
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. [7, Chapter 15].
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 : R4 — R is, by analogy to , given by

N

_|invP?
T 2m

h2

H
2m

+ 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(RY). Under suitable
conditions on V, it is essentially self-adjoint and thus admits a unique self-adjoint exten-
sion. See e.g. [22] 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 RY. Similarly, we can
generalize Examples 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¥V, B(R), dx) = ®§V:1 L?(R%) and the Hamiltonian takes the form

N

h2

H = Z %(*Amg’) + Z Vi(zi — ;).
j=1 J 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 ® : R3> — R and, respectively, A : R? — R3, its
energy is described by a suitable self-adjoint extension of the operator

B 1 . e 2
H = 2m\mv+ CA(x)| + e®(x).
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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)gcrd, (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 (Usg) jepa and (Vi)ycra 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 esBeitd — ¢itsitAgisB for cyery s,t € R.

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

Us — eis~X’ % — eit~P/ﬁ, v S,t c Rd.

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[1.3. 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
Uy =X, V, = /0 Vst €R.

To see that this defines indeed an irreducible realization of the integrated canonical
commutation relations (1.19)), note first of all that for every ¢, € L?(R), we have that

(0, Vi) = /R dpB(p)e™(p) = /R A Bz + 1) = (9,6 + 1)),

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

(ViUs0) () = Vi (e () = et (- + t) = " (U Viap) (), Vo € 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
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maps Vg, for s, € R. Then we can pick a normalized element ¢ € D and consider a
vector 1) € 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

[ i@t = [ apc)( [ v mom) <o

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= [ dudyli@)ele = )l<) = [ dalii@)l (el ) o)

for every ¢ € S(R). Choosing a strictly positive ( € S(R), so that ( x|¢| > 0 everywhere
since [|¢|| = 1, we conclude [1)(x)| = 0 for a.e. x € R and thus ¢y = 0 € L?(R). This
means that D = D = H and it proves that (U)ser, (Vi)ier 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.

In order to proceed with the proof, it turns out convenient to set

ist its ist _its

Wi =e2 UV =e 2 VUi, Wi, =e2 UV =e 2 VU

S

so that our goal is equivalent to finding a unitary map U : L*(R) — L?(R) that satisfies

UW, U =W, Vs teR. (1.20)

st
Now, observe that for every normalized 1, € L?(R), the linear spaces
Dy = span{W¢ : 5,t € R}, Dy, = span{W/ ' : 5,t € 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

(W, We ) = (', Wi '), Vs, t € R. (1.21)
Once such elements 1,1’ are found, we conclude from ([1.19) that

< Z )\jWSj,tjw7 Z :u’k‘WSk,tkqvb> =
Jj=1 k=1

VE

1
M T
Mz 11z T14:

tj Wsk,tkw>

<
Il
-

Xk,uk’ <'¢7 W*Sj,*tj WSkvtkw>

.
Il
—

e 2 itk skt) We—s;te=t; %)

I

<
Il

A

S
Il

A

< AjW;j’tj¢/7ZMkW;k’tk¢/>‘
k=1

j=1
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This and the density of Dy, Dy in L(R) imply that U : Dy, — Dy, defined by
u(}:&%@%w):EZMM@M¢CVM¢NL%¢kERkEN,
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 ¥, € L?(R), |[1| = [[¢'|| = 1, that satisfy
(1.21)). Finding such elements is not obvious and to explain the key idea, let us rewrite

(0, Wyib) = tr[9) (| 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

] = /R dsdt (s, )W, (1.22)

for some ¢ : R? — R, say ¢ € S(R?). In particular, this would imply that

R2

U(x) /Rdsz/)(s)f(s) = /R2 dsdt e%Sngp(s, Hf(x+s) = / dsdt eEi(SJF’”)t(p(s —x,t)f(s)

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

2
/dxe_a$2+bw = \/?efla, Va € (0,00),b € C,
R a

it is left as a ezercise to verify that (1.22]) is indeed satisfied for the explicit choice
1
xﬁw@:f%%ﬁe&m,@ﬂww@w:TJ%%ﬁe&W) (1.23)
T
Similarly, it is left as an elementary exercise to verify that for the choice ([1.23)), we have

(¢, Wetp) = 6_%(52-”2), Vs, teR.

Now, to find a corresponding state 1)’ € L?(R), consider by analogy to (1.22) the operator
P = / dsdt (s, )W/, € L(L*(R))
]RQ

whose boundedness is a direct consequence of the integrability of ¢ and the unitarity
of Ui, 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

W/ W/ — ei(51t2*52t1)W/

w!
s2,t2 77 81,1 S2,t27

—s1,—t1
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we conclude that for every ¢ € S(R?), we also have that

1 ~ . )
/R2 dsdt ((s,t)p(s, )Wy, = 2 /R4 dsidtidsadta ((s1,t1)e"* 220 (59, t2) WY, 4,

1 -~
=~ [, dsdt St WL PW, =

But ¢ > 0 in R?, so pick e.g. a non-negative bump function ¢ € C2°(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

H/ dsdt Cﬁ(s,t)go(s,t)W&tT/ — T'H < sup ||W57t7'/ — T/H/ dsdt (c(s,t)p(s,t) <1
R2 | R2

oL <e

and thus [po 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’)2 = /R4 dsldtldSthQ @(Sl,tl)g&(sz,tQ) 5/1,t1 5,27t2
:/4 dSldtldSthQ SO(Sl?tl)(p(SzvtQ)eé(Slmisﬁl) 8/1+827t1+t2
R

= /R4 dsdtds'dt’ (s — st —t")p(s, t')e%((s_sl)t/_sl(t_t,))W;t

= [ dsdto(s,OW! / ds'dt! (s (¢ 3 (smin)s'+s-in | _ pr
R2 ’ st R2 27

More generally, motivated once again by (1.22)), a similar computation (ezercise) yields
P/W/ tP/ _ Plefi(82+t2)P/ — efi(32+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 Py’ =1’ and thus

(W, Wiy = (0, PWL Py = e 365 = (4 W), Vs, t € 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 (®;),.cycr3
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
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and momentum in case of a single particle) and replaces it with a corresponding pair of
operators that satisfy the canonical commutation relations (1.17)). 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) crd, (Vi)ierd as in Remark [1.5] and set for o > 0

Ul =X =U,,, V/ =" PI" =V, Vs teR™

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

UR)(-) = 02 (/o).

In other words, rescaling by ¢ > 0 yields a unitarily equivalent, irreducible realization
of the ICCR (|1.19), 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? ( II 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

2

Vg LARY) — LX(RY, BRY), 1), p(da) = }exzdx, (Vao) () = whedl
T

is a unitary map and that u®? is a Gaussian probability measure on R

o(-)

Problem 1.3. Let d € N and set Uy = VU Vj;, V) = VaViV) and Wy, = Vde%‘s'tUtVSV;
as well as x> ' (z) = 1 € L2(R?, B(RY), u®?). Prove that
(Ulp)(x) = e (),
oL
(Vo)) = e 2oz + 1),
(0, Wi ') = e ablH,

for every s,t € R%, ¢ € L2(RY, BRY), u®?) and a.e. x € R?.

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. [4, Chapter 10], we define
loo as the unique (regular Borel, see [3, Chapter 1]) probability measure on (€2, 3(£2))
for @ =[[72; R (equipped with the product topology, which is metrizable) such that

/Q,uoo(d:n)f(x):/Quoo(dx)f(azl,mg,...,xd):/IRd,LL@d(d:E)f(ml,:L‘g,...,xd)
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for every integrable f : @ — 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 LQ(M®d+1) N LQ(u®d+2) oy ey L2(/~Loo)

for L2(p®4) = L2(RY, BRY), u®?) and L?(pieo) = L*(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  (equipped with the
product topology admitting a countable basis for its topology), we verify that

oo
L2, =J L (™) € LP(ue)
d=1

is dense in L?(js). As a consequence, the canonical projection Iy : L2(poo) — L2 (u®?)
satisfies limg oo ||t0 — Mgtb|| = 0, for every 1 € L%(jiso). We leave the careful proof of
the last two statements as an exercise. In view of Problem we then define

is-1

2 (UVsp) ()

(Usp) (@) = € 7p(x), (Vig)(@) = e 2@ + 1), (Woip)(2) = e

for every s,t € R<® = |J,enyR? < Q and ¢ € L%*(uos). Notice that, heuristically,
the pair (Us)ser<c, (Vi)ier<e corresponds to a countably infinite sequence of canonical
position and momentum operators (X, Pj);en that satisfy the CCR .

As in the proof of Theorem [1.3, we obtain for every s,t € R<* that

UsUp = Usyt, VsVi = Vs, ViUs = €UV, (1.24)

and that
<¢7 WS t’(/}> = efi(|3|2+‘t|2)'

Here,  +— ¥(x) = 1 € L%*(so) with ||| = 1. Since (Us)ser<oo, (Vi)ier<eo define
isometries on L2, they must be unitary on L?(us) (alternatively, unitarity can be
checked explicitly based on (1.24)). The pair (Us)ser<e<, (Vi)ier<= 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= [ hoe(de) @) Vi)
2 and every t € R<* so that lp(z) et 120 (2 4 )| = 0

and hence |¢(z)p(z +t)| = 0 a.s. in Q. Now, note that for d € N sufficiently large and
0 # ¢ € L?(dus) we have explicitly

for every ¢ € S(RY) — L2

Jo, 1> 4(AX) €z, X)
I z,X)= =4
e ) o) Jo, o> d) (. X
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for a.e. x € RY, Qg = [[2411 R and p®>4 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

(M MUVig)| < € [ pan)] [ ) v X) [ uHay) Vigle. )

>d

< C/Rd pE (da) (|9 (x, -), 1>L2(M®>d)<1, ’USW¢’($)>L2(M®>d)
<C [ pelde) = ()t + ] =0
Q

for every t € R<°°. But now arguing as in the finite dimensional case (using that Us and
V; commute with T4 if s, € R%), we conclude that Ig) = 0 € L?(u®?) for every d € N.
This shows 1 = 0 € L?(jie0 ), a contradiction, and the irreducibility follows.

Now, note that for every other irreducible pair (U.)scr<e, (V] )ser< that satisfies
and that is unitarily equivalent to (Us)ser<, (V)ier<e (via some map U, say),
there must exist a normalized state ¢/(= U1) € L?(uxo) such that

W\ W) = e~ (sl +1t?)
for every s,t € R<°°. Qur previous considerations then suggest to fix ¢ > 0 and to set
Ul = Us/os V] = V.

Clearly, (Ul)ser<c, (V})scr< satisfies and is irreducible. But this pair can not be
unitarily equivalent to (Us)ger<ec, (Vi )ier<ec. Otherwise, there exists some 9’ € L?(1ioo),
[¢'|| = 1, such that (', V/ ') = e 1 for every tq = 0,...,0,1,0,...) (the non-zero
entry being at the d-th slot) and every d € N. But if ¢/, = II;¢)’ is the projection of ¢’
onto L?(u®%) < L?(piso), we infer from a small variation (ezercise) of Problem [1.3| that

o2 _ o2
(Vo Vi V) = e Tl — e 1
as d — oo. On the other hand, (', V{,, ¢') = e~1 and strong continuity implies

’<¢/7 V;‘,/d+1¢/> - <wélﬂ Vt/d+1¢2l> ‘ —0

)

o

as d — oo. Thus, we obtain for every o # 1 the contradiction that e™ 7 =e i. 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?(pi00), see [31, Section C.4].
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1.2.2 Symmetries and Their Representations

Following [33], 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. In the previous
sections, we learned that physical observables are described mathematically through self-
adjoint operators, based on the spectral theorem. How do we describe symmetries in the
context of quantum mechanics? This section discusses this question based on a result
due to Wigner which says that symmetries can always be modeled by unitary operators
on the Hilbert space that contains the physical states.

Let us first make precise what we mean by a symmetry transformation. Suppose 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

o, )P for w9 € H, |l = [lv]| = 1. (1.25)

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

Ri= |J H{eeH:o~vi= | W
YeEH,||P]|=1 YEH,||p]|=1

recalling that 1)1 ~ vy if and only if 11 = €™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 : R1 — R1 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.
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Proof. We follow [2] and begin with a few preliminary remarks.

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

Next, observe that if ([¢];)}, is a sequence of orthonormal rays so that [¢]; - [)]; =
d;j, then we have by for every pair of representatives v; € [¢];,¢; € [¢]; and
W € Tl v} € TR that

(Wi ¥)| = (Wi, o) = 05 = (i, s) = (W), ¥5)-
As a consequence, if ¢ = > Nty (= D i1 (¥i, )1i), then we have for every ¢’ € T[]
o = St = 1P - Z (i, @) 2 = (TIe] - Tlgl) = S (Tl - Tle))?

=1 =1

o=t

=1

2
= 0.

In other words, ¢’ = "7 | 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 € [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
and with the statement of the theorem. To this end, consider ¢ = e 4+ ¢ for some
0 # ¢ € {e}*t. Then, we can write equivalently 1) = \je + Aze, for the normalized
vector e, = p/[l¢]l € {e}*, A1 = 1 and A2 = [|p|. Fixing some e, € Tley], we know
based on the preliminary remarks that for every ¢’ € T[¢], we have that

1// = /16/ + )\'26’

for some X, X, € C with |N|| = 1, |A;| = ||¢]]. In particular, by orthogonality of € and
e,,, there is one and only one element ¢ = €'+ Xye{, € T[)] such that A} = 1, [A5] = [¢]|.
Based on this specific choice (which determines X}), we define

Uilp=Xe, €Tley], Ulet+p) =€ +UipeTle+y], Up=UrpeTle,]. (1.28)

This implies in particular the additivity U(e + ¢) = Ue + U 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 1,2 € {e}*. By (1.26)), the

preliminary remarks and (1.28)), we have that [(U 1, U @2)|* = [{¢1, p2)|* as well as

11+ (Uip1,Uipa)? = [(¢ + Urr, € + Urpa)]* = [{e + ¢1,e + @2)|* = |1+ (1, p2) |*.
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By expanding the squares, this implies that Re (U1, U] v2) = Re (@1, p2). In particu-
lar, if (¢1,p2) = Re{(p1, ¢2) is real, we must have Im (U, p1, U ¢2) = 0 (recalling that
KU L @1, UL p2)| = [{p1,¢2)]) so that in this case

(ULp1, ULpz2) = (1, p2). (1.29)

Next, let us pick some vector 1, € {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 = i + pee. (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 () = xp()Y" with |xy(v)| = [v].

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

Rexi(v1)xi(v2) = Re (UL (v194), UL (vathi)) = Re (v1vi, v2thi) = Remyvy
so that
Rex;(v) = Rexi(1)xi(v) = Rev and y;(v) = v if v € R (since |xi(v)| = |v]).
Now, pick an arbitrary linear combination ¢ = v1114+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;) 14, v;10;) = 1 so that
(@) i, vini) = Re () " bi, vt} = (UL ()~ o, Urwihi) = xa(@) ~1)xa(wi).-

At the same time, {(7;) "2, viay;) = (7;) "y, 1), so that by the same argument
(@) "i ) = (UL@a) ™, Unw) = (UL () " bi, vy + vidy) = xa((@) 1) v
Combining this, we find that v/ = x;(v;). In other words, for every vy, v, € C, we have
Ui (i1 + varhe) = xa () U1 + x2(v2)ULs.

Since this implies
Xapr 12 (V) (V1 +05) = X oo (VUL (Y1 + 42) = UL (w31 + vih2) = x1(v)iy + x2(v)ibs,

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

UL (vi1 + vathe) = x(v1)ULyr + x(v2)ULts.
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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(7) = Rei = 0 so that x(i) = oi for 0 € {—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) = c 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 = p1Y1 + petbe, the previous arguments imply that

Ui(pr+¢2) = UL (M + p)vr + potbe) = x1(M + p) UL + xa1(p2)U Lo
= x1(A)U L1 + x1(p) U + xa(p2) UL
=Upp1 + UL,

that U (vyi) = x(v)pi, i € {1,2} for x(v) = v or x(v) =7 and, finally, that

(U1, Urgpa) = x(A)x(p1) = x(A)x(u1) = x(Ap) = x ({1, 2))-

Since ¢1(# 0) and @3 were arbitrary vectors in {e}*, this proves that U, extends either
to a linear, isometric or to an antilinear, anti-isometric map on {e}J— that is consistent
with the symmetry transformation 7" : R1 — 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 4 ¢ for ¢ € {e}* and for some
a € C\ {0,1}. Here, we finally set

Uae+p) = x(@)U(e+a9) = 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.

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 each is either linear, unitary or antilinear, antiunitary. Then,
both U; and Uy are necessarily additive. By compatibility with T', we have U1y ~ Uy
for all 1) € H. This means that for every ¢ € H, there exists wy € [0,27) so that

Usth = v Uy,

If p,1» € H are two linearly independent vectors (which exist if dim(H) > 2), the
previously mentioned additivity of U; and U, implies

e“eUrp + €U = Us(p + ) = e+ (U + Ury) = ee+v Uy + ee+v Ut

so that e™¢ = e™e+v = v Note here that linear independence of ¢ and 1) is preserved
by Ui, by (anti-)unitarity and the fact that ¢ and v are linearly independent if and only

28



if (@, 9)| < |l¢lll|#]]- On the other hand, if ¢, are linearly dependent, we can find
some ¢ € H independent of both ¢ and 1 (using once more dim(#) > 2) so that

eimp — €iw"°+€ — eiwc — eiww+g — eiwq/,
by the previous argument. In conclusion, this shows Us = €“U; for some w € [0,27). [

Problem 1.4. Verify Theorem[1.]] for dimH = 2. For dimH = 1, prove the existence of
a linear, unitary or antilinear, antiunitary map that is compatible with T as in Theorem
but show that the uniqueness statement as for dim(H) > 2 fails.

Theorem ﬂ 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 % = L?(R?%) and the Hamiltonian

_ |inv)?

2m

H

+ V(x).

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)(x) = (z — a) € L*(RY) = U,L*(RY).

Clearly, the maps (U,),ere 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)icr leads to the conservation of the momentum in
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 (U, )ier implies the existence of a self-adjoint operator p - n that satisfies

Upp = e P/t e R.

A direct calculation shows that

(b)) = ihlim T (Ui — Uow) () = it PO (g )

t—0 t

for all ¢ € L?(R%) that satisfy V-n1 € L?(R?). Choosing for n € R? the canonical base
vectors e; in R?, for j =1,...,d, the corresponding translations are generated by

pj: Dy, = {¥ € L*(R?) : 9,9 € L*(RY)} — L*(RY), pjih = —ihdy, ), j € {1,...,d}.
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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 Schrédinger 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(p%)t/hU:n _ ]-L?(Rd) . e—is(p-n)t/h _ e—ispn/h
for every s,t € R and this implies by (the proof of) Theorem that
(p-n) = HHIM e HIM — o Yt € R.

Example 1.7 (Rotations). Consider a particle in R3, in the same setting as in the pre-
vious Example[I.6] Symmetry transformations that describe rotations of the coordinate
system can be implemented through the unitary operators

Ur: L*(R?) — L*(R?), (Ugy)(x) = ¢¥(R™x), 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)eer, where the matrices
X1, X2, X3 denote the generators of so(3), defined in (1.10). For example, the angular
momentum in direction eg takes the explicit form

(L) () = ih lim 2LE720) = 0(@)

w—0 w

= ¢h lim 1 (¥ ((cos(w)zq + sin(w)zg, — sin(w)z1 + cos(w)zz, 23)) — ¥(z))

w—0 W

= (22(ih0, )1 — 21 (ih0s,)¥) () = ((z1p2 — 22p1)¥) ().

More generally, one readily verifies that L = (L1, Lo, L3) = = X p on a suitable, dense
domain, where z 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 R3).

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 : A linear , A™! 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(g192) = 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
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normed space, we call p strongly continuous if the map G > g — p(g)v € V is continuous,
for every v € V. The representation p is called faithful if it is injective and it is called
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(¢)S C S for all g € G. Otherwise, p
is called reducible. From a physical point of view, according to the ideas of E. Wigner
1341 35], if a quantum system is equipped 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 may 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,vy # 0, we have that

H=span{p(g)y: g € G} = {0} ={peH:({Ulg),¢)=0,VgeG}

Proof. The space span{U(g)y : 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-zero,
closed linear subspace S C H invariant under p, we pick ¢ € S, ¢ # 0 and find H =
span{p(g)¢ : g € G} C 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

A = Ap(g)p = p(g9)Ap = Ap(g)y = M\,

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(H) < o0). By the previous step, we may thus assume that
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S = span{p(g)¢ : 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)0, C) = (1, p(9)*¢) = (¥, plg™")C).

Now, choose P : H — S to be the orthogonal projection onto S and let ¥ € H,1 # 0
so that ¥ = 1 + o = Y00, wip(gi)p + 2 for 1 € S,9p9 € St. Then, using that
Pp(h)e = p(h)p € S, continuity of P as well as Pp(h)is = 0 for every h € G, we obtain

Pp(hyy = wiPp(h)p(gi)p + Pp(h)be = > pip(hg)e
i=1 =1

= p(0) (X mPplg)e + Pua)) = p(h) Py,
=1

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*(R3?), 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) x R®* 3 (R,2) — Rz € R?

of SO(3) on R3 and the SO(3)-invariance of the Lebesgue measure. In the same way,
every other finite-dimensional representation, 7' : SO(3) — SL(n,C) (mapping to the
space SL(n, C) of n x n matrices with determinant one) induces a unitary representation
p:SO(3) — U(L*(R3,C")) on L%(R3,C") through

p(R)Y = T(R)Y(R™L), Vo € L*(R3,C"). (1.31)

Studying the representations of SO(3) therefore provides important information on the
possible quantum systems with rotational symmetry.

Up to this point, we discussed exclusively unitary representations as a tool to repre-
sent symmetries in quantum mechanics. Due to the global gauge invariance in quantum
mechanics, we may allow more generally for so called projective unitary representations.
In view of Wigner’s Theorem note indeed that if p(g1) € U(H) and p(g2) € U(H)
represent two symmetry transformations, their composition (as a symmetry transforma-
tion) is represented by p(g192) € U(H) so that

[p(g192)] = [p(g91)p(g2)¥], Y € H, [|ib]| = 1.

A priori, we can therefore only say that the operators p(g1g2) and p(g1)p(g2) are equal
up to a constant phase. This important observation leads naturally to the notion of
projective representations, a generalization of ordinary representations. While referring
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for a general introduction to this topic to e.g. [I7, Chapter 12], here we follow a hands
on approach and define a projective unitary representation p : G — U(H) to be a map
such that for every g1, g2 € G, there is some phase A(g1,92) € C,|A(g1,92)| = 1 so that

p(9192) = A1, 92)p(91)p(g2)- (1.32)

In view of the classification of quantum systems with a given symmetry into elementary
systems, it is therefore an important task to study the projective representations of
the symmetry group. Although the class of projective representations is in general
larger than that of the ordinary representations, in several physically relevant cases
the projective representations can be understood in terms of the representations of its
covering group. This applies in particular to SO(3) as explained below. To this end, we
use the following result that relates SO(3) to the group SU(2), which is defined by

SU@2) = {AeC¥?: A*A=1cz,det A =1} (1.33)
={A= (aij)?,jzl € C¥?% 1 ayy = Gg, az1 = —12, |an1|> + |ai2)* = 1}. .

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 a local homeomorphism.

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

e O ] (L0

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

3 .
T T +1x

R?’Bl‘l—)O"l‘:E Uj:):j—< 3 ! 2)—(U-x)*€C2X2
1 — 1T9 —XI3

=1
so that tro - 2 = 0 for every z € R? and observe that
det(o-z) = —23 — |21 — ize|* = —|z|%

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(x) € R? such that

1
A(o - x)A* =0 -ya(z), with (yA(:U))J = itr ojA(o-x)A*, j € {1,2,3}.
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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 continuous map

SU(2) 3 A~ R(A) = (R(A);)’ 1

himl = §(tr O'Z'AO']'A*) e R3*3

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) = 1gs with det 1zs = 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 - 1) B*A* = A(o - (R(B)z))A* = o - (R(A)R(B)x)

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

Ac-z=0-2A

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

A= (50,

Combining this with the condition [A, o1] = 0 implies that Im(a) = 0 (ezercise) 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(Ag) if and only if A} = Ay or A = —A3 so that the
map SU(2) 5 A — R(A) € SO(3) is a continuous two-to-one homomorphism. That R is
a local homeomorphism is discussed in Problem O

Problem 1.5. Consider the map SU(2) > A — R(A) € SO(3) from the previous propo-
sition and recall the definition of the generators X1, X2, X3 € R3*3 of s0(3) from (1.10)).

a) Show that for every w € [0,27), we have that

cos(w) —sin(w) 0 R
Rey = | sin(w) cos(w) 0] =R(Aeyw), for Aesw = i, | €5U(2).
0 0o 1 0 e

b) Let R € SO(3). Prove that there exists a direction vz € R3,|vz| = 1, such that
Rvz = v3. If B = (v1,v2,v3) is an orthonormal basis of R®, show that the matriz
representation R of R with respect to B equals Rg = Re, ., for somew = wp € [0, 27).

c¢) Show that the Hilbert space R® is isometric to the space of matrices {o-x :x € R3} C
C2*2 with inner product (A, B) =tr AB, VA,B € {0 -z : x € R3}.
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d) Let R € SO(3) and vs € R3,|v3| = 1, be as in part b). Analyze the spectra of o - vs
and o3 to conclude that there ewists a unitary map U € U(2) C C**2 such that
Uo - v3U* = o3. Use part c¢) to find an orthonormal basis B = (v1,ve,v3) such that
Uo -v;U* =0 for each j € {1,2,3}.

e) Prove that SU(2) 5 A — R(A) € SO(3) is surjective and locally invertible with
continuous inverse.

f) Prove explicitly that for every x € R? and w € [0,27), it holds true that

£33 (o :r)e_%”” =0 (e*%32). (1.35)

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, the classification problem of its projective
representations can reduced to the classification of the ordinary representations of its
covering group. To make this more precise, we say that a projective representation p
can be lifted to an ordinary representation p’, sometimes called de-projectification of p,
if there exists A : G — {z € C : |z| = 1} such that p(g) = \(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 compactness is that under certain additional as-
sumptions, non-compact Lie groups generally do not admit non-trivial finite-dimensional
unitary representations. For more details on this, see e.g. [17, Chapter 12/, [9)].

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

Corollary 1.1. Let p : SO3) — U(H) be a finite-dimensional strongly continuous
projective unitary representation of SO(3). Then, there exists an ordinary representation
T of SU(2) and a continuous map X : SU(2) — {z € C: |z| = 1} such that

p(R(A)) = MA)T(A), YV A e SU?2).
Here, R: SO(3) — SU(2) denotes the homomorphism constructed in Proposition [1.1]

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

SU(2) 2 A p(R(A)) e U(H),

which defines a projective representation of SU(2), implies the claim. O
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Proof of Prop. [1.4 Assume w.l.o.g. H =C" and let p: G — U(H) = U(C™) C GL(C")
be a projective unitary representation so that

p(9192) = (g1, 92)p(g1)p(g2) with |u(g1,92) =1, YV g1,92 € 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 3 (g1, 92) — g192 € G as
well as G2 3 (g1, 92) — p(g1)p(g2) € U(C™), implies also the continuity of

6?3 (91,02) = tr (p(9192) (p(91)0(92)) ) = lo1,02) € (= € C: 2] = 1.

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

G>3g—detp(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' > g —
AMg) = (det p(g))~/™ is well-defined and continuous. We then simply set

7(g9) = AMg)p(g) € U(H) (1.36)

for every g € V so that by the properties of p, we have that

) = SO (g ) ),

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

(Aooning)y"_,

A(g91)A(g2)
Assuming V' C G to so small such that the last step implies % =1, we find
7(9192) = 7(91)7(92), YV 91,92 € V. (1.37)

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.
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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 v : [0,1] — g with v(0) = 1¢, 7(1) = g and to define 7(g) as

7(9,7) = TV, )T e Vi) - - T Vi) (1.38)

where 0 = tg < t; <ty < ... <t = 1 is a partition that is fine enough to ensure that
%ﬁtil € V for every i € {0,...,k}. We leave it as a simple ezercise to show that
implies that a refinement of the partition does not change the r.h.s. in . 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 GG implies that

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

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

7(9) = 7(9,7)

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 v : [0,1] — G with 71(0) = 1¢, (1) = g1 € G and
v2 : [0,1] = G with 71(0) = 1¢g, 72(1) = g2 € G, we can form a path v : [0,1] — G with
v(0) = 1¢, v(1) = g192 € G as the concatenation v = 1 o (—7v2) o 72. Then and
imply (ezercise) that

7(g9192) = 7(9192,7) = 7(91,M1)7(92,72) = 7(91)7(92),

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 N (g) € C with [N (g)| = 1 such that

7(9) = T Ve, )T (e Vi) - - T2 Vi)
=2 (v, )P ) - AT (m s e v
= XN(9)p(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
that 7(1g,7) = 1cn for every loop 7 : [0,1] — G starting and ending at 15. So consider
such a loop and choose a homotopy ¢ : [0,1] x [0,1] — G between v and the constant
loop [0,1] 5 t — vo(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

T(g7wu1) - T(9a¢u2)7 (140)
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where ¥y, (t) = ¥(u,t) such that 1, (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 = tg < t; < to < ... < tx = 1 so that

T(g, ¢u1) = T(¢u1 (tk)wm (tk—l)_l) s T(wm (t1)¢u1 (tO)_l)a Ql}ul (ti)wm (tifl)_l eV

and

7(9,Yuz) = T(Vus (t0)tug (te1) ) - T (Vg (1) %ug (t0) ™), Woug (b, (ti-1) T €V
for every i € {1...,k}. Continuity and (1.37)) then also imply that

Yoy (8) 0y ()7L, uy ()00, (1)L €V, Vit < 5,8 < tip1,5€{0,1,...,k—1}.

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

Yy (63) 0y (bim1) T = (¢u1 (ti)uy (ti)_l) (%Z)uz (ti)uy (ti—l)_l) (1/Ju2 (tim1)Vuy (ti—l)_l)

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 (uy (8) by (ti-1) ™)
= 7 (Yuy () Vus () ™) T (Vuy (£0) Py (ti1) ™) T (Vi (i1 )0y (Bim1) ™).
Similarly, continuity of v implies that

-1 _
(Yus (tie1) Py (tim1) ™) T = g (ti1)Yu (ti1) €V
whenever |u; — ug| is small so that another application of (1.37)) shows that

T (Puy (t1) s (te1) ™) - T (g (81) %0y (t0) )

=7(16) T (Yus (b)) Vus te—1) ™) T (Y (Brm1) oy (B—1) ™)
X T (P (tr—1)Wus (ti—1) ™) T (Vg (Fe—1) s (tr—2) ™) T (Vg (ti—2) Yy (F—2) 1)
X ... X T(¢u1(t1)¢u2 (tl)_1)7(¢u2 (t1)us (to)_l)T(IG)

= T (Vu (01) Pus (t-1) ™) -+ T (Y (1) s (F0) ).

This shows that 7(g,¥w,) = 7(g, ¥u,) Whenever |u; — us| is sufficiently small. O

Consider now once more the transformation behavior of a rotation invariant quantum
system whose symmetry is described by a projective unitary representation

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

as in (1.31)), where T': SO(3) — SL(n, C) is some finite-dimensional projective represen-
tation of SO(3). Applying the unitarian trick, i.e. replacing 7' : SO(3) — SL(n,C) by
the equivalent unitary representation

D=

SO(3) 5 R s < /S M09 T(G)T(G)*) T(R)( /S M09 T(G)T(G)*)é,
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where p denotes the normalized Haar measure on SO(3) (see e.g. [14, Chapter 14]), we
may assume without loss of generality that T': SO(3) — U(C") is unitary. Corollary
then tells us that we can identify 7' with an ordinary representation U : SU(2) — U(H).
Instead of T', we may thus study the ordinary unitary representation

SU(2) 3 A U(A)(R(A)L), Vb € L*(R3,CM). (1.42)

Conversely, notice that every (projective) representation U : SU(2) — U(H) such that
U(A) = U(B) whenever R(A) = R(B) gives rise to a projective representation of SO(3)
(cf. [IT7, Prop. 12.69]). In other words, in view of the classification of quantum systems
with rotational symmetry SO(3), we can directly analyze the ordinary representations
of SU(2), without losing any physically relevant information. Although the original
symmetry group is replaced by a more abstract group, it is mathematically easier to work
with ordinary representations. In the latter case, it is for instance straightforward to
associate to each Lie algebra generator a quantum observable, based on Stone’s theorem.
There are also fundamental results like Nelson’s theorem (see e.g. [20] and [17, Prop.
12.85]) that support the viewpoint to take the covering group as a starting point. Finally,
generalized transformation laws such as naturally lead to the idea of abstract
groups as models for 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, where fields are modeled as connection forms on a principal G-bundle.

The previous discussion motivates to study the unitary representations of SU(2). We
defer this to Section [3.2] 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

(Js)(x) =i lim l((a_%"‘?""w(e_”X?’Jr:) — w(a:)) = (Lg + @>¢(Z’), for a.e. z € R3.

w—0 W 2
Here, we used Problemwhich shows that R(e~273%) = e~“X3. The operator S5 = %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 = (57,52, 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 said to be of spin s = %, a terminology
related to the representations of SU(2) and explained in more detail in Section
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 € R3, one has that
s e

(-A) — —L- B+ O(B?).

1. e

- 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\;1 L*(R%) = 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

m(x1,...,oN) = (:Eﬂ(l), .. ,CL‘ﬂ.(N)), VreSy, (z,...,xn) € REY,
we can define the associated unitary permutation operators U, : H — H by
(wa)(ﬁla s 7'%']\7) = ¢($n(1)7 s ?:UW(N))'

Now, in general, we clearly have ¢ 0 Urt. So, in the setting of indistinguishable
particles, it is natural to restrict the state space to those wave functions v that satisfy

U~y <= Uz =\t
for every m € Sy, where A\ € {z € C: |z| = 1}. Since Ur,or, = Ur,Ur,, this implies
)\7r1o7r2 = )‘Tfl)‘ﬂw V7T1,7T2 c 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 = 7 o ... o 73 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 Ao = A2 = A(1s,) = 1, so that
Ar € {—1,1} and thus Ay € {—1,1} for every 7 € Sy. Furthermore, based on the simple
observation (j, k) o (4,1) = (j,1) o (I, k) for every j, k,l € {1,..., N}, it follows that

AGk) = Ak) = Ak) = Aml) = An)

for all j,k,l,n € {1,...,N}, and thus A; = 1 for all 7 € Sy or A, = —1 for all
transpositions 7 € Sy. This determines the one dimensional representations of Sy.
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According to each representation, we can now build appropriate physical state spaces
(recall that the latter ought to be linear). One calls the particles described by states in

N
L2R™) = {yp € LXRM): Urtp =, YV € Sy} = () L*(RY)

sym

bosons while fermions are particles that are described by states in

N
LZRW™) = {y € LPRN) : Upp = (1), ¥ € Sy} = \ L*(RY).
For more on indistinguishability, see also the discussion in [33, 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 [I.1] 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 [I9, Chapter 6]. According to Newtonian mechanics, absolute space is a
three dimensional Riemannian manifold (E, g) with a symmetric, positive definite metric
g e C® (E , (T*E)®2). Newtonian mechanics then postulates that (E, g) is isometric to
(R3,.), where - denotes the Euclidean inner product. This means that there exists a
diffeomorphism ® : E — R3 so that

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

Particles are described by trajectories [to,t1] 3 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] D t — (t) € E of a particle of
mass m > 0 is described in terms of isometric coordinates y = (y1,%2,%3) : E — R3 and
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if no force acts on the particle, then Newton’s law states that

d?y d*(y o) d(y; o) d(y; o)
— =0 < — Lyj 2 =0,
" m< az Z =g dt )
1<4,5<3 (143)
d*(y o)
— 2V _y
dt2

Here, we used that the metric g is locally constant and diagonal in isometric coordinates
so that the Christoffel symbols (I‘fj)i k=1 vanish identically (for their definition and
other basic notions from (semi-) Riemannian geometry, see e.g. [I9, Chapter 3]). (1.43)
implies that in isometric coordinates particles travel on straight lines (yo~)(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,7(1) = ¢}

for L(v) = fol dt \/ Gyt (dry/dt,dvy/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—w|, Vv,weR3.

In other words, ¥ : R? — R3 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) (exercise). 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 € R*, 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

O = OU-witda dyy @, . . Qduy, @ 0 ®...Q € C(E,(T*E)*P®(TE)®), (1.45)
P 8uj1 8ujq
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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

Ou; Ip

0

lu(p) O ;

= (™)
T Ju(p)

, VpeE.

This means that 0/0u; € 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
standard basis vector e; € R3 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

U= UJ‘i € C*(E,TE),
Ou;

its pushforward (dull) ou=! € C®°(R3, TR3) by u : E — R3, which is interpreted as the
coordinate representation of U with regards to the chart u : E — R3, takes values

0

—1 _ _ J -1 -
(dul) o u™ (v) = duy, 1<v>((U o )(“)auj =1(0)

~ 0
= (U ou ) (v)=— R3
) (U’ ou )(v)alev,Vve .

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,,) = 6. This means explicitly that

(duj)yp = (d;)uep) (dw)pp, ¥ p € B,
so that the pullback (u™1)*w € C®(R3, (T*R3)) of a general one form
w = wldu; € C°(E,(T*E)),
interpreted as the coordinate representation of w w.r.t. the chart v : F — 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 = U]%j € C*(E,TE), f € C>®(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
A ...

8$]1 8qu

o, = (- wildioy ™) day, @. .. dry, @ € C®(R?, (T*R*)®P@(TR?)®7).
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Now, consider a different inertial frame v/ : E — R?® w.r.t. which ® has the form

O = (@)1 wiltda dul @... @ du ®aa, ®.. aa, € C®(R? (T*R*)®P @ (TR?)®9).

Then, the chain rule, applied to (v’ o u=!)(-) = R(:) + a, for suitable (a, R) € E(3),
implies that the component functions (®“-i1--Ja o y~1) and ((®')"-ri1-Ja o (u/)~1)
of the coordinate representations ®, and, respectively, @,/ of the field ® are related by

((I)’il...ip;jl...jq o u—l) ()

i ip( p—11j (1.46)
=R,"...R, "(R h

(RN (@Rl o ()Y (R() + a).

1° lp

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. [27, 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
interaction between interacting particles (cf. the discussion in [I2, 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 = = (x¢, x1, x2, x3) and, respectively, z’ = (z{, 2!, 2, 2§) where z( and
x(, measure the time in each frame via the identification ¢t = x¢/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

0 = A|dt|]* — |dx|* = A|at'|* — |da’|.

‘ ’_‘dt’

The second equality on the r.h.s. is an infinitesimal version of the identity

1 0 0 0
n(z,z) = nzx; =n(,2), for n= 8 _01 _01 8 e R4, (1.47)
0 0 0 -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 (£, g) which
is isometric to the (flat) semi-Riemannian manifold (R*,7). Here, 7 is identified with
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the constant (symmetric, non-degenerate) metric tensor with components as in
with regards to the Euclidean standard basis and it is called the Minkowski metric.
Accordingly, the space (R%,7) is called Minkowski space. Identifying the tangent spaces
of (R*,n) canonically with T,R* ~ R* for all z € R*, tangent vectors v € R* are
future-oriented if g > 0 and past-oriented if xg < 0. This defines the time-orientation
of (R*,n) (cf. [19, 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. [19, 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
that ¢ 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(z, Px) = 0, for P(xq,x1,22,73) = (x0, —T1, —T2, —23), 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 [19,71] > 7+ (1) € E, so that g.(,)(dvy/dr,dy/dT) >0
for all 7 € [rp,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 =z = (zg, 1, x2,23) : E — R4, geodesics
[170,71] 2 T+ (z 0)(7) take the simple form

(xov)(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

T(v) = / " ar V 92y (dr/dr, dv/dr)

0

among all piecewise smooth, timelike curves ¢ : [19, 71] — E and that the semi-Riemannian
distance between two timelike separated points p = x71(v), ¢ = 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
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(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(z,x) = |ct|* — |x|* < 0 for z = (ct,x), a
light ray starting at 0 € R? travels the distance ct until time ¢, so it does not reach x).
As in the Riemannian setting, if ¥ = (2/ o z7!) : R* — R* describes a change of
inertial frames (that is, a semi-Riemannian isometry), the above observations imply

n(¥(v) — U(w), ¥(v) — U(w)) =nv —w,v—w), Vov,weRL

Assuming w.l.o.g. that ¥(0) = 0 (by shifting ¥ to ¥/ = ¥—W(0) if necessary), bilinearity
of the metric implies n(¥(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)(a’,L') = (Ld' +a,LL). (1.48)
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 (L.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 L'l, defined by

Ll ={L=(Lw),—€O0(1,3): Lgy > 0,det L = 1}. (1.50)
The condition det L = 1 is motivated as in Newtonian mechanics, noting the embedding

0(3)5 R s <(1) g) € 0(1,3).

The condition Loy > 0 ensures that L maps future oriented, time- or lightlike vectors
to themselves. Observe here that L € O(1,3) implies that L~! exists and that both
LT L= € O(1,3) (ezercise) as well as

3 3
A, k=0
TI'LWL,U)\LVH =Tk = n“VL)\,LLLKV é L(%O =1+ Z L?O =1+ Z L%j
=1 =1

Hence, if x = (zg, z1, 22, 23) = (20,%) is future oriented (i.e. g > 0) with n(z,x) =
n(Lx, Lz) > 0, we also have that

3 3

(Lx)o = Looxo + ZLQjJZ]‘ > ‘LO,'HX‘ — Z Lo jx; > 0.
s =1
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Moreover, if L, M € El, the fact that Lgg, Mg > 1 and Cauchy-Schwarz imply that

3 2 3 3
ZLOijO < (Z L%j) <Z Mfo) = (L(2JO - 1) (Mgo - 1) < LgoMgo,
j=1 j=1 j=1

which implies

3
Z Loijo > 0.

Jj=1

3
(LM )oo = LooMoo + Z Lo;jM;jo > LooMoo —
=

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 731 = {(a,L) eP:Lec El}
are discussed in detail in Sections 2.3 and 3.2

Let us conclude this section by connecting special relativity to Newtonian mechan-
ics. As already mentioned, in special relativity freely falling bodies are postulated
to follow the geodesics of spacetime. Choosing a fixed inertial frame, suppose that
[70,71] = x(7) € R* describes such a geodesic. If the particle is massless, we have
by definition n(dz/dr,dz/dr) = 0. Since linear reparametrizations 7 +— a7 + b map
geodesics to geodesics, we have some freedom to choose a particular parametrization for
massive particles. In order for the theory to be consistent with Newton mechanics, one
parametrizes [19, 71] — x(7) € R* conventionally in such a way that

n(dz/dr,dx/dr) = m*c*, ¥ 1 € [y, 1.

This is always possible (ezercise) and in such a parametrization one refers to the deriva-
tive p = (po,p) = dx/dr as the four-momentum. The geodesic equation can then be
formulated as the Hamiltonian dynamics

dx dp
i £ . 1.51
dr b, dr ( )
Recalling that massive particles are described by forward oriented curves, this implies
n(p(7),p(7)) = pg — |p|> = m*¢, po(r) >0, V7€ [r0, 7). (1.52)

The connection to Newtonian mechanics follows from combining the dynamics (|1.51))
and the relativistic energy relation (1.52)) to eliminate py and rescale proper time 7 in
terms of the local time xo/c = t. This yields

dx
po = w(p) = V/|p|2 + m2c2, djo =w(p) (> 0).

By the inverse function theorem, the second identity implies that we can express the

relativistic time 7 as a function of xy = ¢t such that ‘C% = wcp), and the chain rule then

implies that the remaining, spatial variables (x,p) satisfy

d_dxdr _ cp dp _
dt — drdt w(p) dt

0.
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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) =mc*\[1+ PP mc? + Ipl” +O((Jv|/e)h)
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 = cp/|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 (1.3)), 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 gen-
erality 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, classical
fields correspond to tensor fields on (R* 7). In practice, on the other hand, fields are
typically described as solutions of suitable partial differential equations such as . If
such solutions are supposed to describe a physical field, the equations must be invariant
under Poincaré transformations. By definition, this means that if a field is represented
by components ((I)ilhnip;jln'jq)il,...,z’p,j1,.~,jq € C®(R%), its transformed components, de-
termined by (with (a, R) € E(3) replaced by (a,L) € P), must solve the same
equations in R*. This is in particular the case if the field equations admit a geometric
(i.e. coordinate free) formulation. Let’s make this precise for the electromagnetic field.

In case of the electromagnetic field, the field equations are Maxwell’s equations (1.3]).
Based on a relativistic generalization of the Lorentz force (recall and see e.g. [5,
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 type-two tensor which turns out to be antisymmetric). 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 .

So, consider smooth (time-dependent) electric E = (E1, Eo, E3) € C®°(R* R3) and
magnetic B = (By, Bo, B3) € C®°(R* R3) fields as well as smooth charge p € C®(R*)
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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 drs + Egdxg A dxs

+ Bidxo A drg — Bodxri A dxs + Bsdri A dxo, (1.53)
its Hodge-x (see e.g. [18, Section 7.9.2]) dual form «F € Q?(R*) by
*F = —Bidzo N\ dx1 — Badxg A dxe — Bydxg A dxs (154)
— Eidxo N\ dxs + Eodx1 A dxs — Esdxi A dxo
and, finally, the current differential form j € Q3(R*) by
j = pdzxi ANdxo N dxs — jidxg A daxo A dxs (1.55)

+ jodxo A dxy A dxs — jsdxg A dry A dxs.

Recalling xy = ct so that 0,, = %@, Maxwell’s equations take the following elegant form.
Problem 1.7. Show explicitly that the equations , are equivalent to

dF =0, d«xF =3, dj =0. (1.56)

Use this to show that the equations (1.3)), (1.4) are invarant under Poincaré transforma-
tions (alternatively, verify the invariance explicitly based on (1.46), for (a,L) € P).

In geometric terms, Problem implies that the electromagnetic field can be inter-
preted as a classical field Fry € Q2(E) on spacetime (E,g) satisfying dFgy = 0 and
d * Fgy = jem (note that both equations are invariant under taking pullbacks with
regards to isometric coordinates) and that the usual Maxwell’s equations in R*
describe the corresponding coordinate expressions with regards to a fixed inertial frame.
In particular, this yields a coordinate free, physical law for the electromagnetic field
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
form F € Q2?(R*), we find that there exists a one form A € Q!'(R*) such that F' = dA.
We can identify this with a vector A = (®, A) = (Ag, A1, Az, A3) € C°(R?) via

A = ®dxg + A1dxy + Asdrs + Asdxs

so that
F = Z (8$ZAJ — 8%141) dx; N\ dmj. (1.57)
0<i<j<3
This connects Maxwell’s equations with the wave equation in a straightforward way. To

see this, notice first that if F' = dA solves (1.56)), 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
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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, = 9,,, 0¥ = n* 0y and choosing x € C*°(R*) such that

870, = —0" A, € C=(RY),
note that A’ = A + dx satisfies
A, =0"A, +0"0,x = 0.

This choice of x is called Lorenz gauge and can always be arranged. Note indeed that
3 1 3
00y =1"0\Dy = 03, = Y 07, = 507 =) 07, =D
j=1 j=1

corresponds to the d’Alembertian, the generator of solutions of the wave equation. The
upshot is that potentials A € Q'(R?*) in Lorenz gauge that solve (1.56) satisfy
OA=j4, 0"A, =0, (1.58)

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

where (A = (DA#) _pand j = (ju)i:O' This corresponds componentwise to the wave

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

1 /960
dy()/ o(dy) f(yo, y),
Inzo ). S (dy) f(yo. y)

where o(+) denotes the uniform measure on {y € R3 : |z —y| = o} C R3. Verify that
Ou = f. For more on wave equations and a derivation of this formula, see [28].

u(z) = u(zo, ) =

b) Use Mazwell’s equations in Lorenz gauge to deduce the wave equation in (1.58]).
c¢) Let A€ C®(R* R*) satisfy (1.58)) for j =0 and define for (a,L) € P
Al (x) =LY, Ay(Lx 4 a), Vo € R%.
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

(O4+m?)e = (8V9, +m?)p = 0. (1.59)
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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¥0, = A, is equal to the Laplace-
Beltrami operator related to the Minkowski metric. Alternatively, we readily compute

(0”9, +m?) go(L(-) + a) = n”“LAVL“H (8)8,.;)@(11(-) + a) + WQQO(L(') + a)
— (@ -+ m)) (E(0) +a) =0.

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

Problem 1.9. On HY(R3 R) @ L*(R3,R), define the field Hamiltonian

1
o) =5 [ do (@) +[96()? + mlo()).
Show that its Fréchet derivative DH( - € (H'(R?, R)&L*(R?, R))" at the point (¢, 7) €
H'(R3 R) @ L?(R3,R) is given by

DH (4. (p,0) = (V,Vp) 23y + m*($, p) 2wy + (T, 0) r2(m3)-

Heuristically, if we interpret (7(x))zers and (¢(x)),crs as continuous families of canon-
ical momentum and, respectively, position variables, this means that formally

On(wyH = DH\(4.11(0,62) = 7(x), Op(uyH = DH)(4,5)(05,0) = (—A + m*)g(x).

Setting ¢ = 1, verify that the (1.59) equals the corresponding Hamiltonian dynamics that
is generated by H on the formal phase space P = [[,cps R X [ cps R.

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. [32, Chapter 13| and [16, 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 that is described as a Dirac field.
As a mathematical object, it is nevertheless useful in view of the correct relativistic
description of massive quantum particles of half-integer spin (such as electrons, protons
or neutrons). These particles can be described through the quantization of classical
Dirac fields. In Section [3.4] we discuss an alternative motivation for the introduction of
spinors based on the inclusion of parity as a fundamental symmetry.

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

0 = (122 1§2> eCt, A= <_g# UO“> €Ch Ve 1,23}, (1.60)

where we recall the definition of the Pauli spin matrices o, € C%*2 from (2.14). The
Dirac matrices form what’s called a Clifford algebra.
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Problem 1.10. Denote by [A, Bl = AB + BA the anticommutator. Prove that

[fyﬂ,,}/”]+ - 277;11/; v H, Ve {0, 1,2,3}

Conclude that for every x,y € R*, we have that
ey gl = 2n(z,y).

Problem implies in particular the isometric property (7“3:“)2 = n(x,z)1ca for
every x € R* which leads to the observation that

| 1@4 = (’7‘“8,14)2.

In other words, the linear operator y*0J, can be considered a square-root of L. By
definition, classical Dirac fields 1) : R* — C* correspond to solutions of the Dirac equation

(ty" 0y — m)yp = 0. (1.61)
In particular, every solution 1 € C’OO(R4, C*) also solves componentwise
0 = (i7"0, — m)*p = (-0 + m?)1gs — 2min*9,)¢ = —(O0 + m?)p

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) = /R4 (0 0y + mPp?) dx,

Sem(4, 7) :/ (dA/\*dA—QA/\j),
R4

So(@) = | | 02" (in*0u —m)y da.
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. [0, Section 7.4] for a brief introduction. This is discussed in
detail in Section[8.1] Of independent mathematical interest are also presumably simpler
interacting theories such as the d)ﬁ—theories whose action functional takes the form

Syi(p) = / (07 0 + m?@* + Ap*) da.
d Rd

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.
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1.4 Quantum Fields and the Wightman 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 mathemat-
ical physics to construct a non-trivial interacting quantum field theory in spacetime
dimension d = 4. In lack of such examples, we continue our discussion in the follow-
ing sections within an axiomatic framework for general quantum field theories. The
explicit construction of non-interacting theories in Section [3| shows that the axioms are
certainly consistent. This is further confirmed by the rigorous construction of non-trivial
interacting theories in lower spacetime dimensions d < 4, outlined in Section [7}

Let us now list the Wightman axioms that describe the central notion of a quantum
field theory discussed in these notes. From now on, we typically ignore universal physical
constants and set in particular c = 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 5 (a,L) = Ula,L) eUH) = {U € L(H) : U'U = UU* = 14}

of the proper Poincaré group ’PI_. It turns out that every such representation can be
lifted to a strongly continuous unitary representation of the inhomogeneous R* x SL(2, C)
(consisting of pairs (a, A) € R* x SL(2,C), see Section for the details), where

SL(2,C) = {L € C*¥? :det L =1} (1.62)

denotes the special linear group. This is a consequence of [1] of which Corollary was
a simple special case. In the sequel, unless mentioned otherwise, we therefore consider
without loss of generality representations of R* x SL(2,C) and we denote the covering
map by SL(2,C) > A~ L(A) € 51 (the covering map is discussed in Section .

The relativistic four momentum operator (Pu)i:() is identified through an application
of Stone’s Theorem u with the generators of spacetime translations a € R?, that is

Ula,1gs) = eF"on,

To be more precise, one applies the following generalization of Theorem whose proof
is left as a problem (alternatively, one may consult |21, Chapter VIII]), to the strongly
continuous family of unitary operators (U(a, 1R4>)a cRd-

Theorem 1.5. Let R" > 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), ¥Vz,y e R".
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Set D = span( [, dx f(2)U(z)¢ : f € CX(R™),¢ € H). Then D is a domain of
essential self-adjointness for each of the generators Aj; corresponding to the strongly
continuous unitary groups

R>z; = U(,...,0,2;,0,...,0) — ¢iAiTs

their projection valued measures (xa(Aj))aepmn) commute, each Aj : D — D and as
a consequence [Aj, Ag] = 0 in D, for all j,k € {1,...,n}. Furthermore, there exists a
projection-valued measure (Xo)oeprn) such that

n

n
U(z) = / iy Xdy = H/ eiiY; Xdy(Aj) — H it Aj
R j=1"R j=1
As a consequence, €% = H?zl el where Az denotes the generator of the strongly

continuous, one-parameter group R >t — U(tx), for fized x € R™.
Problem 1.11. Prove Theorem[1.5 by generalizing the arguments from Theorem[1.3.

In other words, P = (Py, Pi, P, P3) : Dp — H* is equal to a densely defined,
self-adjoint operator. We typically suppress the P-dependence of its spectral measure
(xa(P))aecs®s) = (Xa)aecn®s)- The component Py = H is interpreted as the energy (the
Hamiltonian) of the system and the operator P*P, equals the square of its mass. We
remark that in the non-interacting examples discussed below, the latter is by construction
always a positive constant multiple P*P, = m? > 0 of the identity in H. Motivated
by the energy relation for a single particle of mass m > 0 (see also the related
discussions in [30, Section 1.4]), one assumes the spectral condition that (xo)oepm4) is
supported in the closure

>+
V' ={peR":p'p,=pj—|p*>0,py >0}
of the forward light cone V', defined by
VT ={peR*:p'p,>0,py >0} (1.63)

In other words, yq = 0 for every Q C (V+)C

g : R* = C, we have that

so that for every bounded, measurable

9(P) = /Rélg(p)xuzp = /+ 9(P) Xdp-

\%

In particular, Py > 0 and P*P, > 0 (positivity of the energy and mass).
Finally, one assumes the existence of a unique (up to multiplication by a phase) state
Yo € H, ||to]| = 1, which represents the vacuum and which satisfies

Ula, A)hg = o, ¥ (a, A) € R* x SL(2,C). (1.64)
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The vacuum state has the lowest possible energy Pyio = 0 and, more generally, zero four
momentum Py = 0 and is usually interpreted as describing the state with no 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, an isolated eigenvalue of finite multiplicity)
of P, we say that the theory has a mass gap of size A = inf o (P*P,) N (0,00) > 0.
The terminology is motivated by . If one interprets the quantum field to consist
of elementary excitations that carry its force (like e.g. photons as the excitations of
the electromagnetic field in quantum electrodynamics), a mass gap means that these
excitations have a mass at least as large as A.

It is worth to remark that 0 € o(P) is the only value that can be an eigenvalue of P.
For suppose that 0 # p € R?* is another eigenvalue with normalized eigenvector vy € H,
i.e. P, = pip,. Then, for every A € SL(2,C), we have that

P,U(0,A)¢p = lim ,l(U(e,“ 1ga) — 13)U(0, A)ty

e—0 1€
=U(0,A) lim %(U(L(A)_leu, 1pe) — 13) Yy
= 0(p, L(A) e, )U(0, A)1h,
= n(L(A)p, e,)U(0, A)pp = (L(A)p) U (0, A)tby,

where €, € R* is such that n(x, €u) = €x,, VT € R4, 1 € {0,1,2,3}. Thus, U(0, A), is a
normalized eigenvector of P with eigenvalue 0 # L(A)p € R*. In particular, if L(A1)p #
L(A3)p, U(0, A1), and U(0, A2)1, are orthonormal and we get an uncountable family
of orthonormal vectors (ezercise) which can not exist in the separable space H.

As explained e.g. in [22, Section IX.8], it also turns out that is equivalent to

Ul(a, 1ga)to = %o, ¥ a € RL (1.65)
Using as above the identity
U(a, A) = U(a, 1ga)U(0, A) = U(0, A)U (L(A) 'a, 1p4),

for all (a, A) € R* x SL(2,C), we obtain indeed that

X @)U 0.4) = [

R

F(PYU(0, A) = /

R4

s ([ anFoe v,

- /R dp Jp)U (2(p0, ), 124) U0, 4)
=U(0,A)f(L(A)P)

for every f € S(R*), A € SL(2,C). Using a dominated convergence argument to ap-
proximate the characteristic function of the point 0 € R, this implies (exercise)

[U(O, A), X{O}] =0.
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By the uniqueness assumption on vy, (1.65), we know that the range ran(x{o}) =
span(vy) is one dimensional, for ¢ € ran(x{o}) implies that P¢ = 0 and thus (1.65))
with g replaced by ¢. Thus, the previous commutator identity implies that

U(07 A)\ran(x{o}) : ran(x{o}) - ran(x{o})

so that SL(2,C) 5 A+ U(0, A)jran(y,,) 15 @ one-dimensional (and hence commutative,
irreducible) unitary representation of SL(2,C). As a consequence, U (0, A)an(y (o)) IS a
multiple of the identity operator in ran(xyoy), by Lemma Since SL(2, C) is connected

(see Section and U(0,0) = 1, we get U(a, A)bg = g for all (a, A) € R* x SL(2, C).

I. Regularity of the Field. For n € N, we consider n-component quantum fields
® = (Pq,...,P,) whose transformation law is related to an n-dimensional matrix rep-
resentation S : SL(2,C) — C"*™ of SL(2,C). These representations are determined 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 19 € D. The domains of the adjoint components
O(f) = (P1(f), ..., P,(f)*) also contain D and we assume, moreover, that

U(a,A)D ¢ D, ®,(f)D C D, ®,(f)*Dc D, VY (a,A) € R*xSL(2,C),k € {1,...,n}.
Finally, we assume that for every ¢,1 € D and j € {1,...,n}, the linear functional

S(RY) > f = (g, 2u(f)v) € C

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, see Section
. Second, as becomes already clear from the construction of 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
x € RY), but rather as an operator-valued distribution. In this sense, one interprets the

operators (®(f)) resre) via
o(f) = [ do f(@), (1.66)
R
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.
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II. Transformation Behavior of the Field. With the same notation as in I, the
transformation law of the field ® takes the form

U(a, A)®r(f)U(a, A)* = S(A),'®;((a, A) f), Y(a, A) € R*xSL(2,C), f € S(RY), (1.67)
where we set
((a, A)f)() = F(L(A) (- —a)), ¥ (a, A) € R* x SL(2,C). (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 with regards to a transformed inertial
frame. With the identification (|1.66]), note that heuristically (1.67)) is equivalent to

U, A)(®0U (@ A = Ule A)( [ dydota)(®0),)Ula, 4)

U(a, A)®x(6,)U(a, A)*

S [ | dysu(L(a) (- @)@,
R4

S(A) (@)t 1(4)e

for every (a,A) € R* x SL(2,C), x € R* This is motivated by the classical field
transformation law (1.46) (with (a, R) € E(3) replaced by (a, A) € R* x SL(2,C)).

(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,z —y) > 0.
In this case, we call f, g spacelike separated. Then, for every such pair of functions

where [A, A"l = AA" + A’A. The identities (1.70) are motivated by the causality rela-
tions of events in (R*, 7). As was noted in Section spacelike separated events can not

influence each other. 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
for anticommutators in 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 Theory. A relativistic quantum theory satisfying 0 with a
quantum field satisfying axioms I, IT, I11, is called a quantum field theory if the vacuum
1o € H is cyclic for the smeared fields. By definition, this means that the linear space

Do = span{®;, (f1)... @i, (fi)vo € D: fj € SR*)VjeN,ie {1,....,n} ke N}

is dense, that is, Dy = 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.
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Axioms O to IV summarize precisely what is commonly understood as a minimal
set of requirements of 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. For more details on this, including references on possible
extensions related to scattering, see the remarks in [30, Section 3.1].

2 Mathematical Interlude

In this chapter, we discuss basic aspects of the theory of distributions which are properly
introduced in the context of locally convex, topological vector spaces, of the Lorentz and
Poincaré groups as well as of basic Fock space operators which are used subsequently to
construct explicit examples of free quantum field theories. The relevance of these topics
in view of the description of quantum fields should be clear from the Wightman axioms
described in Section In addition to [30} B1], we follow |26, Chapters 1, 6, 7], [21]
Chapter V] and [22] Chapter IX].

2.1 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 [2.2] we get more
concrete by studying distributions and tempered distributions on 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 - : K x X — 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,0 # o € K the
translation 7, : X — X and, respectively, multiplication operators pq : X — X by

Tx(y>:x+y7 Ma(@/):@'yaVyeX-
Show that both 7, and p, map X homeomorphically onto itself.

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 element 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.
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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)Nn(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, single point sets are closed and they are certainly compact. Ap-
plying 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 Vi, V»
such that 0 € Vi, Vo and such that V; + Vo C W. Choosing U = ViNVaN (=Vi)N(=V2),
we see that U = —U and that U + U C V; 4+ V5, C W, as desired.

Now, let z € K. Then x € C*° and C° — z is an open neighborhood of 0 € X. By the
preceding observation, we find U, C X open, 0 € U, = —U, such that Uy +U, C C°—x.
Applying the preceding observation once more, now for Ug, we find an open neighborhood
U, cX,0eU,=-U,suchthat U, +U,+U,+U, C U,+U, C C°—z. In particular,
24U +Uy+ Uy Cx+ Uy + Uy + U, +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 z1,...,z, € K such that

n
U (75 + Us;)
Then setting U = ﬂ?:l Us,, we conclude that

K+Uc|J@+Usy +U) | J(@; + Us, + Us))
j=1 =1

has empty intersection with C'+ U. Finally, for the statement about B, notice that
C+U=J@+U)
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) = . Thus,
if B is a local base for X and B € B is an open neighborhood of 0 € X, choose K = {0}
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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

B:K+BCK+UC(§C+U)C:<U(m+§c)> =((@+B)cB.
zelU 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 a € K is a
homeomorphism and in particular continuous. This means that - (Us x V') C B for some
Us C Kand V C X open with 0 € V or, in other words, that oV C B for all |a| < ¢ for
some 0 > 0. Thus
w= |J aVcB
0<|a|<d:aVCB

is equal to a balanced, open neighborhood contained in B.

In the next step, we assume additionally that B is convex and we 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 Njajzr @B =AC B. In
particular, the interior A° is non-trivial is a neighborhood of 0 € X, because 0 € W C A°.
Since A is an intersection of convex sets, it is convex and this implies that A° is convex,
too (exercise). A° (containing 0 € X)) is also balanced if A is (ezercise). To show that
A is balanced, on the other hand, let |3| < 1 and notice that |SlaB C aB for every
|a| =1, because aB is convex and contains 0 € X. Thus, we have for all 0 # || <1

BA = |mﬁ,4: 8] (] eBC (] aB=A.
8] h _
la|=1 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.

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

Proof. For the first part, fix z € X and notice that {« € K : ax € B} is open, by
continuity of scalar multiplication, and contains 0 € K, by assumption on B. Since
lim,, 00 a;l = 0, we must have a;lx € B, that is x € 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 every
bounded set, every compact set and every convergent sequence are bounded.

Next, let us recall some basic definitions and results on linear maps. We say that a
linear map A : X — Y between topological vector spaces is bounded if A(E) C Y is a
bounded set whenever £ C X is a bounded set. When A : X — K is a linear function
that maps to K, we usually call it a functional. The dual space X* of a topological vector
space X consists of the continuous linear functionals on X, which is itself a vector space
with the standard addition and scalar multiplication of functions.

Proposition 2.4. Let A : X — Y be a linear map between topological vector spaces
X, Y and consider the following four properties:

i) A is continuous.

ii) A is bounded.
ii1) If imy, o0 , = 0, then {Az, : n € N} is bounded.
i) If limy, o0 ©y, = 0, then lim, o Az, = 0.

Then, i) implies ii) which implies iii). If we assume in addition that X is metrizable
with a translation invariant metric, we also have that iii) implies iv) which implies ).

Proof. Assume i), let E C X be bounded and let W C Y be a bounded neighborhood
of 0 € Y. Since A0 = 0 and A is continuous, the preimage of W under A is an open
neighborhood V of 0 € X, in particular A(V) C W. Since E is bounded, E C tV for
t > 0 sufficiently large and thus A(t71E) = t~!A(E) c A(V) C W for t > 0 large
enough. Thus, A(F) is bounded. This shows that ¢) implies i7). The latter implies iii),
on the other hand, because convergent sequences are bounded by Problem

Now, assume i), suppose lim,,_,o =, = 0 and assume additionally that X admits a
translation invariant metric d : X x X — [0, co) that is compatible with its topology. We
first claim that then there exists a sequence (a,)nen in R C K such that lim,_,~ a, = 00
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and such that still lim,,_,. anx, = 0. To see this, we use that lim, ..oz, = 0 is
equivalent to lim,,_, . d(x,,0) = 0. Thus, for every k € N we find some nj € N such that

d(xn,0) < Vn > ng.

k2’
We may then set a, = 1 if n < ng and a, = k if nx < n < ngyy. This implies for
ng <n < ngyp that

d(anxyn,0) = d(kzy, 0) d(jxn, (j — Day) < kd(z,,0) <

?v\r—‘

\\Mw

as k — oo and thus lim,, o anx, = 0. In particular, by #i7), this sequence is bounded
so that also (A(an®n))nen is bounded.

Next, we claim that if (y,)nen is bounded in Y, we have that lim, .o by, = 0
whenever lim,,_, b, = 0 in K. Indeed, let V' C Y be an open neighborhood of 0 € Y.
Without loss of generality, we may assume in addition that V' is balanced, by Prop. [2.2|
Since (Yn)nen is bounded, we have that y, € tV for some ¢ > 0. Choosing n € N large
enough such that |b,t| < 1, we conclude that b,y, € b,tV C V. Thus, lim, o by, = 0.

Now, apply the previous statement to b, = a_l and y, = A(apxy,). Then

lim Az, = lim a, "A(anz,) =0,
n—oo n—oo
which proves iv).

Finally, assume iv). By linearity, iv) implies that A is sequentially continuous. Let
U C Y be open and pick z € A=Y (U). If there exists no metric ball Bs(x) C A=Y(U), we
find a sequence (x,)pen such that lim,,_, x, = x, but such that Az, ¢ U for all n € N,
that is, Az is not the limit of (Ax,)nen, in contradiction to our assumption. Thus, for
every U C Y open and every x € A~Y(U), there exists some Bs(x) C A~Y(U) , showing
that A=1(U) C X is open. This proves the continuity of A : X — Y. O

In the context of distributions, we always deal with locally convex, topological vector
spaces. As we explain next, such spaces have topologies that are generated by continuous
families of seminorms. Recall that a seminorm on a vector space X is a real-valued
function p : X — R such that

a) p(z+vy) < p(x)+ p(y) for every z,y € X and
b) p(Ax) = |A|p(z) for every z € X, X € K.

We say that a family of seminorms P on X is separating if for every x # 0 there exists
some p € P such that p(xz) # 0. We say that a convex subset A C X is absorbing if
for every x € X there exists ¢t > 0 such that z € tA. For example, by Prop. every
convex, open neighborhood B C X of 0 € X is absorbing. Notice, that 0 € A for every
absorbing A (because 0 = tx for some t > 0 and x € X implies x = 0 € A). To each
convex, absorbing A, we associate its Minkowski functional py : X — [0, 00), defined by

pa(z) =inf {t > 0:x € tA}. (2.1)
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It turns out that every seminorm on X corresponds to a Minkowski functional of a
balanced (a«B C B for |a| < 1), convex, absorbing set B C X. This is proved in the
next lemma which collects basic properties of seminorms.

Lemma 2.1. Let p : X — [0,00) be a seminorm on the vector space X. Then, the
following holds true:

i) p(0) =0, |p(z) — p(y)| < p(z —y) and p(x) > 0 for all z,y € X.
ii) The set {x € X : p(x) = 0} is a linear subspace of X.
iii) B={z € X : p(x) < 1} is convez, balanced, absorbing and such that p = pp.

Proof. We start with 7). p(0) = Op(0) = 0 by scalar homogeneity of seminorms and
Ip(x) — p(y)| < p(x — y) follows from the triangle inequality and p(z — y) = p(y — z),
since p(—z) = p(x). Choosing y = 0, this yields 0 < [p(z)| < p(x) and concludes 7).
Note in particular that p defines a norm if and only if p(z) # 0 whenever = # 0.

Part ii) follows directly from

p(Aix1 + Aoxa) < | M|p(x1) + [A2|p(22)

for every A1, Ao € K and z1,29 € X.

Finally, consider #ii). Convexity of B is a direct consequence of the previous bound
for Ay = t, o = 1 — ¢, for t € [0,1]. Similarly, its balancedness follows from p(ax) =
la|p(z) < 1 whenever |a] < 1 and = € B and B being absorbing follows, because for
every x € X, we have (p(z) + d) "'z € B for every § > 0, that is = € (p(x) + §)B.

It remains to show that p = up. To this end, we use that x € tB if and only if
t~'z € B, that is p(z) < t, for ¢t > 0. In other words, pg(z) = infys ) {t} = p(z). O

Part #ii) of the previous lemma motivates to collect some general properties of
Minkowski functionals as well.

Lemma 2.2. Suppose A C X is a convex, absorbing set in the vector space X. Then
the following holds true.

i) pa(z +y) < pa(x) + paly) for every z,y € X.
i) pa(te) =tpa(z) for everyt >0, x € X
ii1) If A is balanced, then pa defines a seminorm.

w) If B={z € X :pa(x) <1} and C ={x € X : pa(z) <1}, then BC AC C and
A = B = jiC.

Proof. For part i), choose s = pua(z) +9,t = pa(y)+ 6 for 6 > 0 so that x € sA,y € tA.

Then, we get by the convexity of A that

t
t+y_ s QGA
s+t  s+ts s+ttt

63



and thus pa(z+y) < s+t = pa(x)+ pa(y) +26. Since § > 0 was arbitrary, we get ).
For ii), note that p4(0) = 0, so the equality certainly holds true for ¢ = 0. On the
other hand, for ¢ > 0, we have that

pa(te) =inf{u > 0:tx € uA} = inf{tu > 0: 2 € vA} = tpa(z).

For 4ii), assume that A is balanced, that is, «A C A whenever |a| < 1. Subadditivity
of pa follows from 7), so it suffices to prove that pa(Az) = |A| pa(z) for all 0 # A € K.
To this end, note that A balanced implies tA is balanced as well, for every ¢ > 0. This
implies Az € tA if and only if |\|z € tA so that by part ii), we conclude

pa(Az) =inf{t > 0: \x € tA} =inf{t > 0: [Nz € tA} = pa(|\|z) = |\ pa(x).
Finally, consider iv). Notice that U C V implies generally that uy < py. Now

B={reX:pax)<l}c{reX:30<t<1:zctA}
CAC{J:EX::EEtA for tzl}CC
so that uo < pa < pp. Notice here that both B and C are convex and absorbing, by

parts ) and i), so up and pc are well-defined (exercise). To conclude iv), it is enough
to show that up < pue. To this end, choose s,t > 0 such that

po(r) <s<t = %EC:MA(x/S)Sl = pa(z/t) <- <1 = %EB.

~| ®»

The last conclusion implies that pup(x) <t and since ¢t > pc(x) was arbitrary, we must
have that up < pc and thus pg = pp = pe. This concludes iv). O

The following two results show that the topology in a locally convex topological
vector space is always generated by a separating family of continuous seminorms. In
the following sections, this is used to define the space of distributions and tempered
distributions. For the first result, recall that every locally convex, topological vector
space X admits a convex, balanced local base, by Proposition

Theorem 2.1. Suppose B is a convex, balanced local base in the topological vector space
X. Then, the following holds true.

i) V={zveX:puy(x)<l} for every V e B.
ii) {py =V € B} is a separating family of continuous seminorms on X.

Proof. Recall first that every V € B is absorbing, by Prop. so uy is well-defined.
Now, if py(z) < 1 this means that x € tV for some ¢ < 1, in particular x € V. On
the other hand, if z € V, then § € V for some ¢t < 1, by the continuity of scalar
multiplication and because V is open. This proves i).

For the second part ii), we first note that p defines a seminorm by Lemma [2.2] i11).

The family is separating, because if x # 0, we find an open neighborhood V C X of
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0 € X such that € V' (X is Hausdorff) and by 4), this shows that uy (z) > 1. Finally,
the continuity follows from Lemma i), which implies that

v (z) — py (y)| < pv(z—y) <e

whenever x — y € €V. In other words, for every y € X, € > 0, we find an open set
y+eV C u‘_/l ((wv (y)—€, py (y)+€)), which proves the continuity of py : X — [0,00). O

Theorem 2.2. Suppose P is a separating familiy of seminorms on a vector space X.
For every p € P and every n € N, define

Vip,n)={z € X :p(x) <n '}

and consider the family B of finite intersections of translates of these sets V(p,n), for
p € P,n € N. Then, B is a convex, balanced local base for a topology T on X which turns
X into a locally convex, topological vector space. Moreover, the following holds true.

i) Every p € P is continuous.
i) E C X is bounded with regards to T if and only if every p € P is bounded on E.

iit) If (X,70) is assumed to be a topological vector space with a convex, balanced local
base By and if P denotes the family of continuous seminorms defined as in Theorem
then the topology T is equal to T = Ty.

i) If P is countable, (X, T) is metrizable with a translation invariant metric.

Proof. The topology 7 is defined as the topology generated by B, that is, a set is open
if and only if it is an arbitrary union of translates of the elements in B. Notice that
every element in B is convex and balanced, by the standard seminorm properties. By
definition, 7 is also a translation invariant topology.

We now show that (X, 7) is a topological vector space. We have to verify that single
point sets are closed and that addition and scalar multiplication are continuous. So,
consider x € X and assume x # 0. Since P separates points, we find some p € P such
that p(z) > 0. This implies that x & V(p,n) if n € N is large enough so that p(x) > n=!.
This means that 0 € X does not lie in the open neighborhood z —V(p,n) C X of x € X
and thus = ¢ {0}. Since z # 0 was arbitrary, this shows that {0} = {0} is closed. By
translation invariance of 7, we conclude that every single point set is closed.

Next, let us show the continuity of addition and scalar multiplication. Let U C X
be an open neighborhood of 0 € X. Then, by definition of 7, we find elements z; € X,
pj € P,n; € Nand n; € N for j € {1,..., M} such that

£

M
0 e ﬂ V(pj,nj) C
Jj=1 J=1

(xj -+ V(pj,n;-)) cU.

Then, defining



we see that pj(z + y) < pj(z) + pi(y) < % for all j € {1,...,M} if z,y € V so
that V +V C U. For a general open set U’ C X, U’ # 0, we thus conclude that
(x+V)+ (y+V) C U whenever x +y € U'. Thus, + : X x X — X is continuous.
Similarly, suppose that az € U’ for some o € K,z € X and U’ C X open. Then Sy € U’
whenever (B,y) € {y € K:|y—a| <s '} x (z+tV)ift =s/(1+|als) and s > 0 is
chosen such that x € sV. Indeed, we have that

|6 — afs + |als

V+V CcV+V CU
1+ |als

By—ax = Bly—z)+(B-a)z € |BItV +|B—alsV C

with V' C X as above, for the open neighborhood U = U’ — ax of 0 € X. Here, we used
that V is balanced. This shows that - : K x X — X is continuous.

We conclude that (X, 7) is a locally convex, topological vector space with a convex,
balanced local base for its topology. Now, let’s switch to the proof of properties i) to
iv). By Lemma we have that z + €V (p,1) C p~!((p(z) — €, p(z) +¢€)) for every € > 0
and x € X. Thus, every p € P is continuous with respect to 7, which proves ).

Assume next that £ C X is bounded and let p € P. By definition of boundedness,
E C kV(p,1) for some k € N so that sup,cpp(z) < k. That is, p is bounded on
E. On the other hand, let U C X be an open neighborhood of 0 € X and assume
that every p € P is bounded on E. Choosing p; € P and n; € N as above such that
sup,cp pj(x) < kj, we see that for n > k;n;

M M M
E C ﬂ V(pj,kj_l) C ﬂ V(pj,n 'nj) =n ﬂ V(pj,nj) C nU
j=1 j=1 j=1

Thus, E is bounded and this concludes part 7).

Let’s switch to part 7ii). Let P denote the family of 7p-continuous seminorms on X
and let 7 denote the topology constructed as above. By 7g-continuity of p € P, we see
that V(p,n) = p~1([0,,n"1)) € 7o for every n € N. Thus 7 C 79. On the other hand, if
V € Band p = py, then by Prop.[2.1] we have that V = {z € X : py(z) <1} = V(p, 1).
Thus V' € 7 for every V € B and thus 79 C 7. This proves iii).

Finally, assume that P = {p, : n € N} is a countable family of seminorms and set

d(:c,y) — max Cnpn(l‘ - y)

neN 1+ py(z —y) 22)

for some fixed, positive sequence (¢, )nen such that lim,, o ¢, = 0. It is straightforward
to check that d : X x X — [0,00) defines a translation invariant metric (ezercise).
Moreover, we claim that the family of metric balls

<B5(0) —{weX:d0,2) < 5})

>0

forms a convex, balanced local base (at 0 € X) for 7. Clearly, the base elements are
convex and balanced, so it suffices to show that they form a local base for 7. To this
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end, fix § > 0. Since lim, .~ ¢, = 0, we have that ¢, < § for all, but finitely many
ni,...,n; € N so that

!
Bazﬂ{xeX:%<5}:ﬂ{xeX:%<5}

neN J
=N ([0 =5)

The right hand side is equal to a finite intersection of open sets, because all p € P are
continuous, so that Bs € 7. Hence, the topology generated by d is a subset of 7.

On the other hand, suppose U C X is an open neighborhood of 0 € X. As in the
first part of the proof, we find p; € P and n; > 1 € N for j € {1,..., M} such that

M
m V(pj,nj) cU
j=1

Setting d; = n; ! <1 and choosing 6 < % mln{cj :j=1,..., M}, we see that § < 1+6

for every j € {1, ..., M}. This is equivalent to m < §; for all j € {1,..., M} so that
J

{xGX Pi )<cj5—5}

||D§ ||D

{xeX pj(x )<(5]}CU.

Thus, every open set U C X with 0 € U contains a metric open ball, proving iv). O

In view of the last result, it is useful to revisit Prop. 2.4 which analyses the continuity
of linear maps A : X — Y between topological vector spaces. In case that the topologies
on X and Y are generated by separating families of seminorms P and Q, respectively,
we can characterize continuity of a linear map A : X — Y more precisely.

Proposition 2.5. Let X and Y be locally convex, topological vector spaces whose topolo-
gies are generated by separating families P and Q of seminorms on X and, respectively,
on'Y. Then, a linear map A : X — Y is continuous if and only if for every q € Q there
erist p1,...,pr € P for some k € N and a constant C > 0 such that

k
q(Ax) < C’ij(x),Va: € X. (2.3)
j=1

Proof. Suppose A : X — Y is continuous and let ¢ € Q. Then goA : X — R is continuous
so that (go A)~!([0,1)) C X is an open neighborhood of 0 € X. By definition of the
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topology on X, this implies there exist p1,...,pr € P and nq,...,ni € N such that

HD»

V(pj,n;) € (g0 A)7H([0,1)).

Now, define p = Z?Zl n;pj : X — [0,00). Then every x € p~1([0,1)) satisfies

Z% <1 = xeﬂv;wm (o A)7([0,1)).
J=1

Thus, p~1([0,1)) C (go A)~1([0,1)) so that for every # € X and € > 0, we have

x ) _ q(Az)
p(z)+e p(z)+e

_r .
p(x)+e ”

70,1)) = q(A

In other words, q(Ax) < p(x) + € for every x € X and € > 0. Sending € — 0, this proves
the bound for C' = 2max;_1 . xn;.

Now assume that holds true. We want to show that this implies continuity
of A : X — Y. By definition of the topologies on X and Y, it suffices to show that
the preimage of every subbase element ﬂj\]: 1 V(gj,n;) for ¢; € Q and n; € N under

A contains some element ﬂé\/lzl V(pg,my) for p, € P and ny € N. Now, for every
Jje€{l,..., M}, pick pj1,...,pjn; € P according to (2.3)) such that

N
g;(Ax) < C; Y pjk()
k=1
and set m; = n;N;C;. This implies
N Nj N N
xeﬂﬂijk,mj) = ¢j(Az) < Cj ijk Vj = Az € ﬂVq],nj)
j=1k=1 k=1 j=1
as desired. Hence, A : X — Y is continuous. ]

In the last part of this section, we draw a few conclusions from the Baire and Hahn-
Banach theorems in the context of locally convex, topological vector spaces. We start
with a useful variant of the uniform boundedness principle. Before that, let’s recall a
variant of Baire’s theorem (for its proof, see e.g. [26, Chapter 2]).

Theorem 2.3 (Baire). Let (X,d) be a complete metric space and assume that

X={]JS
n=1
for a sequence of closed sets S, C X, n € N. Then int(S,) # (0 for some n € N.
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The following result is a direct consequence of Theorem for linear maps between
Fréchet spaces, that is, metrizable, locally convex, topological vector spaces with a trans-
lation invariant metric which are complete. Notice that if X is a Fréchet space, it admits
a countable, convex, balanced local base for its topology so that by Propositions[2.1] and
we can assume without loss of generality that the topology of X is generated by
a countable, separating family (py)nen of continuous seminorms. Moreover, we may
assume without loss of generality that the metric d : X x X — [0,00) takes the form as
in , which is a consequence of the following problem.

Problem 2.3. Let (X, 7) be a topological vector space with local base B for T. We say
that (xn)nen 18 a Cauchy sequence if and only if for every V € B, there exists an N € N
such that z, — x,, € V for all n,m > N. Now, suppose that X is metrizable with
a translation invariant metric d : X x X — [0,00). Show that (zy)nen is a Cauchy
sequence if and only if it is a Cauchy sequence in the usual metric sense. Infer that any
two invariant metrics di,ds : X x X — [0,00) that are compatible with T have the same
Cauchy sequences and that (X, dy) is complete if and only if (X,d2) is complete.

Theorem 2.4 (Uniform Boundedness Principle). Let X and Y be Fréchet spaces whose
topologies are generated by separating families (pp)nen and (qn)nen of continuous semi-
norms on X and, respectively, Y. Suppose that F is family of continuous maps from X
toY such that for every x € X, the orbit {Axz : A € F} CY is bounded. Then, for every
n € N, there exist my,...,my € N and some constant C > 0 such that

N
sup qn(Az) < Cmej(x), VaoelX.

AEF o

Proof. Consider the complete metric space (X, dx) with dx e.g. as in (2.2)) and define
Snk = {x € X :qgn(Ax) <k, VA € .7:}, Vn € N.

For each k € N, the set S, ;, is closed as it is the intersection over A € F of the closed
sets (gn o A)71([0,k]) and by Theorem i), the orbit {Az : A € F} C Y is bounded
if and only if the orbits {g,(Az) : A € F} are bounded for every n € N. Thus.

X=J Sux
keN

for every n € N. By Theorem [2.3]at least one S, ; has non-empty interior so we can find
some open, metric ball Bs(xg) C int(S,, ). This means that

sup gn(Azo + 0Az) <k, Vo € B1(0) = sup qu(Az) < C = Cspq,, Y2 € B1(0) C X.
AeF AeF

Finally, B1(0) C X is an open neighborhood of 0 € X and contains some base element
ﬂj-vzl V(pm,,nj) C B1(0). As in the proof of Prop. this implies that

N

sup g, (Az) < C, Vo € p([0,1)) = sup gu(Az) < C> njpm,(x), Vo € X,

AEF AeF j=1
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where, as in the proof of Prop. we set p = Z;\le njpm; : X — [0,00). O
A useful consequence used in Section [2.2.3] below is the following.

Corollary 2.1. Let X1,..., X be Fréchet spaces and let L : X1 X Xo x ... X — K be
a separately continuous, multilinear functional. Then, L is jointly continuous, i.e. there
exist continuous seminorms p; : X; — [0,00) and some C' > 0 such that

|L($1,...,Ik)| < C’pl(:cl) ...pk(l‘k), V(xl,... ,a:k) € X1 x...X.

Proof. For simplicity of notation, consider the case k = 2 (the general case follows with
the same arguments and is left as an exercise). L is a multilinear map on the product
X1 x X9, which is metrizable if both X7 and X5 are metrizable. Arguing similarly as in
the proof of Prop. we readily see (exercise) that L : X; x X9 — Kis jointly continuous
if and only if it is sequentially continuous at 0 € X; x Xy5. This uses that L(-,z2) is
continuous (and thus sequentially continuous) on X; for each fixed x9 € X5 and that
L(xy,-) is continuous (and thus sequentially continuous) on Xy for each fixed z; € Xj.
Hence, suppose that lim, o0 (2n,yn) = 0 € X7 x Xo. Then, by separate continuity,
limy, o0 L(2p,y) = 0 for every fixed y € Xo, so that the orbits {L(x,,y) : n € N} are
bounded for every y € Xo. Applying Theorem to the sequence (A, = L(Zp,*))neN
of linear maps on Xs implies that

sup |L(£L‘n,y)‘ < q(y)v V?J € X27
neN

for some continuous seminorm ¢ : X9 — [0, 00) and therefore that

lim sup |L (2, yn)| < limsup g(yn) = 0.

n—0o0 n—oo

This proves that L : X7 x X — K is jointly continuous. Finally, arguing as in the proof
of Prop. we know that L~!(B1(0)) is an open neighborhood of 0 € X x X3 so that,
by definition of the product topology on X; x X5, we find a suitable base element

k l

(VV (wi,ni) x () V(vj,m;) € L7H(B1(0))

i=1 j=1

for seminorms u; and v; on X; and, respectively, X2, and for suitable integers n; € N
and m; € N, fori € {1,...,k},j € {1,...,1}. This implies that

|L(x,y)| < p1(z)p2(y), Y(z,y) € X1 x X,

where p; = Zi?:l niu; : X1 — [0,00) and pg = Zl

=1 myv; 1 Xo — [0, 00). O

We close this section with basic results related to the dual space X™* of a locally
convex, topological vector space X. Recall that X™* denotes the linear space of continu-
ous, linear functionals from X to K if X is a topological vector space. This is a vector
space with the standard addition and scalar multiplication of functions. We also would
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like to view X™* as a topological vector space. One possible, natural topology is the
weak™ topology, sometimes denoted by o(X*, X). This is defined as the topology that
is induced by the family (f;)zex of seminorms which are defined by

fo(A) = |Az|, VA € X*,

This family is clearly separating, because f,(A) = 0 for all z € X is equivalent to
A =0 € X*. By Theorem X* equipped with this topology defines a locally convex,
topological vector space. Recall in particular that convergence of functionals

k* .
Ay " Aasn— o0 <= lim Apz=Az, VzeX

n—oo

corresponds to pointwise convergence, sometimes also referred to as simple convergence.
The last result of this section shows that linear functionals on X* that are continuous
w.r.t. the weak™* topology are in one to one correspondence with X. Before proving this,
recall the following two fundamental results (for the proofs, see e.g. [26, Chapter 3]).

Theorem 2.5 (Hahn-Banach). Suppose that M is a linear subspace of a vector space
X, thatp : X — [0,00) is a seminorm on X and that f: M — K is a linear functional
such that |f(x)| < p(x), Vo € M. Then, f extends to a linear functional on A : X — K
such that |Ax| < p(zx), Vo € X.

A well-known consequence is the following result.

Theorem 2.6. Suppose A and B are disjoint, non-empty, convex sets in a topological
vector space X.

i) If A is open, there exist A € X* and v € R such that
ReAx < v < RelAy, Vx € Ay € B.

ii) If X is a locally convez, topological vector space, A is compact and B closed, there
exist A € X* and v1,v2 € R such that

ReAx < v <7y < ReAy, Vx € A,y € B.
In particular, X* separates points.

Proposition 2.6. Let X be a locally convez, topological vector space and consider its dual
(X*, o(X*, X)) Then, for every ® : X* — K that is linear and continuous with respect

to o(X*, X), there exists v € X such that ®(A) = Az, VA € X*. As a consequence, the
topological dual space of X* is isomorphic to X.

Proof. First of all, by definition of o(X*, X), it is clear that X* 5 A — Az € K|
defines a linear, continuous functional on X*, for every x € X. Conversely, suppose that
® : X* — K is a continuous, linear functional on X*. Then ®~! (B1 (O)) is open so that

M
({AeX*:|Azj| <nj'} C 1 (Bi(0))
j=1
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for suitable z; € X and n; € N, for j € {1,....M}. In particular, ®(A) = 0 whenever
Azj=0forall j € {1,..., M} (because then also |®(nA)| < 1 for every n > 0), that is

M
ﬂ ker (W) C ker (®),
j=1

where W, (A) = Az;. In analogy to the finite dimensional setting, this suggests that

M M
B(A) =Y ¥, (A) = A(Z ajxj)
j=1 j=1
for suitable o = (ay,...,ap) € KM and for all A € X*. To prove this, notice indeed
that ®(A) is determined by
m(A) = (Azy, ..., Azy) € KM,

in the sense that w(A) = m(A’) implies that 7(A — A’) = 0 implying in turn that
(A —AN)=0,ie ®(A)=d(A). In other words, f: m(X*) = K, defined by

f(m(A)) = @(A)

is a well-defined, linear functional from 7(X*) C K™ to K. By Theorem f extends
to a linear functional on K™ so that, denoting the extension again by f, we get

M
fyrs- o ym) = Zajyj
j=1
for suitable o = (avy,...,an) € KM and all y = (y1,...,yu) € KM. As a consequence
M M
B(A) = f(7(A) = ajAa; = A(Zajxj), VA € X*,
j=1 J=1
as desired. This proves that ® = ¥, for z = Z;‘il ajr; € X.
Notice, finally, that ¥ : X — (X*)*, defined by

z— U, = (X" 3 A~ Az) € (X,

is an isomorphism. Indeed, by the previous remarks W is surjective. It is also injective,
because ¥(x) = ¥(y) implies that Ax = Ay for all A € X* and an application of Theorem
i1) (to the closed, compact sets {z}, {y} C X) shows that this implies x = y. O

The last result we collect concerns uniform convergence in the weak*™ topology.

Proposition 2.7. Let X be a Fréchet space with dual (X*,U(X*,X)). Assume that
the sequence (Ap)nen in X* converges to A € X*. Then, the convergence is uniform on
compact subsets of X.
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Proof. The proof consists of a standard § argument. Suppose that K C X is compact.
By assumption, we know that lim, ..o Apxz = Az for every x € X. In particular,
(Apz)nen is a bounded sequence, for every x € X. By Theorem applied to the
Fréchet spaces X and Y = R, we find some continuous seminorm p : X — [0, 00) so that

sup [Apz| < p(z), Vo € X.
neN

Notice that this also implies that |Az| < p(x) for every x € X. Now, let ¢ > 0. By
continuity of p, we can cover K C X by finitely many open sets (Uj)jj\il such that

€
3
for all j € {1,..., M}. Now, pick points z; € U; and N € N such that

plx —y) < 5, Vo,y € U;

|[Anx; — Azj| < g, Vn>N,je{l,...,M}.

Since K C U]]Vil Uj, this implies that for all n > N, we have

sup [Apz — Az| < sup  min  ([Apz — Apzj| + |[Anz; — Azj| + [Azj — Ax|)

€
<2sup min p(x—=x;)+ - <eg,

which concludes the uniform convergence. O

2.2 Distributions and Tempered Distributions

In this section, we study distributions on open subsets €2 C R"™ which generalize the
notion of a classical function. As already pointed out in Section the construction
of quantum fields (and their expectations) necessitates to work with singular objects
that can not be described as classical functions. Mathematically, such objects can be
obtained as linear functionals on a suitable test function space, identifying a (sufficiently
regular, e.g. locally integrable) function f : Q — C via duality with the linear functional

o /Q dz f(2)p(x).

Clearly, for sufficiently large test function space, this fully determines the function f,
but there are also many functionals that do not correspond to (e.g. locally integrable)
functions (e.g. the Dirac d-functional). It may be useful to keep in mind here that the
smaller the test function space, the more irregularity is allowed for the distributions.

In this section, we first study a class of distributions on 2 = R™ whose elements are
called tempered distributions. Afterwards, we discuss basic properties of general distri-
butions whose definition is a bit more involved compared to tempered distributions (the
latter are easily defined using the tools from the previous Section . Tempered dis-
tributions are more regular than general distributions and admit in particular a Fourier
transform, which turns out useful in view as remarked in Section [1.4
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2.2.1 Tempered Distributions on R"

The space of tempered distributions corresponds to the topological dual space of the
space S(R™) of Schwartz functions, viewed as a locally convex, topological vector space.
Let us make this more precise and collect various properties of S(R™). For a multi-index
a=(o1,...,a,) € Nj, we abbreviate in the sequel

o =" apr, 0% =0p ... 0.
We call a smooth map ¢ € C*°(R",C) a Schwartz function, or a function of rapid

decrease, if for every pair of multi-indices «, 8 € Nj, we have that
|Plas = sup |(z°0%¢)(x)| < oo. (2.4)
TeR™

The set of Schwartz functions is denoted by S(R™). With standard addition and scalar
multiplication of functions, S(R™) forms a vector space. It is straightforward to verify
(exercise) that |- |48 : S(R™) — [0,00) is a seminorm for every «, 8 € Nij. Moreover,
the family (| - |a,5)a,geny is separating. Indeed, if ¢ # 0, then p(z) # 0 for some z € R"
and therefore |¢lo,0 > 0. According to Theorem [2.2] we can thus view S(R") as a locally
convex, topological vector space. In the remaining sections, all topological statements
about S(R™) refer to this topology.

Proposition 2.8. S(R") is a Fréchet space.

Proof. By Problem it suffices to show that every Cauchy sequence (¢p)nen has a
limit ¢ € S(R™). The Cauchy property and the definition of the topology imply that

Ik — @il — 0

as k,l — oo, for every o, € Njj. Choosing o = f = 0 shows that |[pr — ¢illcc =
sup,cprn |@r(x) — @i(z)| = 0 as k,l — oo. By completeness of (Cyp(R"), || - [|oc), we find
some ¢ € C(R™) with [|¢|lcc < oo such that limy ,c || — ¢kllcc = 0. Analogously,
we find for every other pair o, € Njj a continuous function ¢, 3 € C(R™) such that
limy o0 [|Pas — 220%0k]looc = 0. Completeness of S(R™) thus follows if we can prove
that ¢ € C>°(R") and that 2%9%p = ¢a,3 for all o, 3 € Nj. For concreteness, consider
first the case a = 0,4 = (1,0,...,0). Then, since

T
or(T) = (0, 22,...,2y) + / dt (Op, k) (ty 2y ..oy X)),
0
the uniform convergence limy_, [|0,(1,0,...,0) = Oz, ¥k |lco = 0 implies that

1
30(33) = 90(03 Z2, .- wa'n) + /0 dt (900,(1,07...,0))(1:) Z2, ... 7xn)7

so that ¢ admits the continuous partial derivative @y (1, o) € C(R") in direction e; =
(1,0,...,0) € R™. Similarly, we argue for the other directions and conclude that ¢ €
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CHR™) with 0%¢ = g 5 for every B € N with |3| = > j=1Bj = 1. Repeating the
argument inductively (replacing ¢ by 9%¢ for |8] = 1), we readily conclude that ¢ €
C>®(R") with 9%¢p = g for every 8 € NP and, furthermore, that 2%9%p = ¢, 5 for
every a, 3 € Nj. We leave the detailed verification of these facts as an exercise. O

Problem 2.4. Based on Proposition[2.5, show that the embedding S(R™) < LP(R™) is
continuous, for every p > 1.

We denote the topological dual space of S(R™) by &'(R™). Its elements are called
tempered distributions. Let us list a few basic examples.

Example 2.1 (LP(R"™) Functions). For f € LP(R™), p > 1, consider the functional

SR") > = As(p) = / dx f(z)p(x) € C.
Then, Ay is well-defined by Hélder’s inequality, using S(R™) C L9(R"™) for % + % = 1.
The fact that Ay € S'(R™) follows from Prop. [2.5/and the bound

T n+1 )9 %
s < 1o ( [ BN < 3 g

o <[ 211

a,0-

Example 2.2 (Polynomially Bounded Measures). Suppose p : B(R") — [0,00) is a
polynomially bounded measure which means that pu([—L,L]") < C(LP" + 1) for some
C >0,peNand for all L > 0. Then

SR") 30— A (p) = / p(dx) p(x) € C

defines a tempered distribution. Indeed, arguing as in the previous example, we see that
p(dz) = 2C
Ml [ G Y Ko< (X)) X o
e (14 [])7P L
|| <np+2 L=1 || <np+2

Example 2.3 (Dirac § and its Derivatives). The Dirac functional centered at zo € R,
denoted by 0z, : S(R") — C, is defined S(R™) by

bz, () = p(20)

so that in particular |dz,(p)| < |plo,0 and thus d5, € S'(R™), by Prop. [2.50 It is well-
known that there does not exist a locally integrable function f,, € Li (R") such that

loc

Oz () = /dw fao(®)p(x), Voo € S(R").
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That is, 65, does not correspond to a classical function (ezercise). It can be identified,
however, with the finite, positive Borel measure on R”, defined by

1 :x9€Q
920 (1) = {0 : else

There are also distributions which do not correspond to Borel measures. For o € N,
define the a-th derivative 0%d,, : S(R™) — C of §,, via duality by

(0%64y) () = (—1)16,,, (%), Ve € S(R™).

We leave it as an ezercise to show that 0d,, € S'(R™) and that, for « # (0,0,...,0),
0%, € S'(R™) does not correspond to a finite, positive Borel measure on R™.

Like in the last Example duality can be used to extend many common operations
from classical to generalized functions. Let us collect several examples.

Example 2.4 (Distributional Derivatives). Let A € §’'(R™), then for a € Njj, we define
its a-th 0“A : S(R") — C weak, or distributional, derivative by

(0*M)(p) = (=1)*IA(8°¢), ¥ € S(R").

Symbolically, this generalizes the well-known integration by parts formula in R”, i.e.

[z (@ N @) = (17 [ ded@)o) o)

Rn

Example 2.5 (Translations and Linear Coordinate Transformations). Let A € S'(R™)
and (a, L) € R™ x GL(n), then we define 7,A : S(R") — C and LA : S(R") — C by

(Ta)(p) = Alp(- —a)),  (LA)(p) = [det LIA(p(L.)), Y € S(R").
Notice that this is consistent with the action Ly = ¢(L71.) on function ¢ € S(R™).

Example 2.6 (Multiplication by Polynomially Bounded Functions). Let f € C*°(R")
be a polynomially bounded function which means, by definition, that for every « € Ny,
there exist m,, € Ng, Cy > 0 such that

0% f ()] < Co(1 + |z]*)™, V2 € R™
Then, for A € §'(R"), we define fA : S(R") — C by
fAp) = Afp), Vo € S(RY).

Example 2.7 (Convolution with Schwartz Functions). Let A € §'(R™) and ¢ € S(R™).
Then, we define the convolution A x ¢ : S(R") — C by

(A*xY)(p) = A(p(=.) * @), Vi € S(R™).
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Problem 2.5. Prove that the ezamples cmd are all elements in S'(R™).

As a last example, we want to define the Fourier transform of tempered distributions.
Before doing that, let’s record some basic properties of the Fourier transform as a map
on S(R™) (for the proof of the next theorem, see e.g. [22]). For ¢ € S(R™), we define

@(p)=/ dx e * " p(z), @(p):/ dz *™Pp(x), ¥p € R™. (2.5)

Theorem 2.7. The maps ~: S(R") — S(R™) and ~: S(R") — S(R™) are continuous,
linear maps. Furthermore, the following holds true:

i) " S(R") — S(R™) is the inverse map of ~: S(R™) — S(R™).

i) For every a, B € NI and ¢ € S(R™), the function R™ 3 p s ip®d°3(p) € C is equal
to the Fourier transform of R™ 3 x + 9% ((—iz) ¢(z)) € C.

iii) For every ¢, x € S(R™), we have that

(o2 = | deplan(a) = (7.0

so that, in particular, ||¢ll2 = ||@]2-
iv) For every ¢,x € S(R™), we have that g * x = pX.

Example 2.8 (Fourier Transform). Let A € 8'(R™), then we define A : S(R") — C by

Symbolically, this generalizes Plancherel’s formula

[ k@) = [ ak@)@@ = [ k@)@ = [ dod@pe)

Note that A € 8'(R"), because A € §'(R") and ~: S(R") — S(R") is continuous.

In Sections and we study S’(R™) in more detail and analyze the previous
operations as maps on S'(R™), viewed as a locally convex, topological vector space.

2.2.2 Distributions on Open Subsets 2 C R"”

As another application of the results on locally convex spaces, we discuss in this section
general distributions on open subsets 2 C R".

When studying for instance the analyticity properties of (the Laplace transforms)
of tempered distributions (see Section below), it is useful to have a less restrictive
notion of a distribution that allows for more irregular behavior. We may obtain such
objects by considering a test function space smaller than e.g. the Schwartz space. A
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natural choice is C2°(2), the space of smooth, compactly supported functions in Q. In
the setting of distributions, this space is typically denoted by D(2) and identified with

D(Q) = U Dk (), Dr(Q)={peC®):suppp C K}. (2.6)
KCQ,
K compact

For each compact K C 2, the space D () carries a locally convex topology as defined
in Theorem using the the countable family of norms (| - |;);en,, defined by

lpl; = max {|0%(z)| : v € Q, € Nj with |a| < j}, Vo € D ().
In the sequel, topological results about Dg () refer to this topology, denoted by 7x.

Problem 2.6. Prove that Dk () is a Fréchet space and that it has the Heine-Borel
property, for each compact K C €.

As a union of, say, a countable family of spaces Dk, (f2) for increasing, compact
subsets K; C €, it is natural to equip D(2) with the locally convex, metrizable topology
induced by the seminorms defined by p;;(¢) = max,ck, jaj<j [0%¢p(z)], for ¢ € D(Q),
i € N,j € Ng. This topology has, however, the disadvantage that it is not complete.
For example, choose 2 = R, K; = [—1, 1], choose some function ¢ € D(R) with supp ¢ C
(0,1) such that ¢ 1—¢) > 0 (for some small € > 0) and define for j € N

Yn =) wl-—j) € DR).

j=1
Then, we have for every i € N, j € Ny and m < n that

n

ij (b — )l < D Ipig(eo(- = k)| =0

k=m-+1

whenever m > i, so (¥ )nen is Cauchy in D(2). Moreover, the pointwise limit ¢(x) =
lim,, o0 ¥ () exists for every z € R, but ¢ & D(Q). Indeed, its support is not compact,
because (x +j) = ¢(x) > 0 for every z € (¢,1 —¢€), j € N. The property that prohibits
completeness is that each seminorm p;; only measures what happens in K;.

We now introduce another locally convex topology which, among other things, forces
Cauchy sequences to have support in a fixed compact set. This property implies in
particular its completeness, based on the completeness of Dy (€2). To this end, set

B ={W C D) : W convex, balanced; D () N W € 7 V compact K C Q}

and define 7 to be the family of unions of sets ¢ + W, for ¢ € D(Q) and W € 5. We
remark that the general concept behind this definition is the so called strict inductive
limit topology (see e.g. [21] for more on this and also Problem below).
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Theorem 2.8. 7 defines a topology on D(Y) and B C T is a local base for T. Moreover,
the space (D(2),7) is a locally convex, topological vector space.

Proof. Clearly, ), D(Q2) € 3, hence (), D(Q2) € 7 and 7 is stable under taking arbitrary
unions of translates of elements of 8, which follows immediately from its definition. To
conclude that 7 defines a topology and that g is a local base for it, it suffices (ezercise)
to show that for every Vi, Vo € 7, ¢ € V1 N Vs, there exists some W € 3 such that

o+ W CVina.

By assumption, we find ¢; € D(Q), W; € 5 such that ¢ € p; + W; C V;, for i € {1,2}.
Then, choose K C € compact such that ¢, 91,92 € D (). Now, ¢ — ¢; € W; and
Wi N Dk () € Tk, so the continuity of scalar multiplication in D (£2) implies also that

1
1—0;

(p— i) €W,
for suitable, small §; > 0, i € {1,2}. By convexity of W;, this implies that
o —pi+oW; C(1—=0;)W; +oW; CW;

and therefore that o+, W; C @;+W,; C V; fori € {1,2}. In other words, o+ W C V1NV,
for W = 61 W7 N 92 W, which concludes the proof that 7 defines a topology.

Clearly, 7 has a convex, local base so it only remains to prove that single point sets
are closed and that addition as well as scalar multiplication are continuous maps. Let
v, € D(Q) be such that 1) # p. We construct an open set V' € 7 that contains 1, but
not . This implies that the complement of {¢} is open and hence {¢} is closed. One
way to choose V is as follows. Set

W ={¢ e D(Q): ¢l = sup|¢(@)] < | = o}
zeN

so that W N D (Q) € 7k for every compact K C . Since W is balanced and convex,
we conclude that W € g and thus ¢ + W € 7. Finally, p —¢p € W ie. o €0+ W € 7.
Next, let’s prove the continuity of addition. Let @1+ @2 € V for some 1, p2 € D(Q),
V er. Then 0 € V — 1 — p2 is open and contains 0 € D(2), so we find a local base
element W CV — 1 — g with W € (3, i.e. o1 + @2+ W C V. By convexity, we have

1 1
(901+§W)+(802+§W)C901+902+WCV7

so that +~1(V) € D(Q) x D(R) is open. Thus, + : D(Q) x D(Q) — D(R) is continuous.
Finally, consider the scalar multiplication in D(2). Arguing similarly as in the pre-
vious step, let A € K, € D(Q), W € f and V' € 7 such that

Ap+W CV.
Now, if |k — A\| < §, 0p € eeW and ) — p € oW, we have that
kp—Ap=(k—=Np+r)—¢) €W+ (|A] +d)eaW,
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by balancedness of W. Now, W €  so for K C € compact such that ¢ € D (Q),

we have that W N Dk () € 7. By Prop. this implies that do € egW if 6 > 0

is sufficiently small. Choosing e.g. €] = % and ¢ > 0 accordingly, and then e3 > 0 such

that (|A| + &)ez = 1, the convexity of W implies that
(Bs(\) x o+ W) CAp+eaW + (A + 6)eaW C Ao + W.
This implies that - : K x D(2) — D(Q) is continuous. O

In the sequel, whenever we speak of D(2) as a topological space, we refer to the
topology 7. Possible motivations for this choice are discussed in the next two problems.

Problem 2.7. Verify that T is the strongest locally convex topology on D(Y) such that
all the embeddings D () — D(QQ) are continuous.

Problem 2.8. Denote by P the set of seminorms on the linear space D(Y). Show that T
18 equal to the locally convex topology gemerated by all seminorms p € P such that poik :
Dk () — [0,00) is continuous for every compact K C Q. Here, ti : Di(Q) — D(Q)
denotes the canonical embedding.

Remark 2.1. For a concrete family of seminorms that generates T, see e.g. [10].
The key properties of D(2) are summarized in the next theorem.
Theorem 2.9. The following statements hold true:
i) A convex, balanced subset V- C D(Q) is open if and only if V € 5.

ii) For compact K C €, the topology T equals the subspace topology of Dy () inherited
from D(Q).

iii) A set E C D(Q) is bounded if and only if E C Dk () for some compact K C Q
and there are numbers Cj, j € No, such that

sup [p|; =sup  sup [0%p(x)| < Oy, Vi € No.
pEE PEE zeQ,|a|<j

iv) D(2) has the Heine-Borel property.

v) If (pi)ien is a Cauchy sequence in D(Q), then ¢; € Dg(Q),Vi € N, for some
compact K C Q and we have that

lim |(10i_80j|k::0a Vk € Np.

2,J—>00
vi) Iflim;_yoo @; = 0 in D(Q), then p; € Dk (Q),Vi € N, for some compact K C Q and

lim |4Pz‘k =0, Vk € Np.
i—00
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vii) If (@i)ien is a Cauchy sequence in D(S2), then there exists a limit p € D() such
that lim;_,o ;i = ¢ in D(Q).

Remark 2.2. The last part vii) shows that D(2) has the important property of being
topologically complete. D(Q) is, however, not metrizable (as explained below).

Proof. We start with 7). By definition of 7, we know that § C 7. So assume, on the
other hand, that V' C D(Q) is convex, balanced and open. We want to show that
Dk(2) NV € 1k, for every compact K C Q. Assuming without loss of generality
Dr(Q) NV £, pick p € D () NV. Then, since § is a local base for 7, we find some
W € 8 such that ¢ + W C V and therefore that

¢+ (Dr(Q)NW) CDg(Q)NV.

Since W € 3, we have that Dg () N W € 7. The previous step thus means that for
every ¢ € Dg(2) NV, we find an open neighborhood of ¢ in 7x that is contained in
Dr(Q) NV, ie Dg(2) NV € 7. This proves i).

To prove ii), note first that the previous part shows that the restriction of 7 to D (2)
is contained in 7x. On the other hand, assume that U € 7x. By definition of 75, we
find for every ¢ € U some j, € Ng and J, > 0 such that

e+ {Y €Dg(Q): Y];, <y} =¢+Dr(Q)NW, CU,

where we set W, = {¢ € D(Q) : |¢];, < d,}. Clearly, W, is convex, balanced and such
that W, N Dk (Q) € 7x for each compact K’ C 2. Now, setting

V= U(QO—FW@)ET,
peU

we obtain that U = D (2) N V. Thus 75 C Tjp,. () = {V NDk(Q): V €7}

To prove iii), we argue by contraposition. Suppose E C D(2) is such that E ¢
Dk () for every compact K C . Then, e.g. by using an increasing sequence of compact
subsets of 0, we find a sequence (pg)ken in F and a sequence (z)geny which does not
have a limit point in Q such that ¢ (zx) # 0,Vk € N (exercise). Then, define

Sk = {p € D(Q) : [(ar)| < k™ or(ar)]}, Vk €N
Each set Sj is clearly convex and balanced. Moreover, the linear functional

Dk (92) 3 ¢ = Ap(¥) = 0z, () = P(xr) € K

lies in Dk (), the topological dual of Dk (), because

|AL(¥)] < [9]o, Vb € D ().

and since Dk () is a Fréchet space, for every compact K C . This implies that
Sk NDr(Q) = (|- | o Ap) 1[0,k Yepx(wr)|) € 1) for every compact K C €2, and since
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every such K C 2 contains at most finitely many points of the sequence (zj)ren (note
that Sy N Dk () = Dk (N) € 7k if 1 € K), it also implies that

S=()SkeBcr
keN

But then ¢ & kS for every k € N, so no constant multiple of S contains F, which
means that F is not bounded. Hence, if F is bounded, it is necessarily contained in
some Dk () for some compact K C €2, in particular it is bounded as a subset of D (£2),
by part i7). By the definition of 7x and Theorem [2.2]i7), this shows that

sup [p]; < Cj,
pel

for every j € Ny, concluding the first direction of iii). Conversely, if E C Dg(Q) is
bounded in Dk (), then for every open neighborhood Sk C Dg(92) of 0 € Dk (),
there exists some s > 0 such that E C ¢Sk, for all t > s. In particular, if S C D(Q) is
an open neighborhood of 0 € D(Q2), we conclude form i) that E C tSNDg () C tS for
all t > s, so that £ C Dg(2) C D(R) is bounded in D(2), too.

The remaining properties iv) to vii) strongly rely on the previous parts. For iv),
suppose E C D() is closed and bounded. Then, by iii), E C Dk () for some compact
K C Q and by i), it is closed and bounded as a subset of Dk (£2). The space Dk ()
has the Heine-Borel property by Problem Invoking once again i7), this shows that
E C D(R) is compact. Similarly, by Problem every Cauchy and every convergent
sequence is bounded. Such sequences are therefore contained in some D (£2) and Cauchy
and, respectively, converge with regards to 7x by 7). This implies v) and vi) (whose
seminorm statements are just reformulations of the Cauchy and convergence properties
in D (92)). Using additionally the completeness of Dg (2), we also conclude vii). O

Based on the previous definitions, we denote by D’'(2) the dual space of D(f), i.e.
D'(Q) = {A:D(2) — K: A linear and continuous}.
Its elements are called distributions on 2 C R™. Continuity is characterized as follows.

Theorem 2.10. Let A : D(2) — Y be a linear map into a locally convex, topological
vector space Y. Then, the following properties are equivalent:

i) A is continuous.
ii) A is bounded.
ii1) If img_yo0 0 = 0 in D(2), then limg_,oo App =0 in Y.
w) Np () Di(2) =Y is continuous for every compact K C (.

In particular, A € D'(Q) if and only if for every compact K C Q there exists some j € Ny
and some constant C > 0 such that |[Ap| < Clpl;, Vo € Dk ().
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Proof. By Prop. 2.4 we know that ¢) implies éi). To see that i7) implies ii), assume
limy 00 o = 0 in D(Q). Then, Theorem vi) tells us that there is some compact set
K C Q such that ¢i € Di(Q), for all £ € N, and that limg_,o o = 0 in D (). Since
Dk () is a Fréchet space, Prop. applied to the restriction Ajp,. (o) : Pr(Q2) = Y
shows that limg_,o, Apr = 0. Hence, ii) implies iii).

If we assume #i7), then it also clearly holds true that if limg_, o ¢r = 0 in D (Q2), then
limg_yoo A, = 0 in Y, for every compact K C ). Note indeed that limy_ . ¢ = 0 in
Dk () implies that limy_,o tx (x) = 0 in D(§2), by continuity of tx : D (2) — D(£2),
so that limy_, o pr = 0 in D(Q). By Prop. and the fact that D (Q) is Fréchet, this
implies that Ajp, (o) : D (£2) — Y is continuous, i.e. part iv).

Next, let U C Y be a convex, balanced, open neighborhood of 0 € Y. Then, by
linearity, A=*(U) is a convex and balanced set (ezercise). By Theorem [2.9|44), it is open
if and only if A=Y(U) N Dx(Q) € 7k, for every compact K C Q. This is the case if
Apg (@) Dr(Q) — Y is continuous. Since the topology on Y is generated by unions of
translates of convex, balanced sets, this proves that iv) implies 7).

Finally, the characteriziation of D'() is a reformulation of part iv) for the special
case Y = K. This uses once more that D () is Fréchet and Prop. O

Example 2.9 (Differential Operators). Every differential operator 0% : D(2) — D(Q),
a € N{, is continuous. This follows from Theorem iv) and the bounds

‘6a()0|j < ’§0’j+|a|a Vp € D(Q)a.j € Ny,
which imply that 97, ) Dk () — Dk () is continuous for every compact K C €.

Example 2.10 (Dirac §). The Dirac ¢ functional, introduced in Example naturally
defines an element in D'(2) by setting d,(¢) = p(z),Ve € D(Q). Then

162(0)] < |¢lo, Ve € D(Q),

so continuity follows from Theorem iv). It is interesting to note that this observation
can be used to show that D(£2) is not metrizable. To this end, notice that

Di(Q) = () {9 €D(Q):d.(p) =0} CD(Q)

zeKe

is closed, for every compact K C Q. Moreover, the interior (D (2))° = 0, for every
such K C Q. Indeed, assume by contradiction there was some element ¢ € (Dg(£2))°.
Choosing a suitable, compact K’ C 2 such that K ¢ K/ € Q, (K’ \ K)° # ), we know
that 0 # Dg/(Q) N (Dr(N))° € 7i (as (D (2))° is open in D(N)) so that in particular

Ue={¢ € Dr/(Q) : [ — plo < €} C Drr(Q) N (Dk(2))°

for some € > 0. Choosing a small bump function 1. € C°((K'\ K)°) with || <
we find the contradiction that ¢ + ¢, € U C (D (2))° C Dk (Q).
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The upshot is that D(£2) is not metrizable. For it is equal to a countable union
o
D(Q) = | Dk, (Q)
j=1

of closed subspaces and since D({2) is complete, Theorem would imply that at least
one of the subspaces D, (€2) would have non-empty interior if D(£2) was metrizable.

Example 2.11 (Tempered Distributions). For Q@ = R", we have 8'(R™) C D’(R™). That
is, every tempered distribution is a distribution. To see this, pick A € S'(R"), then

[AP)] < Caplblas: Vo € S(RT)

for every o, 8 € Njj and suitable constants C, g > 0. This implies that

IA(@)] < Caplelas < Ckaplelis Vo € Di(Q)

and thus A € D'(Q2). Conversely, there are A € D'(Q) which are not tempered, e.g.

A=) "a"_ e D'R), N =) 0"_,cDR).
k=0 k=0

Like for tempered distributions, we can generalize many operations for classical func-
tions to distributions. We leave it as an exercise to show that, for instance, Examples
and readily generalize to D'(Q2) (for general, open Q C R™).

We conclude this section with two important results on D’'(£2). While the first deals
with its completeness, the second provides a precise, structural description of its elements
(locally). In the sequel, we turn D'(£2) into a locally convex, topological vector space by
equipping it with its weak* topology, based on Theorem [2.2] Recall that this implies

*

AV A eD(Q) = lim Ajo = Ap, ¥ € D(9).

Similarly, (A;)jen is Cauchy in D'(2) if and only if (Aj¢)nen is (in K), for all ¢ € D().

Theorem 2.11. D'(Q) is complete. If (Aj)jen converges to A € D'(QQ), the convergence
is uniform on bounded subsets of D(2) and, furthermore, (0°A;)jen converges to O%A,
for every o € Nij.

Proof. Assume that (Ajp)nen is Cauchy in K, for every ¢ € D(Q2). By the completeness
of K, we define the map A : D(Q2) — K by

Ap = lim Ajp, Vo € D(Q).
j—o00

This map is clearly linear, so it only remains to show that A is continuous. To this end,
we show that Ajp,.(q) : Pi(2) — K is continuous for every compact K C 2. Then, the
claim follows from Theorem iv).
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So, let K C Q be compact. Similarly as in the proof of Theorem define the sets
Sk = {¢ € Dk () : [Aj(p)| < k,Vj €N}, Vk e N.

Then S, C Dk () is a (countable intersection of closed subsets and thus) closed in the
Fréchet space Dk (€2). Since Ap = lim;_,o Ajp for all ¢ € D (), we have that

Dr(Q) = | S.
k=1

By Theorem there exists at least one set Sj, such that Sp # (). Arguing as in the
proof of Theorem (exercise), this implies that

sup [Ajp| < Cl@lm, Yo € D ()
jEN

for some m € N and some constant C' > 0. Hence, also |Ap| < C|pl|py, for all ¢ € D (),
which proves the continuity of Ajp, (o) : Dx(Q2) — K. Thus, A € D'(Q).

Now, let lim;j oo Aj = A in D'(Q) and let E C D(2) be bounded. By Problem
and Theorem E is bounded, hence compact in D(£2), and we also know that
E C E C Dk () for some compact K C €. In particular, E is compact in the Fréchet
space D (€2). By Prop. this implies (A;);en converges uniformly to A on E C E.

Finally, the convergence of the derivatives follows from the pointwise convergence

lim (9°A;)(p) = lim A;((=1)*19°p) = A((~1)I*1a%p) = (87A)(p)

Jj—00 j—00
for every ¢ € D(2) and every o € N . O

At the beginning of this section, we introduced distributions as a generalization of
classical functions in order to allow for singular behavior which can not be captured
by regular (e.g. locally integrable) functions. How much irregularity is possible in the
context of distributions? This question is answered by the following result. A precise
characterization of tempered distributions is discussed in the next Section [2.2.3

Theorem 2.12. Let A € D'(Q) and let K C Q be compact. Then, there exists a
continuous function f:Q — K and some o € Ny such that Aip, ) = 0°f, that is

Ap = (1) [ do f@)(0"0)a). Ve € Dr(®).
Remark 2.3. Theorem[2.19 describes the local regularity of distributions. Some further
analysis can be used to obtain their global structure, too - see e.g. [26, Theorem 6.27].

Proof. Let Q C R™ be some open cube, centered at 0 € R™, that contains K C §2. In the
following, constants that depend on K or () are typically denoted by C' and may change
from line to line, as usual. For every ¢ € Dy = Dg(R"), we have that

Yo < Cl}}gaé( |0 ()|

85



for each i € {1,...,n}, by a first order Taylor expansion. Iterating this, we obtain
9] < C'max [T™)()|
zEQ

for every m € N, where T'= 010> ...3J,. On the other hand, we know that

bly) = / dz (Ty) (),

Yy

where y € Q, Qy ={r € Q : x; <y;,Vi =1,...,n}. In particular, T" is injective on Dy.
Now, since A € D'(2), we have for some m € N and some C' > 0 that

IA(p)] < Clplm, Yo € Dr(Q).

Combined with the previous observations, this shows that
A¢l < Cmax[T7p(0)] < € [ do (T 0)(@)], Vi € Di(®).
* Q

By injectivity of T on Dg, note that ™! : Dk (Q) — Dg (L) is injective as well. We
can therefore define a linear operator A’ : ran(T™"!) — Dk () by setting

N(T™p) = Ay, Vo € D (9).

Theorem shows that A’ extends to some element A’ € (Ll(Q))* so that, by duality,
there exists an element g € L>°(Q) such that

Ap = N(T™H ) = / dz g(x)(T™ p)(z), Y € Di(9).
K
Finally, defining h € C(R") by

h(y) = /_yoo dor ... /_: dan g(@)xo(x), Yy € RY,
we conclude that TAy = 0102...0,Ap = (—1)"A4 in Db and thus
A= (1) [ dah@)(T"p)(a)
= (1)t /K dx ((—1)" T p(a)) (972 o) (x), Ve € Dk ().

This proves the claim for f = (—1)”+"(m+2)h|g e C(9). O

Problem 2.9. Ezpress the Dirac functional 6 = 6y € D'(R) as a derivative of a contin-
uous function such that §(p) = Ay(0%p),Vo € D(R), for some f € C(R) and o € N.
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2.2.3 Regularity and Nuclear Theorems

In this section, we characterize the regularity of tempered distributions. This is based
on the so called N-representation of S(R™) and S&’(R™) which has many additional,
interesting consequences such as the Nuclear Theorem. We follow [21I, Appendix V.3].

The N-representation describes the spaces S(R™) and S’(R™) as suitable sequence
spaces. This is based on the expansion of Schwartz elements in terms of the products of
the Hermite functions, which form an orthonormal basis of L?(R). To make this precise,
we first collect some preliminary facts. Recall the seminorms (| - a,ﬁ)a,/jeNg introduced
in Section and define another family of seminorms (| - [o,5.2)a,seny Dy

elas2 = 12°0%¢ 12mn), Y € S(R™).
Lemma 2.3. The families (| - \a,ﬁ)a,ﬁeNg and (| - |a75,2)a756N3 are equivalent.

Proof. On the one hand, we have that

o 1+ |z|™ )|z 2| 9B p(z) |2
olase = [ dsle @ < [ ar CHEEIREEEA)

1+ [z|rHt

<C Z 13,5

YENZ:|y|<|al+ 24

for every ¢ € S(R™). Conversely, by Cauchy-Schwarz, a similar estimate shows that

x1 Tn
las= s | [“ ... | dyn(<al...an><yaa%>)<y>\
reR” —00 —00
< sup / dyi / dyy H + D@1 - 0) (4 9°)) (v)
cern JrR 14 01| 1+ |yn| -

<c > |0

veENG: [y <lal+n,
SENG:[0|<|B]+n

7)672'

for every ¢ € S(R™), concluding the proof. O

The previous lemma shows that the locally convex topology on S(R™) can equiv-
alently be characterized through the seminorms (| - [4,5.2)a,geny. Below, we introduce
yet another family of equivalent seminorms that are related to the Hermite functions
(¢j)jeny- The latter are explicitly given by

(—l)j 1.2/dN\I _ 2 .
) _ /e @ R N
¢j() = 2jj!e2 (dx) e, VreR,j €Ny

and correspond to the eigenfunctions of the harmonic oscillator Hos = —% + 22 on

L?(R). Standard results on Schrodinger operators imply that Hes is essentially self-
adjoint on C2°(R), that the spectrum o (Hose) = 0q(Hosc) C [0, 00) is purely discrete and
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that H,s. admits a unique, positive ground state (for the proofs, see e.g. [22, Chapter X.4]
and [24, Chapter XII1.12]). Now, ¢y € L*(R) is positive, because ¢o(z) = TTie 2% > 0
for all x € R, and it solves the eigenvalue equation

2

<—%+«T>¢o:¢o~

Hence, it is equal to the unique, positive ground state of Hos (note that ¢g € Dy, lies
in the domain of Hys = (Hosc)|cgo(R))- To find all eigenfunctions of Hyg. in the first
place, one notices (e.g. by elliptic regularity) that they are smooth and furthermore that

. 1 ay . 1 d
(HOSC)‘DHOSCQCOO(R) =24 A+ 1, where A = E(:E =+ @), A* = ﬁ(m — %)

The so called ladder (or creation and annihilation) operators, A* and A satisfy on C*°(R)
the canonical commutation relations [A, A*] =1, [A, A] =0, [A*, A*] =0, so that

(2A*A+1)(A*) = (A*2A*A+2A%)(A*)T 71+ (A%)T = (A*)T (2A*A)+(2j+1)(A*)?,Vj € N.
This suggests to find the eigenfunctions of Hos. by solving 24*A¢y = 0 (which implies

Ago = 0), to verify that (A*)/¢g € L?(R) does not vanish for each j € N and to normalize
the resulting eigenfunctions. It implies that for suitable Cj, j € Ny, we have

dj = Cj(A*Y g with Hosetpj = (2A*A +1)p; = (25 + 1), Vj € No.

These observations, whose verification is left as an exercise, imply that (¢;);en, is an
orthonormal sequence in L*(R). The fact that it is an orthonormal basis of L?(R), i.e.
complete, follows by showing that oq(Hesc) \ {27 + 1 : j € No} = 0. This is also left as
an ezercise, see e.g. [22, Chapter X, Problems 30 & 31] for a detailed strategy.

Now, let (¢a)aeny = (Pa; @ ... ® Pa, )acny denote the corresponding product basis
of LQ(R") set N = A*A - S(R) — S(R) and define for § € Ny

I lls = IN+1)7 [l 2@ny, (N+1)7 = [T(N; + 1% : SR") = S(R") € LA(R").
j=1

Here, Nj = 172) ®... @ N®...® 112R) acts as N on the j-th coordinate in S(R").

Problem 2.10. Prove that (|| - ||g)geny defines a family of seminorms on S(R™) that is
equivalent to the family (| - [a,5.2)a,peNg -

Now, we are ready to characterize S(R™) as a sequence space. To this end, define

Sy = {a = (@a)acny  sup |a|"]aa < o0, Vm € No}
aeNg

and equip it with the locally convex topology that is induced by the seminorms

n
l(aa)aengllg = || ((a + 1)ﬁaa)a€N8H£2(N8) for (a+1)" =]](ey +1)%, Vo € N.
7j=1
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Finally, recall that every ¢ € S(R") admits an L?(R"™)-basis expansion of the form

Y= Z <¢a7 QO>¢01 such that H90HL2(R") = H (<¢O&7 SO>)046N6LHZ2(N6L)'

a€eNy
Theorem 2.13 (N-representation of S(R™)). The map ¢ : S(R") — S, given by
S(R") 3 ¢ 1p) = ((¢a:9)) genn € n
defines a topological isomorphism between S(R™) and S, .
Proof. Let ¢ € S(R™) so that ||¢||g < oo for every 8 € Njj. Then, observe that
n n
lelly = {o. TION; +126) = 3 faaP TI(@; + 1% = lawdacrgls  27)

j=1 aeNp j=1

for aq = (¢a, ), a € Njj. Since € N is arbitrary, this clearly implies

sup [af™|aq| < oo
a€eNg

for every m € NV, so (aa)aeNg € S,.. By the isometric property , we also conclude
that ¢ is injective. To prove that it is onto, pick an arbitrary (ba)aens € Sp. Then, for
every m € N, we have that

Pm = Z baa € S(Rn)
a€eNg:|al<m
and it is straightforward to verify (exercise) for mj; < mgy that

lom, — @mallf = > @+ 1)¥bal* < Y (a4 DPbaf* =0

a€eNY:my <|a|<ma aeNP:m1<|a

as my — oo. Thus, (¢m)mesmn) is a Cauchy sequence that has a limit ¢ € S(R"). The
convergence lim,, oo om = ¢ in S(R™) implies the convergence in L?(R™), too, so that

o= bada,

a€eNg

that is, t(¢) = (ba)aeny € Sn. This shows that ¢ is bijective. The property (2.7) implies
that ¢ is a homeomorphism, by definition of the topologies on S(R™) and S,,. O]

The space S'(R") of tempered distributions admits a sequence representation as well.
Recall that we view S'(R"™) as a locally convex space equipped with the weak* topology.
To formulate the sequence representation precisely, define the linear space S, by

S, = {a = (aa)aeny 1 I8 € Ng  so that sup 90

< oo}.
aeNg (Oé + 1)5
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Theorem 2.14 (N-representation of &'(R™)). The map /' : S'(R") — S, defined by
S/(Rn) SA— L/(A> = (A¢a)aeN8 € S;L
is a linear isomorphism. Furthermore, for every A € §'(R™), we have that

A=1lm > (Ada)fa,

m—00
a€eNy:|a|<m

interpreted symbolically as the Hermite expansion A = ZaeNBL (Apo)dq in S'(R™).

Proof. Let A € §'(R™) and define a, = A¢q, for all & € Nj. From Prop. we infer
that for some 8 € Njj (s.t. |3;] € Ny are sufficiently large for all j € {1,...,n}) we have

|aa| = |Ada| < Clldallg = Cla+1)?, Yo € Nj.

Hence, //(A) € S!,. The map is clearly linear and it is injective, because A¢, = A'¢, for
all @ € Nj and A, A" € S'(R") implies that

A(,O = Z <¢O¢7 SO>A¢OA = A/%

aeNy

where we used the fact that lim,, ZaeN3:|a|§m<¢a7 ©)pa = p, Vo € S(R™) (exercise).
Furthermore, ¢/ is onto. For let (ba)aeny € S;, and define the linear map L : S,, — K by

L(aa)aeNZ} = Z bata-

aeNg

Then, an application of Cauchy-Schwarz implies

|L(aa)aery| < Y [batal <C Y (a+ 1)Plaal < Cll(an)acng g

a€ENg a€EN?

for suitable 8, 8 € Njj so that L : S,, — K defines in fact a continuous, linear functional
on S,,. By Theorem (and using the notation from its proof), this yields a continuous,
linear functional A = L o € §'(R™) which is represented by

Ap = L(<¢m@>)a€N8 = Z ba(Pa; p)-

aeNg

In particular, Agq = ba, Voo € Nij so that ¢'(A) = (ba)aeng-
Finally, the Hermite expansion of A € §'(R™) follows from the fact that

S (Ada)da)@) = Y (b dha = D (G @)Ada = Ap

a€Ny:|a|<m a€eNg:|al<m a€eNg

as m — oo, for every ¢ € S(R"™). O
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Based on Theorems [2.13|and we can readily draw a large number of interesting
consequences. An immediate consequence deals with the separability of S(R"™) and
S'(R™) (recall that a topological space X is separable if it contains a countable, dense
set, i.e. every non-empty open neighborhood in X’ contains elements of that sequence).

Corollary 2.2. S(R"™) is dense in S'(R™). Both S(R™),S'(R™) are separable.

Proof. The density of S(R"™) in &'(R™) follows immediately from the fact that

SR> Y (Ada)pa — A€ S'(RY)

a€eNg:|al<m

as m — oo, for every A € S'(R™). A slight modification of the argument also shows that

z:{ Zbaqﬁa:bae(@—l—i(@/\ElmeN:ba:Oif|a]>m}C$(R")

aeNg

is dense in §’'(R™). Since ¥ is countable, this proves the separability of S’'(R™). The
separability of S(R™) follows by observing that ¥ is in fact also dense in S(R"™). O

The next result describes the regularity of tempered distributions. It is a (global)
analogue of (the local) Theorem [2.12]

Theorem 2.15. Let A € S'(R™). Then, there exists a polynomially bounded, continuous
function f € C(R™) and some o € N} such that A = 0°f, that is

Ap = (-1) s f(@)(0%)(x), Vo € S(R").

Proof. Let A € §'(R™) with Hermite expansion A = > aeNg(Agzﬁa)qﬁa such that
|| < Ca+1)°, Ya € N,
for some 3 € Njj. By Problem we find some v € Njj such that

|baloo = suﬂg) |pa(z)] < Cla+1)7, Va € N.
TxeR™

Now, set aq = (a+1)7"(A¢y), Vo € Nij, where £ = (f1 +71+2,..., 50 + 70 +2) € Nj.
Then, FF =) aeNg GaPa € Cy(R™) by uniform convergence that follows from the bound

n
1
> Jaal sup [ga(@)] <C D (a+ 1)< 3 [[ 5 <
aeN? TER™ aeNn aeNn j—1 (ij + 1)
0 0 nj=

By definition of (aa)aeNg, we infer that

Ap) =D (dar9)(Ada) = D (a4 1)*(a, p)aa = F((N +1)Fp), Vo € S(R™).

aeNg aeNy
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In other words, A = (N + 1)"F = [[7_;(N; + 1)" I in the sense of S'(R"). Expanding

(N+1)" H2 i ( 82 —}—x + 1) Z cs.m00°

7j=1 (SEENEL:(sj-FSjSQHj,Vj

as a linear operator on S(R") for a suitable sequence (cs)sceny, using that 2’ F € C(R™)
is polynomially bounded for every § € Njj (since F' € Cp(R")) and, finally, using that
every polynomially bounded ¢ € C(R"™) can be written as a k-th partial derivative

P(z) = (8I;j§)(x), where ((z) = /Oxj dyy ... /Oykl Ay V(T1, .. L1, Yk Tjt1, - - - Tn),
with ¢ € C(R™) being polynomially bounded as well, we readily conclude (ezercise) that
A=(N+1)F = > (=1)les. 0°(2° F) = 0 f

8,e€ENR:6;+e;<2k;,¥j
for some polynomially bounded f € C(R") and o = 2k € Nj. O

Another interesting consequence deals with multilinear functionals on S(R™), which
occur below in the form of the Wightman functions of a quantum field theory.

Theorem 2.16 (Nuclear Theorem for S8'). Let L : S(R™) x ... x S(R") — K be
a separately continuous, multilinear functional. Then, there exists a unique tempered
distribution A € S'(R™ 1) such that

A(@l X... ®<10k) = L(‘Pl,-. '7S0k)7 VSOJ € S(an)7] € {]-a 7k}

Proof. For simplicity of notation, consider the bilinear case. The general case follows
along the same lines and is left as an ezercise.
By Prop. L:S(R™) x S(R™) — K is jointly continuous so that

IL(6ar #8)| < Cllgallyll6slls = cH aj + 1) H (g + 1) = C((e, 8) + 1)

7=1

for all (o, 3) € Ny™™ and some fixed (v,d) € N{™™. By the characterization of
S'(R™™), we conclude that A =37 BNt L(¢pa, q§5)¢a ® ¢ € S'(R™™) so that

AMe@p) = Y (far9) (s, V) L(dar d5) = L(,0), Yoo € S(R™),1p € S(R™).
aeNP, BeND
Uniqueness follows from the fact that the Hermite coefficients determine A uniquely. O

Note that Theorem [2.16|is typically wrong in other common function space settings.
Consider e.g. the functional L2(R"™) x L2(R") 3 (p,) — (¢, %) € K. Its kernel equals
A € §'(R?) with A(x,y) = d(x — y), in particular A ¢ (L?(R?*"))* ~ L2(R?"). The
theorem is, however, also true in D’(R") which we state without proof.
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Theorem 2.17 (Nuclear Theorem for D). Let L : D(R™) x ... x D(R™) — K be a
separately continuous, multilinear functional. Then, there exists a unique distribution
A € D/(R™*+"%) such that

A(Qpl ®®90k‘) = L(@l?"'vgpk)a VSD] € D(an)aj € {L?k}

Proof. We leave it as an exercise to prove that L is jointly continuous. Then, one can
proceed similarly as in the proof of Theorem after setting up an analogue of the
N-representation, based on the Fourier series expansion. In dimension n = 1, this is
outlined in [21l Problems 59 & 60]. Alternatively, see e.g. [6l, Chapter 1.1]. O

Finally, let us reconsider the operations on &’'(R™) defined in Examples
and A consequence of Corollary is that all these operators, viewed as maps from
S'(R™) to itself are continuous. This follows from the following general considerations.
Recall that S(R™) embeds continuously into S'(R™). Let’s denote the linear, injective
embedding by ¢ : S(R™) — S'(R™). The continuity follows from

Q) = [ deele)vie)] < Wlaliels < Clolaoliela

for suitable v € N, the definition of the topology on S&’'(R™) and Prop. Suppose
that S : S(R™) — S(R™) is a linear, continuous map and define S’ : §'(R") — S’'(R™) by

S'(A) (@) = A(Sp), Ve € S(R™).

Then, a similar argument as before implies that S’ is continuous, too (ezercise).

Now, suppose that T : S(R") — S(R") is linear and continuous so that 1o T o=t :
L(S(R™)) — S’(R™) is linear and continuous as well. Since ((S(R™)) is dense in S'(R"™),
toT o~ admits at most one continuous extension 7" : S'(R") — S’(R™). In particular,
if there exists some continous, linear S : S(R") — S(R™) as above that satisfies

sty = t0Tor = [ doo(@)(S0)(@) = / dz (Tg) ()b (a), Vi, € S(R™),
then 7" = 5" : S'(R") — S'(R"™) defines this unique, continuous extension of o T o1~ L.
We leave it as an instructive ezercise to verify that the operations from Examples
and [2.§ are defined exactly in such a way to meet the previous criterion. As a
consequence, all the actions defined in these examples are continuous on S&'(R™). In case
of the Fourier transform, we record the following corollary.

Corollary 2.3. The maps ~: S(R") — S(R") and ~: S(R") — S(R™) extend to linear,
continuous maps —: S'(R™) — S'(R™) and, respectively, ~: S'(R™) — S'(R™) such that

(A) = (A) = A, VA € S'(R™).

Proof. Continuity of ~and ~ follows from the preceding remarks and the inversion
property is true on S(R") — S’(R™) which is dense in S&'(R™). O
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2.3 The Lorentz and Poincaré Groups

In Section the Lorentz and Poincaré groups emerged as the special relativistic ana-
logues of the orthogonal and, respectively, Euclidean groups in Newton mechanics. In
this section, we define these groups precisely and we collect important properties of the
Lorentz group, following [16]. Most importantly, we show that the special linear group
SL(2,C) covers El by generalizing the proof of Prop. [1.1|that relates SU(2) with SO(3).
In Section we continue our discussion by analyzing the unitary representations of
the Poincaré group (or, more precisely, of the inhomogeneous group R* x SL(2,C)).
We recall that O(1,3) is defined as the group of isometries on Minkowski space, i.e.

0(1,3) = {L e R¥™ : p(Lx, Ly) = n(z,y) Vo, y € R4}, (2.8)

where 7 is the Minkowski metric. With respect to the standard basis of R*, n has the
form (1.47). In matrix language, the invariance of n under L € O(1,3) is equivalent to

LTy = . (2.9)

It is clear that 1gs € O(1,3) and since n? = n’'n = nn? = 1ga = (—n)?, we also have
that +n € O(1,3). By non-degeneracy of 7, every L € O(1,3) is injective and hence
invertible. The (left inverse and hence the) inverse L~! of L is equal to

L—l — nLTT] c R4X4,

which immediately implies that both L7 € O(1,3) and L~! € O(1,3). Equipped with
standard matrix multiplication, O(1,3) is a group, because

(L1Lo) (L1 Le) = LY L L1 Ly = LInLy = n, VL1, Ly € O(1,3).

Clearly, matrix multiplication O(1,3) x O(1,3) 3 (L1, L2) — L1Ls € O(1,3) and taking
the inverse O(1,3) > L — L~' = nL"n € O(1, 3) define continuous maps on O(1, 3) with
respect to the subspace topology inherited from R*** (ezercise). Here, we view R*** as
a real Hilbert space with the matrix inner product (A, B) = tr(A” B). Notice that the
induced norm corresponds to the standard Euclidean norm if we identify R*** ~ R16,

It turns out that both multiplication O(1,3) x O(1,3) > (L1, L2) — L1L2 € O(1,3)
and taking the inverse O(1,3) > L + L™! = nL™Tn € O(1,3) are indeed smooth when
we view O(1,3) as a Lie group, which is made precise in Lemmabelow. To motivate
part of the statement of Lemma observe that if e4 = 3"7° 4 € O(1,3) for some
A € R¥™4 then for small A € R**? we have that

n= (eA)TneA =n+ AT77 +nA+ O(AQ) — AT ~ —nAn.

Lemma 2.4. O(1,3) is a siz-dimensional real Lie group smoothly embedded into R***

and with a real analytic atlas. Its Lie algebra is isomorphic to so(1,3), defined by

50(1,3) = {A e R AT = —pan}. (2.10)
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Proof. We use the matrix exponential and its inverse to construct an analytic atlas.
Before we make this precise, notice first of all that so(1,3) defines in fact a Lie algebra
with Lie bracket given by the usual matrix commutator. This follows from

[A1, Ao)" = [AT, AT] = [nAam, nAin] = —n[A1, Ao]n, YA;, As € s0(1,3).

Setting ag. = (ap1, a2, ao3), a.0 = (a0, a0, a30) € Rs, it follows from the constraint

T T
AT _ (@00 aj _ [ aoo ap. — —nA
= \T = N = —nAan,
ao. (aw)1gi,jg3 ao —(aij)i<ij<s

that a general element A € so(1,3) takes the form
0 b ba b3
b1 0 —xI3 xT9 3
A=1b 2 0 —o|” > (0w B+ 2 Xa),
k=1
b3 —x2 1 0

for some (b1, ba, b3, x1, 72, 23) € RS. Here, the generators By, are obtained by setting
b = 1 and all other entries to zero while the X are obtained by setting x; = 1 and all
other entries to zero, for k € {1,2,3}. This shows that so(1,3) ~ R is six-dimensional.

Next, let’s recall some basic properties of the matrix exponential exp : R*** — R**4,
It is clearly an analytic function with exp(0) = 1gs € O(1,3) C R**%. Observe that

00 ATk oo A k -
k=0 ' k=0 '

Conversely, it is a standard fact that for || X|| < 1, the map defined by

log (1gs + X) = Z(—M“7
k=1

is analytic, too, and satisfies e°8(1z4+X) = 15, 4 X for all X € R with || X| < 1
as well as loged = A for all A with ||A| < log2. Furthermore, notice that for every
L € O(1,3) with ||1ga — L|| < 1, it holds true that

LTp=nL™" « LT = o8l = pelogly — (log L)T = log(LT) = —nlog(L)n.

In other words, log(L) € so(1,3) for every L € O(1,3) with ||[1gs — L|| < 1.
To construct an analytic atlas of O(1,3), we can now proceed as follows. For an
arbitrary L € O(1,3), we pick an open neighborhood

Upe={X e R¥* | 1ps — L7'X|| < e} = {LY e R |1ps — Y| < ¢} C RP

at L € O(1,3) and we define a local chart ¢r ¢ : U, — R4 with ¢r.(L) =0 by

o0

pLe(X) =log (1ps + (L7'X = 1pa)) = > (1)
k=1

jpr (71X — 1ga)*
; .
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As composition of analytic functions, ¢y, is an analytic function and we have that

(IOL,G(UL,G N O(l, 3)) = ()OL,e(UL,e) N 50(17 3)

is an open slice in s0(1,3) c R**. Using the exponential map as inverse, it is clear
that the transition functions cpg}ﬂ 0 @e,1, for Ly, Ly € O(1, 3) are analytic (in the usual
sense as maps from subsets of s0(1,3) ~ RS to so0(1,3)) and that the corresponding
smooth structure ensures smoothness of the embedding O(1,3) < R*** (ezercise). In
other words, O(1,3) is a smoothly embedded six-dimensional submanifold of R**4. As
topological space with subspace topology inherited from R**%, it is in particular a six-
dimensional topological manifold and the smooth structure that turns the embedding
O(1,3) <= R*¥* into a smooth map is unique (recall e.g. [I4, Theorem 8.2]).

To conclude the lemma, it remains to determine the Lie algebra of O(1, 3), which is
isomorphic to its tangent space T1,,0(1,3) at 1gs. With the same notation as above,
consider for every k € {1,2,3} the smooth paths

(—€,€) 3t yp, (1) = P € O(1,3), (—€,€) 3t x, (t) = X+ € O(1,3).

Then, clearly %(VBk)lt:O = By and %(VXk)It:O = Xg. This shows that 71 ,0(1,3) ~
s0(1,3) and concludes the proof of the lemma. O

The proof of Lemma can be adapted to many other matrix groups including e.g.
O(3) and SO(3) with Lie algebra s0(3) (alternatively, one can also apply general results
on Lie groups such as the fact that closed subgroups of Lie groups are automatically
Lie subgroups, see e.g. [14, Chapter 20]). In the sequel, we therefore typically omit the
detailed verification that a matrix group is a Lie group and simply refer to Lemma [2.4]
Our next goal is to find a parametrization of O(1,3), analogous to the parametrization
of SO(3) below. This is used to prove that SL(2,C) is a double cover of El.

Problem 2.11. Recall the notation from Prop. and prove the following.
a) Extend the identity from Pmblem by showing that
R(e3“97) = e%i | Ww € [0,2n),j € {1,2,3}. (2.11)
b) Verify explicitly that for every A € SU(2), it holds true that
A= e%WSe%a"le%wUS

for suitable ¢ € [0,27),0 € [0,7],¢ € [—2m, 27|, the so called Euler angles.

c¢) Use the previous parts and Prop. to show that every R € SO(3) takes the form
CoCh — SpSpCH  —CypSih — SpCyCo 5,50
R = | spcy +cpspCy  —Spsy + cpcypcy  —cpsg | = R(p,0,1),
5450 S0 co

for suitable ¢ € [0,27),0 € [0, 7],v € [-2m, 27|, where ¢,, = cos(w), s, = sin(w).
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The parametrization of O(1,3) can be reduced to one of El, which is defined by
£l ={Le€0(1,3):det L =1, Loy > 0}.
Recall that the computations after (1.50]) actually show that 51 is a subgroup, that
£l ={Le0(1,3):det L =1,Lo > 1} (2.12)

and that SO(3) — E1 embeds continuously into 51 through the map

SO(3) 3 R u(R) = (é Jg) el

The rotations are generated by the elements X, X2, X3 € s0(1,3), as defined in the
proof of Lemma The generators By, Bo, Bs € s0(1, 3), on the other hand, are called
relativistic boosts and describe coordinate changes from inertial systems that move with
constant speed with regards to each other (see [16, Section 8.2] for the details). In the
following, by slight abuse of notation, whenever we say R € SO(3) lies in O(1, 3), we are
actually referring to its embedding ¢(R) € O(1,3). We also define the sets

£l ={Le0(1,3) :det L = —1, Loy > 1},
ﬁﬁ_ = {L € 0(1,3) :det L =1, Log < _1}v
LY ={Le0(1,3):det L = —1, Loy < —1}.

As shown below, the sets El, ET_, Ei and £¥ are the connected components of O(1,3).
The subgroup 51 is the connected component that contains the identity 1rs. Notice

that the other components are non-empty, because n € /JT_, —n € LY and —1ps € Ei.
As a preparation for the parametrization of O(1,3), we need the following lemma.

Lemma 2.5. Denote by P € R and T € RY* space and, respectively, time inversion,
defined by P(zo, x) = (xo, —x) and T (zg, ) = (—x0, x), for every x = (xo, ) € R*. The
operator P is commonly referred to as the parity operator on R*. Then:

i) L =Pt =P, ot = £l and £t = —pPLl = LI P.
ii) An element L € El lies in SO(3) if and only if Loo = 1.

ii) Let eg = (1,0,0,0) € R* and suppose that Ly, Ly € £1. Then Lieg = Loeg if and
only if there exists a unique element R € SO(3) such that Ly = LaR.

Proof. We start with the proof of ). Note that, with regards to the standard basis,
P = n. Therefore, (nL)oo = (Ln)oo = Loo and det(PL) = det(LP) = — det L for every
L € R**4, Combined with P? = 14, we immediately conclude that ct=pcl = L‘lP.
The remaining two identities are proved similarly and are left as an ezercise.
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For part ii), let L € SO(3). Thus, by convention, L = (é 1?3) for some R € SO(3),

so that Loy = 1. Conversely, if Loy = 1, the computations after (1.50|) imply that
3 3
Loty =143 5 -
j=1 j=1

so that L = <(1) ]0%) for some R € R3*3. Note that det R = det L = 1 and that

LTnL = n implies RT1gs R = 1s. This shows that R € SO(3).

Finally, for part iii), let Ly, Ly € L. If Liey = Loeg, then Ly'Lieg = ep and
R = L;lLl S Cl satisfies Rgp = (Rep)o = 1 so that R € SO(3). Conversely, for
R e 8S0(3) — Ei, we have Reg = eg. Thus, L1 = Lo R implies that Lieg = Loeg. a

Lemma 2.6. Let L € El. Then, L = R1e*P3R3 for some b € R and Ry, Ry € SO(3).
Proof. Let L € EI_ and consider L(1,0,0,0) = (Loo, L10, L2o, L3o) € R*. If Loy = 1, then
L € SO(3) and we are done. On the other hand, if Loy > 1, then as recalled previously

3
j=1

where we choose r = (L, — 1)% > (0. By standard properties of the hyperbolic functions,
we find b > 0 such that r = sinh(b) = —isin(ib) and Loy = V1 + r? = cosh(b) = cos(ib).
Then, a straightforward computation (ezercise) shows that

"P3(1,0,0,0) = (Lgo, 0,0, 7).

On the other hand, the vector L = (Lyg, Loo, L3o) € R? can be represented in standard
spherical coordinates by

L = (rcos(y) sin(f), 7 sin() sin(p), r cos(9)),
for some ¢ € [0,27),0 € [0, 7]. In the notation of Problem ¢), this implies (ezercise)

L=R(g+ g,e,o)(o,o,r)

and hence -
R(QO + 57070)61)33(1707070) = (L007L) = L(1707070)

By Lemma this proves L = R1e?P3 Ry for b > 0 as above, Ry = R(¢p+5,6,0) € SO(3)
and for a unique Ry = (R1e®P3)~1L € SO(3). O

98



Notice that the proof of Lemma implies that 51 is path connected. Indeed, if
for suitable Euler angles L € [,1 is parametrized by

L= R(@l? 917 O)@ngR(QOQ, 927 ¢)7

then the path [0,1] > t = R(te,t01,0)e!*B3 R(tps, the, trh) € Ei connects 1ps analyti-
cally to L. In particular, 51 is connected and, by Lemma the group O(1,3) splits
into the four connected components

o3 =ctuctuctuch.

In view of the projective unitary representations of El, the most important task is to
find its universal cover. Generalizing Proposition [I.I} we show that this is equal to the
special linear group SL(2,C), which is defined by

SL(2,C) = {A € C*?:det A=1}. (2.13)

Problem 2.12. Show that SL(2,C) is a siz-dimensional real Lie group with Lie algebra
sl(2,C) = {A € C**2 : tr A = 0}. Determine an explicit isomorphism between sl(2,C)
(as a real Lie algebra) and so(1,3). Based on the polar decomposition A = U|A| for
general matrices, where U is a partial isometry and |A| = v A*A is non-negative, show
that SL(2,C) is path connected.

In addition to the properties discussed in Problem let us point out that SL(2, C)
is simply connected (see e.g. [8, Chapter 13]). With this in mind, the next proposition
justifies to refer to it as the universal covering group of L’l.

Proposition 2.9. There exists a two-to-one group homomorphism L : SL(2,C) — El
which is a local homeomorphism.

Proof. As mentioned before, we generalize the proof of Proposition 1.1} To this end,
recall that the self-adjoint Pauli matrices o1, 09,03 € C?>*? are defined by

o1 = ((1) é) Lo = (_Ol é) o3 = ((1) _01) . (2.14)

. 0 .
Setting, moreover, oy = ( ), consider the map

01

3 .
r3—To T1+1x
RY> 2 —ato, = g ojrj—ooxe = ° 0 7! > ) = (—ato,)" € C2
— T — 1Ty —x3— Tg
]:

and notice that for every z € R%, it holds true that

det(—ztoy,) = zt'x,.
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Now, for every A € C?*2, the conjugated matrix A(—z#0,)A* is self-adjoint and the
matrices (Uj)?zo form an orthogonal basis of C2*2. This implies that

A=z, ) A" = —(ya(x)) o,
where

1
(yA(x))V = 577Wtr o, A(xto,)A" e R, Vv € {0,1,2,3}.

In other words, ya(x) = L(A)x for some L(A) € R***, If A € SL(2,C), we have that
n(L(A)z, L(A)z) = (Lz)*(Lz), = det (—(L(A)z)"0,) = det(—at'o,) = atz, = n(z, ),
)

because det A = det A* = 1. Thus, L(A) € O(1,3). Since SL(2,C) is connected,
L(1¢2) = 1ps and since SL(2,C) 3 A — L(A) € O(1,3) is continuous, L(A) € El for
every A € SL(2,C). That L(AB) = L(A)L(B) follows exactly as in Proposition
Next, we show that L(A) = 1g4 if and only if A € {—1¢2, 1¢2}, implying the double
covering property. So, suppose that L(A) = 1gs. Then, for ey = (1,0,0,0), we have

1c2 = 09 = €fjo, = (L(A)eo)“a# = AggA® = AA*.

NN

Combined with det A = 1, we see that A € SU(2) and could conclude that A €
{=1¢2,1¢c2} by arguing as in Prop. An alternative argument goes as follows. Writing

A=U (e _Oiw> U* = UDU*
0 e

for a some U € U(2) and w € [0, 27), we have that L(A) = L(D) = 1s. Since
D(—ato,)D*

0 €2iw ] 0 e2iw
= —Tp00 + 1 <e_2“’ 0 > + 122 (_e_giw 0 ) + 2303

= —x900 + (cos(2w)z1 — sin(2w)x2)oq + (sin(2w)x1 + cos(2w)z2)os + x3073,

the assumption L(D) = 1ps implies that cos(2w) = 1 and sin(2w) = 0, i.e. w € {0,7}.
This means that D € {—1¢2,1c2} and hence A =UDU* € {—1¢2,1¢2}.

Next, let us show that L : SL(2,C) — £1 is surjective. To this end, observe first
that for every A € SU(2) C SL(2,C), we have that

L(A)OO = %tr AA* =1

so that L(A) € SO(3), by Lemma Noting that Ligu(2) : SU(2) — SO(3) is equivalent
to the covering map from Prop. we conclude that this restriction is onto. By the
group homomorphism property and Lemma it therefore suffices to prove that for
every b > 0, there exists A € SL(2,C) such that

cosh(b) 0 0 sinh(b)
0 10 0
_ . bBs3
L(4) N 0 01 0
sinh(b) 0 0 cosh(b)



By the defining property of L(A), we thus need to find A € SL(2,C) such that
—Axto,A* = —(cosh(b)a:o + sinh(b)xg)ao + 2101 + 2202 + (sinh(b)xo + cosh(b)ac;;)ag

for every z € R*. We leave it as an evercise to verify that L(A) = P2 for

b
A=i < (_)é e(;) =t cosh(b/2)o; + sinh(b/2)oy € SL(2,C).
e 2

Finally, the smoothness of the local inverse of L : SL(2,C) — El follows from

the fact that £1 is locally diffeomorphic to so(1,3) (via the exponential map) which is
diffeomorphic to s((2, C), by Problem which is locally diffeomorphic to SL(2,C). O

We conclude this section with a few further definitions which become relevant when
discussung the transformation and analytic continuation behavior of the Wightman func-
tions. The complex Lorentz group £(C) is the complexified O(1,3), i.e.

L(C)={LeCY:LTyL =n} (2.15)

It is a Lie group that decomposes into two disconnected parts £4(C) = {L € L(C) :
det L = £+1} (which turn out to be the connected components of £(C)) and the next
problem determines the double cover of the proper complex Lorentz group £, (C).

Problem 2.13. Prove that L, (C) is a Lie group and determine its Lie algebra. Show
that the direct product SL(2,C) x SL(2,C) is a double cover of L(C) by proceeding as
in the proof of Prop. and defining L : SL(2,C) x SL(2,C) — L4+(C) via

Azto,BT = (L(A, B)z)“aﬂ, Vz e CL

Finally, to include the spacetime translations we associate to the groups cl , SL(2,C),
L4(C) and SL(2,C) x SL(2,C) their inhomogeneous versions

Pl =RxLl, R*xSL(2,C), C!'xLy(C), C*x (SL(2,C) x SL(2,C)), (2.16)

which correspond to the outer direct products. In case of the covering groups SL(2,C)
and SL(2,C) x SL(2,C), the group laws are

(a,A)(b,B) = (a + L(A)b, AB) and (a,A,B)(b,A',B') = (a + L(A,B)b, AA', BB').
for all (a, A), (b, B) € R*»SL(2,C) and (a, A, B), (b, A', B') € C*x (SL(2,C) xSL(2, C)).

2.4 Operators on Fock Space

In this section, we introduce basic examples of operator-valued distributions on the so
called bosonic and fermionic Fock spaces. These operators, the so called creation and
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annihilation operators, can be used to provide explicit infinite dimensional representa-
tions of the canonical commutation and, respectively, anticommutation relations. In the
next Section [3] this is used to define concrete examples of free quantum fields.

The Fock space built over a given one-particle Hilbert space is a simple model of
a state space that allows for an arbitrary number of particles. In these notes, we are
particularly interested in describing the bosonic and fermionic Fock spaces. For particles
whose wave functions are elements in L?(M), for some M = (X, B(X), 1), the Fock space
F = F(L*(M)) built over L?(M) is defined as

F= {¢ = (@O, 9O, ) sy € L2(X™) Vn € No, Y [ ™)|[72(a0m) < oo}
o . n=0 (2.17)
=Ca PR L’ M) =CaePL’(xm.

n=1 j=1 n=1

Here, we set L?(XY) = C. The space F is a Hilbert space (ezercise) with inner product
(0, 9) = 29O 1+ (0D, D) 122
j=1

Based on our description of many-body systems, the sector L?(X™) < F describes
states with exactly n € Ny particles. The space describing states of zero particles is
one-dimensional and generated by what’s called the vacuum ® = (1,0,0,...) € F.

The bosonic and fermionic Fock spaces Fs and, respectively, F, correspond to the
symmetrizations and, respectively, antisymmetrizations of F as in Example that is

F, = C@ééLQ(M) = C@éLi(X”),

n=1 sym n=1

Fo=Ca é/n\Lz(M) =Co éLZ(X”),
n=1

n=1

(2.18)

In a Fock space setting, we can create and annihilate a particle in a state f € L2(M)
by tensorizing and, respectively, taking the inner product with f € L?(M). It is useful to
encode this in a set of operators which turn out to form operator-valued distributions.
We start with the bosonic case. Given f € L?(M), we define the bosonic creation
operator a*(f) and the bosonic annihilation operator a(g) by

(a*(f)¢)(n)(x1, ey Tp) :\/15 Z f(azj)d)("_l)(xl, e X1, Tl -5 D)
i=1 (2.19)

(a(g)w)(n) (x1,...,2n) =Vn+1 /X wu(dz) §(fv)w(”+1)(:p, TlyeeoyTp)

for every
peFre=JF", Fit=CoPLix)) — F,
n=0 j=1

102



Here, in (2.19), we set for n = 0 that (a*(f)v) © _ 0. Note that Fo° C F is dense
and that a*(f) : Fo° — F=° and a(f) : Fo — F°° preserve the bosonic symmetry.

Lemma 2.7. Let f,g € L*(M), ¥, € F=®. Then, (1, a(f)p) = (a*(f),¢) and
[a(f),a"(9)] = (f.9), [a(f),alg)] = [a"(f),a"(g)] = 0. (2.20)

Moreover, both a(f) and a*(f) are closable and their closures are adjoint to each other.
Finally, for M = (R4, B(RY), dx), we have that S(R?) > f +— (p,a*(f)) € C and
SRY) 3 f s (p,a(f)) € C are elements in S'(RY).

Proof. The computations in the first part are straightforward. For definiteness, we
verify the first commutator equation in and leave the remaining identities as an
exercise. To prove the first equation in , we can pick without loss of generality a
state ¢ € L2(X™) — Fs, for some n € Ny, and we find explicitly that

(la(): a*(@)] %) @1, - )

_ 1
_Vn¥1 /X () F o) =0l )

n

Z!ﬂ%)@ﬂ%% sy =1, Tj41, - axn)>

J=1

1
n+1

SV | /X p(d) F)

_ \}ﬁ Zg(fﬁj) (\/ﬁ/)( p(dz) T(SC)T/J(IE,QZl, N I T o7 N PO l‘n))
=1
= <fag> ¢(961, e wxn)?

as claimed. Similarly, one verifies the remaining identities.

Next, recall that a(f) is closable if it admits a smallest closed extension which exists
if and only if ¥, — 0,a(f)n — ¢ as n — oo, for ¢,1, € Fs, Vn € N, implies that
¢ = 0. So, consider such a sequence. Then, by definition of the norm in Fg, we have

i (m) —
nh_>nolo Hd)n ”Lg(Xm) =0, Vm € N,

and hence also ¢ = 0, because

i, (a(£)5) ™ ez = Vi [ plda)Fa)of Ve, )

n—oo

=0, Vm € Np.
L3(xm)

Similarly, one shows that a*(f) is closable (exercise). To see that the closures a(f) and
a*(f) are adjoint to each other, notice first that the identity

(0, a(f)) = (a*(F)p, )

extends from ¢,9 € Fr™ to ¢ € DW,UJ € Dm. Indeed, ¥ € Dm if and only if

there exists a sequence (¢, )nen such that lim, o0 1, = 9, limy, o0 a(f)y, exists (and
equals a(f)v), and similarly for ¢ € DW' Choosing such sequences, we get

(p.a(f)yp) = lim lim (om,a(f)Pn) = lim lim (@ (f)om, ¥n) = (a*(f)e, )

m—r0o0 N—00 m—0o0 N—00
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*

By definition of the adjoint, the last identity implies immediately that a*(f) C a(f) .

On the other hand, suppose that 1) = (@ZJ(O), M )€ Dm* and let

Y= @O, M 0,..) e F£*®, Vn e Ny.
Then, lim,, . ¥, = 9 in Fs and we have that
limsup [|a*(f)n|* = limsup > [la*(£)D(I75 2
n—oo n—oo jzl
=limsup  sup  [(p,a*(f)¢n)|?

N0 peFS:pl|=1

= lim sup sup |(<Pn+1,a*(f)¢>|2
N0 e FI%:|p|=1

= lim sup sup \(a(f)g0n+1,1b)]2<oo,
N0 e FE|pl|=1

where the last step follows by the assumption that ¢ € DM*' Consequently,

la™(f)(n — m)|| = 0

as m,m — oo so that (a*(f)wn)neN converges in F,. This shows that ¢ € DW and
similar considerations conclude that a(f)” C a*(f) (ezercise) so that a(f) = a*(f).

Finally, if M = (R4 B(R?),dx) and ¢,y € F<°, assume without loss of generality
that ¢ = ¢,, ¥ = ¥, for some n € N. Then, Cauchy-Schwarz implies that

(e, a(H)O) = [, a" ()] < Vallllllll] fl2-

Since in addition S(R?) — L*(R%) with continuous embedding, by Problem we
conclude that f + (@, a*(f)y) € S'(RY) and f > (p,a(f)) € S'(RY). O

From now on, for simplicity of notation, we identify a*(f) and a(g) with their closures.
Before switching to the fermionic setting, let us point out that the creation operators
provide us with an important example of an operator-valued distribution. Indeed, let’s
view (a*(f)) fes(re) as a quantum field and suppose that one could identify it with an
operator-valued field (a;)x cRrd SO that

a*(f) = /Rd dx f(x)a,, Vf € S(Rd).

Without giving a precise meaning to the operator integral, a minimal regularity require-
ment for such an identification should certainly be that af = limc ,0a*(¢cy), where
Pex = eidgo(%( — x)) for a suitable p € C*(RY) € S(RY),0 < ¢ <1 with [p, =1, on
a sufficiently large domain in F;. If this was possible, it would lead to divergences as in

e—0

1
(0" (Pe)t, 0" (Pea)¥) = (0,07 (Pen)ale)¥) + loeall® 2 5 = 0o
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Such problems are reminiscent of divergences that occur when trying to define powers
of distributions (like e.g. the Dirac ¢) and in fact, heuristically, we can identify

NG 1 e
(azw)( )(acl, ey Ty) = % Z&x(xj)w( 1)(301, L1, Tyl - Ep), Y € F,
j=1

which does not correspond to a densely defined, linear operator. Identifications such as

olf) = [ deF@en a'(9)= [ doglo)a; (2.21)

are in practice neverthless quite useful and can in many instances given a precise, mathe-
matical meaning in terms of statements about densely defined, quadratic forms. Indeed,
in case of the annihilation operators, we can define

(a$¢)(”)(x1, ceyTp) = Vn+ lw("ﬂ)(m,a}l, .oy Tn), Yn € No, ¥ € Dg,
where

Ds = {w e F=o M e S(R™), vn € N}.

Then, a,Ds C Ds for every x € R? so that arbitrary powers of the field operators
(az) era are well-defined, too. By duality, this enables us to define e.g. for every suitable,
measurable integral kernel A : R%*4 _ C the quadratic form

(/ dzy...dzgdyy ... dyr A(w1, . Th, Y1y - Y1) Ay - - Gy Gy ..ayl>(g0,1/))
Rdk+dl

= / dey ... degdyr .. dy AMa, .o T Y1, - Y1) (Ao - G 0, Gy - Gy )
Rdk+dl
(2.22)

on the dense domain Dg x Dg C Fs x Fs. In practice, even turns out useful if
A € S'(R¥%+dl) can be identified with a (formal) integral kernel of some distribution.
For example, if k =1 =1 and A(z,y) = d(z — y) which represents the integral kernel of
the identity operator 1ggay on S (RY), then corresponds to the quadratic form

(L, sty rzaza,) o) = ([ draia) o) = [ dolapa) = (0.8,
where N : Dys — Fs is equal to the so called number of particles operator, defined by
No=(ne™) . €Dn, Yo € Dy = {p € Fo: (np™), € Fs}- (2.23)
Note that A is self-adjoint by Theorem

Problem 2.14. Let A € L?(R%+). Consider the quadratic form defined in ([2.22) and
denoted by Qp : Ds x Ds — C. Prove that the quadratic form

N+ 1) 2QAN + 1)~

can be identified with the form associated to a bounded operator Ap : Fs — Fs whose
operator norm is bounded by ||Axll < [[Al|p2(gan+ary. Conclude that Qn corresponds to
the quadratic form associated with a densely defined, linear operator on Fs.

n€eNg

|~
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The previous considerations apply to the bosonic setting. In the fermionic Fock
space Fy, defined in (2.18]), the fermionic creation and annihilation operators a*(f) and,
respectively, a(g) are defined similarly on F % by

(a*(f)d))(n)(:nlv s >$n) :\}ﬁ Z(_l)]f($j)w(n_l)(xlv sy L1, i1y - - 7:En)7
=1 (2.24)

(a(g)d))(n) (1,...,2n) =Vn+1 /X w(dz) g(2)p " (2, 21, . .. @),

In these notes, we work exclusively with purely bosonic or purely fermionic models. For
simplicity, we therefore use the same symbols for the creation and annihilation operators
in both cases. The fermionic operators preserve the fermionic antisymmetry and they
satisfy the so called canonical anticommutation relations

[a(£), a* (94 = (f9), a(f),a(9)ly = [a"(f),a"(9)l+ = 0. (2.25)

Problem 2.15. For f,g € L*(M), prove that the fermionic creation and annihilation
operators, defined in (2.24), extend to bounded operators a*(f),a(g) : Fo — Fq. Verify
the anticommuation relations (2.25)) and show that a*(f) = (a(f))*.

We conclude this section with some further notation. Recalling the definition of the
bosonic number of particles operator N, defined in (2.23)), notice that

n=1 j=1

By convention, one therefore calls N the second quantization dF(l £2( M)) of the one-
body operator 172(aq) (although this is not related to a quantization as in the sense
of Section m say). More generally, if A : Dy — L%(M) is self-adjoint, its second
quantization dI'(A) is defined (on a suitable, dense domain in Fy/,) by

(A =00EP Y Aujy Ae; =112 @ ... @ L2y @ AD Lo ® ... ® L2,
n=1 j=1

where the factor A appears in the j-th slot in A,,, for j € N. If U € U(L*(M)) is a
unitary operator, on the other hand, its second quantization I'(U) is defined by

r(U) =1c & PUen.
n=1

In the concrete examples below, we specify the domain properties of such operators
precisely. The notation I'(-) and dI'(-) stems from the observation (ezercise) that

d .
i D(Uy) = dL(A)T(Uy) for Uy = e~ A

Problem 2.16. Prove that T'(U) : Fsja = Fsja maps the bosonic and, respectively,
fermionic Fock spaces to themselves.
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3 Construction of Free Quantum Fields

In this section, we construct several important, non-interacting quantum field theories
and verify that they satisfy the Wightman axioms, discussed in Section As a warm-
up, we start with the quantization of the massive Klein-Gordon field and discuss its
physical interpretation. Next, we analyze the finite-dimensional representations of the
Lorentz and Poincaré groups which is used in the last section to construct the massive
vector and Dirac quantum fields.

3.1 The Free Massive Scalar Field

The goal of this section is to construct a quantization of the real, massive, scalar (or
equivalently Klein-Gordon) field. From Section we recall that scalar fields solve

(O+m2)p =0, (3.1)
where
3
2 2 2
0=0"0,=0; =) 07 =0} — A

j=1
denotes the d’Alembertian in R*. In Section we discussed how basic systems of
finitely many degrees of freedom can be quantized based on the canonical quantization
strategy. Before generalizing this method to classical, relativistic fields, we first recall

two perspectives on how to quantize a massive, relativistic particle. Afterwards, we
quantize the Klein-Gordon field and we discuss its interpretation.

3.1.1 Quantization of a Massive, Relativistic Particle

Suppose we consider a single particle of mass m > 0 evolving freely in Minkowski space-
time (R*, 7). As discussed in detail at the end of Section classically this reduces to
the Hamiltonian dynamics on P = R3 x R3 with Hamiltonian H € C*°(P), defined by

H(x,p) =w(p) = V[p[* + m?.

According to the canonical quantization scheme, the corresponding quantum mechanical
model describes the state of the system by a wave function in L?(R?), position and mo-
mentum are described by the multiplication operator = (z1, z2,x3) and, respectively,
by p = (—i0y,, —i0y,, —i0y,) on their canonical domains, and the energy is described by
the Hamilton operator H : Dy — L?(R3), defined by

H=+-A+m? Dy={vecIl?R:p— [p]2+m2(p) e L}R%).

Note that H : Dy — L?*(R3) is self-adjoint by Theorem In particular, the strongly
continuous, unitary dynamics (e~*7t),cg is well-defined.

The previous quantization strategy determines the Hamiltonian, that generates the
quantum dynamics, based on the classical Hamiltonian formulation of the model. One
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may also proceed differently here, based on a conceptually equally important point of
view, namely the assumption that every relativistic quantum theory contains a projective
unitary representation of the proper Poincaré group 731. This is consistent with Axiom
0 in Section For a single, massive particle, such a representation can be obtained
as follows. Define the so called mass shell V' of mass m > 0 by

Voo = {p e R p? = pHpy = p§ — Ip|* = m®, po > 0}. (3.2)

Trajectories of classical, relativistic particles of mass m > 0 are contained in V,! so
it is natural to build a unitary representation of 731 on a suitable L?-version of V.
To proceed similarly as in Section where we obtained a unitary representation of
SO(3) on L?(R3), we first need to construct a measure on V. that is invariant under
[,1. To this end, notice that V. is a smooth manifold that is diffeomorphic to R? via

R*>pr o (p) = (w(p),p) € Vi, w(p)=+Ipl>+m?

Since V. is an embedded submanifold in R*, its topology coincides with the subspace
topology inherited from R*, i.e. Q C V. is open if and only if there exists some U C R*
open such that Q = UNV,. As explained shortly, a £ -invariant measure X, : B(V;) —
[0,00), that in fact turns out to be unique (see [22] Chapter IX]), can be defined by

dp dp vQ € BVH). (3.3)

A () = / = / R S
@ ) 20(P) ) 2¢/[p? +m?

Lemma 3.1. Let Ay, be as in (3.3). Then A\ (L) = A\ (Q) for allQ € B(V,F), L € EI—'

Proof. Since the Borel sets are generated by open sets, it suffices to show that

_ dp_ _ dp_ _
An(f) = /L(Q) 2w(p) /L(m) 2w(p) An{L6)

for all open sets Q@ C VI and for all L € El. Furthermore, it is enough to consider
open sets that are bounded. So, pick some open, bounded 2 C V,} and let U C R* be

open and bounded such that @ = U NV,. Choosing a standard mollifying sequence
(1s)s>0, such that 15 = 6~4p(671.) € C(Bs(0)) for some p € C(B;1(0)) C CZ(R?Y)
with 0 < <1, fR4 dzx 1 (x) = 1, an application of dominated convergence implies that

B Xuo)(P) xv(@(P),p) _ . (xv * ¢¥s)(w(p), P)
i) = [ T = Lo b L

On the other hand, defining for € > 0 the thickening

VJGZ{p€R4:p2§m2<p2+e,po>0},
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we have for every ¢ € C2°(R*) that

VIpP+m2+e
/ dpe(p / / dpo ¢(po, P)
g RS J\/[pP+m?

B /R dp(/Ip2 + m? + ¢ = v/|p[> + m?) (p(w(p), p) + O(¢))
= e/ alpM + O(é%).

R3 2w(p)

This shows that

0—0e—0 €

o1
A (©) = lim lim — o dp (xv * ¥s)(p)-

Now, V

e 18 clearly invariant under ,CTF and the standard Lebesgue measure on R? is

also invariant under El, because L € El means in particular that det L = 1. Therefore,
the restriction of Lebesgue measure to V, _is invariant as well. Consequently

/ dp ¢(p) —/ dpp(Lp), VL € L1, € C(RY).
Vit . Vih e

Finally, using that (xy * ¥s)(L71.) = xrv * ¥s(L7!.) (using again the invariance of
Lebesgue measure under El), that (¢5(L_1.)) s5>0 is another standard mollifying se-
quence and that LU N V,F = LU N LV, = LS, we conclude that

An() = T Tim © [ dp (v # 05(L71)) (9) = Am(Z9)

6—0e=0 € Jy+

for every open, bounded  C V., and thus every Q € B(V,}), and for all L € El. O

Based on the previous lemma, we obtain a representation of 771 on L2 (V.5 B(V,;E), Am)
by setting for v € L2(V,}F B(V.F), \,) that

(U(a, L)) (p) = e (L 1p), for a.e.p € Vb, ¥(a, L) € PL. (3.4)
Differentiation w.r.t. time translations shows that the Hamiltonian H takes the form
(HY)(p) = —%%(U(teo, 1g)1h),,_o(p) = w(P)Y(w(P), ), for a.e.p = (w(p),p) € V-
Identifying similarly with p = (p1, p2, p3) the momentum operators, we conclude that
— |pf? + m? (3.5)

on a suitable, dense domain in L*(V,}, B(V,}), \m) (ezercise). Eq. (3.5) generalizes the
energy-momentum relation (1.52)) of a relativistic particle to the quantum setting. In
Section we also explain in which sense the model describes a spin-zero particle.
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Problem 3.1. For (a,L) € 771, let U(a, L) be defined as in (3.4).

a) Show that 731 > (a, L) = Ula, L) € U(L*(V,})) defines a strongly continuous, unitary
representation of PI_ on L2V, = LAV, B(V,E), Am).

b) Find a unitary map from L*(V,}) to L?*(R3, B(R3), (2w(p))~tdp) and compute the
transformed unitary representation of 771 on L?(R3 B(R3), (2w(p))~tdp) as well as
the associated Hamiltonian explicitly.

¢) Find a unitary map from L*(R3, B(R3), (2w(p))~tdp) to L*(R3, B(R3),dp) and com-
pute the transformed unitary representation 0f731 on L?(R3, B(R?),dp) as well as the
associated Hamiltonian explicitly. Connect this to the quantization at the beginning
of this section.

Based on (3.5)), we would like to interpret the representation 731 > (a,L)— Ula, L)
as describing a relativistic massive particle of mass m > 0. If that is the case, we
should not be able to resolve any finer structure related to the mass m > 0 within this
representation. This is made precise in the next lemma.

Problem 3.2. For m > 0, show that V,} = {L(m,0,0,0) - L e L’l} by arguing as in
the proof of Lemma [2.6,

Lemma 3.2. The representation 771 > (a,L) = Ula, L) on L*(V,}) is irreducible.

m

Proof. By Lemma [1.3] given some 1 # 0, it suffices to show that
(p.Ua, L)) =0, ¥(a,L) € PL = ¢ =0¢€ LAV;}) = LAV,D, B(V,), Am)

To this end, pick some ¢ € S(R?) so that by Fourier inversion ((z) = [dp e*ip“qu(p)
for all z € R* and ((p) = ((—po, p), in particular ¢ € S(R*). Then

0= [ dec@( [ dntn e i) = [ ) Soptnit )

m

Then, since Z € S(R*) was arbitrary, this implies (ezercise) that B(p)(L~!p) = 0 and
hence |¢(p)y(L™1p)| = 0 for a.e. p € V. and for every L € El.

To conclude from here that ¢ = 0 € L2(V,}), we argue as follows. First of all, we may
assume that 1 # 0 is strictly positive in an open neighborhood U C V,! that contains
the vector meg = (m,0,0,0) € V. Thus, in particular ¢y = 0. Then, we find for every
p € V;t a Lorentz transformation L = L, € El such that p = Lmeg, by Problem
Since |p(q)¥(Lypq)| = 0 for a.e. g € V,;}, we conclude that ¢ = 0 in an open neighborhood
around p € V. and since p € V,7 was arbitrary, it follows that ¢ = 0 € L*(V,}). O
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3.1.2 Quantization of the Massive Klein-Gordon Field

In this section, we quantize the real, massive, scalar field. Like in the previous section,
we discuss two approaches to the problem. We start with the first one which is based on
a Hamiltonian formulation (recall in particular Problem [1.9). Given a classical solution
of , the most natural interpretation of its quantization corresponds (heuristically)
to an operator-valued field (¢,),cgra which is Lorentz invariant and which solves (3.1)
in an operator-valued sense. For the rigorous construction, it turns out that both the
field and the equation have to be interpreted in a distributional sense. Given an
operator-valued distribution ¢ = (¢(f)) fesws) (in the sense of Axiom I in Section
whose domains include a dense subspace D C H, we say that ¢ solves if

o((0"0,, + m2)f)|D =0, Vf € S(RY). (3.6)

Formally, by integration by parts, this is equivalent to

o:/ dmx(a“auﬂm?f)(x):/ dz (0"0,¢ + m*¢). f(z), Vf € S(RY)
R4 R4

in the domain D C H. Analogously, we understand all of the other differential equations
that occur in the following analysis involving quantum fields.

Before stating the definition of ¢ = (¢(f)) es(r4), let us outline the general strategy
that leads to the construction of solutions of . Motivated by Problem we inter-
pret as a Hamiltonian dynamics (with canonical coordinates (¢z),crs, (Tz)zer3)

dy dm 9 dd
— = — =—(-A+ = — =JH(® .
T ( m-) I JH(®), (3.7)

where we define on the real Hilbert space L?(R3) @ L%(R?) the operators

o 0 1L2(R3) o —-A + m2 0
J o <_1L2(R3) 0 ’ H(SO77T) o 0 1L2(R3) ’

Problem 3.3. Consider the dynamics (3.7) and prove the following statements.
a) Setting w(V) = \/|V|2 +m2, show that for every ® = (¢, 7) € S(R?) x S(R?) that

_ cos(w(V)1) w(V) tsin(w(V))\ (¢ 23 23
R3¢ Tid = <—w(V) sn(@(V))  cos(w(V)t) ) (77) € L(RY) & LA(R")

is a strong solution of (3.7)) with initial data ® at t = 0.

b) Show that (T})icr is strongly continuous family of bounded operators on L?*(R3) @
L2(R?) that satisfies TyTs = Tsys, Vs,t € R.

¢) Define the bilinear form o : L*(R3) @ L*(R3) x L?(R®) @ L?(R3) — R by
o (@1, Pg) = (P1, JP2) = (1, m2) — (71, P2)
for ®1 = (¢1,m1), P2 = (2, m2). Prove that o is invariant under the dynamics (3.7)),
that is o (T @1, T;P2) = o(P1, Pa) for every t € R.
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d) Prove that TyJH = JHT; for every t € R.

The Hamiltonian formulation , Problem and the canonical quantization
method suggest to find the quantized free field by constructing operator-valued distri-
butions (¢(f))fesrs), (7(f)) fes(ws) on some Hilbert space H that satisfy on a suitable,
dense subspace the equal time commutation relations

[o(f),0(9)] = [n(f).m(9)] =0, [o(f),7(g9)] =i(f g), Vf, g € S(R?) (3.8)

and then to define for ® = (¢, 7) (in a suitable distributional sense)

©:(f) = (pe(f), m(f)) = T2(f), Vf € S(R?).

This yields in particular an operator-valued distribution (¢(f))fesms), interpreted as
the quantized free field, for which the Wightman axioms can be verified.

We make this construction rigorous in the setting of H = F,(L?(R3,dp)). In the
remainder, we consider all operator identities as identities on the dense domain Dg,
introduced in Section We need the following two preparations.

Lemma 3.3. Let (¢(f)) jes@s), (7(f)) jess) be operator-valued distributions. Define
o(®,F) = ¢(g) —7(f), VF = (f,9) € S(R?) x S(R?),® = (¢, 7).
Then, (¢(f) = (@, (0, f)) fes®s), (7(f) =—0(®, (f,0)) resmrs) satisfy if and only if
[0(®, F1),0(®, Fy)] = io(Fy, Fy), YF, F, € S(R?) x S(R?).

Proof. On the one hand, we compute

[0(®, F1),0(®, F2)] = [p(g1) = 7(f1), p(92) = w(f2)] = —ilgn, f2) + i{f1, 92) = io(FY, Fa).

On the other hand, given (o(®, I)) pes(rs)xs(rs) as above and defining ¢(f) = o (®, (0, f)),
7(f) = —o(®,(f,0)) for every f € S(R?), we find e.g. that

(). m(9)] = [0(2,(0, f)), —a(®, (9,0)] = io((0, f), (9.0)) = i(f,9), Vf,g € S(R®).
The verification of the remaining commutation relations in is left as an exercise. O
Lemma 3.4. Define r: S(R3) x S(R?) — L%(R3,dp) by
1
V2
where w(p) = \/W for p € R3. Then, we have that

2Im{kFy, kFy) = o(F1, Fy), VF, Fy € S(R?) x S(R?).

k(f.9) = —=(Vof +ivw 'g),

Furthermore, recalling (T})icr from Problem we have that KT} = e ™'k, YVt € R.
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Proof. For Fy = (f1,92), F» = (f2,92), we use Plancherel and verify that

2Im(kFy, kFy) = Im(x/(;)?l + i\/f;_l/g\l, \/JJ/C\Q + i\/a_1§2>
— Imi(Vwfi, Vo 'G2) + Im(—i) (V& g1, Vo fa)
= O‘(Fl, Fg)

Note here that we used the assumption that Fi, F5 are real-valued.
For the second statement, we observe that

. cos(w(V)t) f + w(V) sin(w(V)t)g
R E = (—w(V) sin(w(V)t) f + cos(w(V)t)g)
= \}5 (Vw(cos(wt) — isin(wt))f—l— i\/a_l(cos(wt) — isin(wt))g) = e W
for every for every F = (f,g). O

We are now ready to define the free, scalar field. Denoting by a(f), a*(g) the standard
creation and annihilation operators on H, we first define

1
V2
for every F' = (f,g) € S(R?) x S(R3). These are defined so that

o(®, F) = i(a(kF) — a*(kF)) = —=(a(v/wf +ivw '§) —h.c),

[O‘((I), Fl), 0'((1), Fg)] = 2Im</<F1, I{F2> = O‘(Fl, Fg)
for every Fy, Fy € S(R3) x S(R?), by Lemma In particular, the operators

p(f) = (®,(0, 1)), ¢(f) = o(®,(£,0)), Vf € S(R?)

define a family of canonical field operators satisfying (3.8), by Lemma We then define
a time-dependent family (0(®¢, F))scr pes®s)xs®s) of operator-valued distributions by

o(®, F) = o(®,T_,F), VF € S(R3) x S(R?).

This can be understood as an operator-distributional solution of (3.7)), because
d

aU(‘PtaF) =—0(®,JHT_F) = —0(®,JHF),

so that with ¢:(f) = o(Py, (0, f)), 7 = —0(Py, (f,0)), we have symbolically that

[, (Lor@)—m(@)) f(x) = 0, /s (S m(a)t(-atm?)e,) f(a) = 0,9F € SE).
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We thus define the free, scalar quantum field (&(f)) fes(rs) of mass m > 0 by

o= [ s
:Amﬂ@h&fm»> (3:9)
d it -1 7 * [ twt ey
B R\/% (a(e“" Ve () +a (¢ lf(t")))

Identifying heuristically ¢(f) = [pa dz ¢o f(2), this means that

—i(w(p)t—px) i(w(p)t—px)
e :/ dp (e ‘ > Vo= (t,x) eRY.  (3.10)

3.2 Representations of the Poincaré Group

3.2.1 Finite Dimensional Unitary Representations of SU(2)
3.2.2 Finite Dimensional Representations of SL(2,C)

3.3 The Free Massive Vector Field

3.4 The Free Massive Dirac Field

4 Mathematical Interlude

In this chapter, we continue our discussion on the theory of distributions. Many of
the general properties of quantum field theories rely on certain analyticity properties of
the Wightman functions. The latter correspond to tempered distributions, equal to the
boundary values of certain holomorphic functions. The connection to analytic functions
enables us to use complex function theory to study their properties and the tool that links
the Wightman functions to holomorphic functions is the Laplace transform. We therefore
collect some general properties of the Laplace transform and holomorphic functions in
the next Section Afterwards, we discuss some refined properties, more specific to
the applications in quantum field theory, in Section

4.1 Laplace Transforms and Holomorphic Functions

A motivating example one may keep in mind for the following considerations is the map

o0
o gla) = [ doe () € SR,
0
for some f € S(R). Then, g € S(R) coincides with the boundary value of the function

Cy={z€C:Im(z) >0} 5 2 G(z) = /Oo dz 2P £ (p)
0
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That is, g(x) = lim,—,0 G(x + iy),Vz € R, and G is holomorphic in the upper half plane
C,. In this section, we generalize this example to the setting of several complex variables
and to boundary values that equal tempered distributions instead of smooth functions.
Let’s recall a few basic facts from complex function theory. First, as a consequence
of Cauchy’s integral formula, f : U — C is holomorphic in an open subset U C C if and
only if it is analytic in U. That is, for all zg € U, we can expand f into a power series

f(z) = ar(z—2)"
k=0

which converges locally uniformly at zp € U (e.g. in a small disc B,(zp) centered at
29 € U). The coefficients are uniquely determined by f and can be computed by

fB) 1 / I
il

TR (¢ —20)F+L

k! 2mi
for a suitable positively oriented, closed loop 7 centered at zgp (e.g. v = B, (20)).
Second, f : U — C is holomorphic in U if and only if it is real differentiable in
U C R? and satisfies the Cauchy-Riemann equations, that is

0:f = S (0f +i0,f) =0 = Oufi = 0yhs, i = ~0ufo

with the conventions that z = x+iy € C,z,y € R and Ref = fi,Imf = f5. In this case,
the derivative of f is equal to 9, f = %((%cf — 10y f).

In the sequel, we study functions that are holomorphic in several complex variables.
In these notes, we employ only a few basic properties of functions holomorphic in several
variables which allows us to use a hands on approach (we identify holomorphy with
analyticity); for an introduction to the theory of functions of several complex variables,
see e.g. [29, Chapter 7] and the references therein. We say that f : U — C is holomorphic
in an open subset U C C"™ if it is complex analytic in U, i.e. for every w € U, we have

f(z) = Z Z aky ke, (21 — wl)k1 coo(zn — wn)kn

k1=0 kn=0

for all z € O in an open neighborhood O C U around w € U. By standard properties
of power series, recall that this implies locally absolute and uniform convergence of the
power series to f in a small, closed polydisc Pr(w) = {z € C" : |z; —w;| <1, Vj =
1,...,n}. Moreover, one can differentiate the power series locally term by term so that
o O f

kilko! .. Ekp!le=w

This implies that two holomorphic functions f,g : U — C in an open, connected set
U C C” that agree on an open subset D C R™ with D C UNR", agree in fact everywhere
in U. Moreover, it implies that a function that is real analytic in an open subset O C R™

admits a unique, holomorphic extension on an open set U C C™ that contains O C U.
The following holomorphy criterion is used repeatedly below.

Ay .. ky =

115



Lemma 4.1. Let U C C" be open. Then, f: U — C is holomorphic in U if and only if
it 1is continuous in U and holomorphic in each variable separately.

Remark 4.1. Remarkably, the equivalence remains true if the continuity of f is dropped,
by Hartog’s theorem (see e.g. [29, Chapter 7, Problem 1*] and the references therein).

Proof. Tt is clear that analyticity (hence, continuity) of f implies analyticity in each
variable separately. So, assume that f is continuous and holomorphic in each variable.
Pick w = (w1, ...,w,) € U. By Cauchy’s integral formula for holomorphic functions in
one variable, we have locally in a polydisc P.(w) C U for small » > 0 that

1 d¢,

2w Jop, ) C1— 21

fla, . 2m) f(Cz2,020), V2 = (21,0, 20) € Pr(w).

Iterating the integral formula n times, we arrive at

f(z) ! doy <1/ den f(gl,gg,...,gn)>...>

2 0Br(w1) G —2 2mi OBy (wn) Gn = Zn

! / i . den f(C, G,y Gn)s V2= (21,...,20) € Pr(w),

27)" Jop,w) Gt — 21 Cn— 2

where the second step follows from integrability of the integrand (by continuity of f)
and by Fubini’s theorem. Now, expand

— J J
7=1 C‘] — k1=0 kn=0j=1 (Cj - wj)kj+1’

then the power series on the r.h.s. converges absolutely and uniformly in ¢ € 9P, (w), for
every z € (PT(w))O. Inserting this into the integral above and exchanging integration
with summation by uniform convergence of the integrand on 9P, (w), we conclude that

f(z) = Z Z Ay (21 —w1)M L (20— wp)F, Yz € (P (w))®

k1=0  kn=0
for suitable coefficients (ax, .k, )ki,... knen, i C. Hence, f : U — C is holomorphic. [

A holomorphic function f : U — C is clearly continuous as a C-valued map on
U C R?", viewed as a subset of R?". In these notes, there are essentially two ways
how we interpret f in a distributional sense. First, we can view it as a distribution
Ay € D'(U) on U C R*" in the usual sense that

As(p) = /deldyl coedypdxy, f(z1, .oy 20)@(T1, Y1y - -y Ty Yn)

:/dwldyl...da;ndynf(xl—i—iyl,...,xn+iyn)<p(a:1,y1,...,a:n,yn), Vo € D(U).
U
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Second, when we discuss distributional boundary values of holomorphic functions, we
consider instead (suitable subsets of) open subsets of the form U = R" 4+ iC C C"
for some open, convex cone C' C R™. In this situation, we interpret f as a family
(Ay, =A f(-+iy))y ¢ of distributions in D'(R"), defined by

Ay, (p) = /n dzy ... dzy, f(x1 +iy1, . T + iyn)p(21, ..., Zn), Yo € D(R™),y € C.

In the sequel, we make these identifications (open subsets of C" as open subsets of R?",
holomorphic functions f : U — C as distributions) without further notice. It should
always be clear from context in which distributional sense we interpret f.

Lemma 4.2. Let (fi)ren be a sequence of holomorphic functions on an open subset
U C C™. Then, (fr)ken converges in D' (U) if and only if (fi)ren converges compactly (as
a sequence of holomorphic functions). In this case, (fx)ken converges to a holomorphic
limiting function f: U — C.
Proof. We recall from complex analysis that the Weierstrass convergence theorem (see
e.g. [25]) states that if a sequence of holomorphic functions (g )ken in D C C converges
compactly to a function g : D — C (that is, it converges uniformly on compact subsets of
D to f), then g is holomorphic in D and the [-th derivatives (g,(cl)) keN converge compactly
to gV as well, for every I € N. Now, given a sequence of holomorphic functions (f)ren
that converges uniformly on compact subsets of U C C™ to some f : U — C, the locally
uniform convergence implies that f : U — C is continuous. Applying the Weierstrass
convergence theorem in each variable separately, we conclude with Lemma that
f : U — C is holomorphic in U, too. In other words, Weierstrass’ theorem remains
valid for holomorphic functions in several complex variables. Given such a sequence, we
clearly have that limy_,c Af, (p) = Af(p), Ve € D(U), i.e. (Ay, )ren converges in D'(U).
On the other hand, suppose (Af, )ken converges in D'(U). Then, by Theorem m
limg 0o Ay, = A in D'(U) for some A € D'(U). For w € U and r = r,, > 0 sufficiently
small, we apply Cauchy’s integral formula to write

1 1
fe(z) = / dty .. / dtn fe(z1 +re*™ o 2y Fre?™n) Yz € Po(w) C UL
0 0

Now, pick some g € C2°((0,¢)) for 0 < € < r, such that [ drrg(r) =1 and define

(Pll)(xby?a"' 7$n7yn) = Hg(’z] _wj|)7 V(zl,...,zn) = (xlvyla- . -axnayn) eUC RQTL'
j=1

Then ¢, € D((Pe(w))°) C D(U) and a basic change of variables implies that

1 1
fk(UJ) :/ dtl/ dt”fk(wl+T€2ﬂ-lt1,...,'wn+7"€27mt")
0 0

o o0
x/ drl.../ drpry .. rpe(re, .o r)
0 0

= / dzidyy ... drpdyn fr(@1,91, - T, Yn) Pw(Z1, Y25 -+ Tns Un) = Mgy (Pw)-
U
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As k — oo, we conclude that limg_,o fr(w) = A(pw) = f(w), for every w € U. If
z € Ps(w) varies in a sufficiently small, compact neighborhood Ps(w), the set E = {p, €
D(U) : z € Ps(w)} C D(U) is bounded. Indeed, we find constants C; > 0 such that

sup |¢|; < Cj, Vj e Ny

pel
so that Theorem i71) implies the boundedness of E. Applying once more Theorem
this shows that (fx)ren converges locally uniformly and hence compactly to f. In
particular, by the first part of the proof, f : U — C is holomorphic. O

Now, let’s define the Laplace transform of a distribution A € D'(R™). For A € D'(R"™),
we certainly have that e 27V A e D'(R"), for every y € R", by the local boundedness of
e 27y ¢ C°(R™). For some y € R", we might even have the property that e 2m(WA e
S'(R™). For such y € R", we define the Laplace transform £(A), € S'(R™) at y € R™ by

L —

L(A)y = (e727WA) = L(A)y(p) = Ae"E), Y € S(R™).

If A=Ay for some f € S(R"), this means that £(Ay), satisfies

£t = [ answe e = [ ao(( [ dpe e ) o

for all ¢ € S(R™). In other words, L(Af), = Az(f)(.y), Where L(f) is the usual (two-
sided) Laplace transform with complex argument z = x — iy € C", z,y € R" (the minus
sign in front of the imaginary part is conventional physics notation), i.e.

(@9) = L) = [ dpe e p(p)
This suggests to say that £(A) = (L£(A)y)yer corresponds to a holomorphic function
f:U — C in the variable z = x — iy € R® — iI" C C", for some open I' C R", if

L) = [ do (o ig)ola), Yy €T € SEY).

In the sequel, whenever L£L(A) corresponds to a holomorphic function in the above sense,
we denote the function for simplicity again by (z,y) — L(A)(z,y) = L(x — iy). It is
useful to keep in mind that with our sign convention, z = x — iy — f(z) is holomorphic
in the j-th variable z; = z; — dy; if and only if 0, f = i0,, f.

In the rest of this section, we study the holomorphy properties of the Laplace trans-
form of distributions in D’(R™) as defined above and we characterize those holomorphic
functions which arise as such Laplace transforms. Afterwards, we collect refined results
on tempered distributions with suitable support assumptions that are particularly rele-
vant in the study of the Wightman functions of quantum fields. Before stating the first
main result, we record two lemmas.

Lemma 4.3. Let A € D'(R"). Then, I' = {y € R": e 2"\ € S'(R™)} is conver.
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Proof. Let y1,y2 € T, t € [0,1] and define ¢ : R — R by

e~ 2mp(ty1+(1-t)y2)

e—2TPYL 4 e—27py2

o(p) =

Clearly, ¢ > 0 on R" and, by convexity of z + e~ 2™*, we have that ¢ < 1. Furthermore,
it is clear that ¢ € Cp°(R™) and that its derivatives are bounded, too (ezercise). By
Example this shows p(-)e 27O A € S'(R™), ¢(-)e 2792 A € S'(R") so that also

e 2m()(ty1+(1—ty2) A — 90(.)6*%(')3/11\ + S0(.)6*2”(')1/21\ c S'(R"),
as a linear combination of tempered distributions. O

We call a tempered distribution to be of fast decrease if it is equal to the product
@A of some ¢ € S(R™) and some A € §'(R™).

Lemma 4.4. Let oA € S'(R™), for some ¢ € S(R™) and A € S'(R™), be a tempered
distribution of fast decrease. Then, its Fourier transform oA € S'(R™) is equal to a
polynomially bounded function f € C*(R™), given by f(z) = A(e*%ix(')go),Vx € R”.

Proof. Consider @A for some ¢ € S(R") and A € S(R"). Then ¢ = $(—.) € S(R"),
Y = A € §'(R") and we have for every ¢ € S(R™) that

—_—

(PA)(Q) = Alp¢) = 2(2C) = Z((—) xC) = (¥ * £)(C) = ¥ * 2(C).

In other words, &X =1 x X. Now, recall that for every ¢ € S(R"), it holds true that

w2 =5( [ deve—)c@)) = [ de(oio - ))cia)

The second equality can be justified using an approximation argument that allows to
consider w.l.o.g. to (,9 € D(R"), a Riemann sum approximation applied to the integral
on the r.h.s. and the smoothness of the function R” 5 = — f(z) = E(¢(x—.)) € C*(R").
We leave the detailed proof as an ezxercise (a careful exposition of the key arguments
can be found in e.g. [I5 Chapter 6]). Hence, &X =1 * X = Ay corresponds to a smooth
function f € C*°(R"). Note that in terms of ¢ and A, we have explicitly that

J@) = S — ) = A(B( - 2)) = Ae>0p) (= R(B - ) = (@ * D))

By Theorem f € C*(R"), which is uniquely determined by &X e S'(R™), is
necessarily polynomially bounded. By Prop. this also follows directly from

[f(@)] = A V) < C > e )05 < C(1+ [2]™)

a,BeNG:|al,|B]<m

for some m = mp and, analogously, |0%f| < Co(1 + |z|™), for each a € N. O
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The following result characterizes precisely those holomorphic functions that arise as
Laplace transforms of tempered distributions.

Theorem 4.1. LetT" C R™ be a non-empty, convex, open subset of R™ and A € D'(R™) be
such that e >"OYA € S'(R™) for every y € T. Then L(A) corresponds to a holomorphic
function in the tube R™ — ¢I'. This function has the property that for every compact
K CT, there exists a polynomial Px : R™ — C such that

22}8 |IL(T)(x — iy)| < |Pr(x)], Yz € R™. (4.1)

Conversely, if f : R™ —iI' = C is holomorphic in the tube R™ — iI" and satisfies the
bound (4.1)) as above, then it is the Laplace transform of a distribution A € D'(R™) with
the property that e >\ € S'(R™) for every y € T.

Remark 4.2. In general, the polynomial boundedness (4.1) breaks down at the boundary
of T'. Form=1 and T = (0,00), consider for ezample the Laplace transform

R—il'>z— ’Ly — / dp 627rip(x7iy)€7%p2 _ efé(r*iy)Q’
R

which grows like 39 as y — 00 and thus faster than any polynomial.

Proof. Let A € D'(R") be such that e 2"()YA e S'(R™) for every y € I'. To identify
L(A) with a holomorphic function, we first prove that e 27(YA € S'(R") is a linear
combination of tempered distributions of fast decrease. By Lemma[4.4] this implies that
we can identify £(A) with a smooth function in R" xI' C R?". Afterwards, we verify that
the latter is in fact holomorphic in R™ —¢I', by verifying the Cauchy-Riemann equations
in each variable z; = x; —iy;, j € {1,...,n}, separately.

Let yM, ...,y e I be a set of vectors so that their convex hull H = Hyq ,m CT
has non-empty interior, H° # (). Then, we define ¢ = by, 00t R" X H by

e—27rpy

k —2rpy ()
Sher e

o(p,y) =

Similarly as in the proof of Lemma convexity implies (ezercise) that

sup  |é(p,y)| < 1.
(py)ER™ X H

More generally, it is straightforward to see that for every (o, §) € Nij x Njj, we have that

sup [0 g(p, y)| < C(1 + [p|1P)
yeH

for some C' (that depends on H). Note that for every y € H, we have that
k .
2y = 37 ) O
j=1
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This representation of e 2"OYA is not, yet, sufficient to apply Lemma because
o(+,y) is not a Schwartz function. However, for y € H®, it turns out that ¢(-,y) decays
exponentially (as a motivation, consider e.g. the case n = 1, two points 0 < a < b such
that H,p = (a,b) and y = a + t(b — a) for some 0 < ¢t < 1). To make this more precise,

fix a compact set K C I'. Then, we claim that there exists some € > 0 such that
exp (/14| ?) (672“(')3’1&) € S'(R"),Vy € K. (4.2)

Since (_ = exp(—ey/1+ |- |?) € S(R"), this implies that e~ 27()YA is a tempered distri-
bution of fast decrease which is used below to identify £(A) with a smooth function.

So, let’s prove (4.2)). To this end, fix some y € K. Then for some € > 0 sufficiently
small, we have that Ba.(y) C H;(U,,,,,y(k) = HP for a suitable set of vectors in I'. Choosing
¢ as above and defining

Ye(p,u) = C(p)@(p, u) = exp (e/1+ [p|?) ¢(p, u),

this implies

sup  [the(p, u)| < sup e UHPg(p,u)
(P,u)ER™ X Be(y) (p,u)ER™ X Be(y)
= e sup sup e 2PT(p, u)
(p,u)ER™ X Be(y) z€R™:|2mx|<e
< e sup P(p,u) < €.

(p;u) ER™ X Bac (y)

Similarly, using the bounds on ¢ discussed above, we conclude that the derivatives of 1),
are polynomially bounded in R", uniformly in v € B¢(y), and with upper bounds that
depend continuously on y € K (exercise). This uses the observation that the derivatives
of (. are bounded by some polynomial times (. € S(R") itself. Since multiplication of
tempered distributions by polynomially bounded functions yields tempered distributions,
we conclude that for every y € K, we find some open neighborhood B¢(y) C I such that

k

exp (ev/1+1-?) (6_2”(')“/\) = Zw6(~,u)6_2ﬂ(')ym/\ € S'(R™),Vu € Be(y).

i=1

Observe that this implies exp (¢'y/1 + [ - [2) (e72"()uA) € S'(R™) for every ¢ < € as well.

As a consequence, we may cover K C I' by finitely many such open sets (B, (%’))é‘:p

choose € = min{ey, ..., ¢} and conclude (4.2).

Based on and Lemma we obtain that for every compact K C I' and every
y € K, there exists a polynomially bounded function f, € C*°(R") such that £(A), =
Ay,. The preceding analysis and Lemma imply furthermore that

k

fulz) = f(z,u) = ZA(¢€(.7u)e—Qni(')(x—iy(j))Ce) (4.3)

J=1
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locally in u € Bc(y), for suitable points y™),...,4®*) e I' such that Ba.(y) C H;(l) 0
The local identity clearly implies the smoothness of f, viewed as a function in
R™x B(y). Since K C I'and y € K were arbitrary, this justifies that L(A) € C°(R"xT).
Moreover, covering a given compact set K C I' by finitely many balls (B, (yj))é-zl and
using the continuous dependence of the polynomial upper bounds on the derivatives of
e on y € K, mentioned above, it follows similarly as in Lemma that

sup |L(T)(z,y)| < |Px(x)|, Vx € R™.
yeK

Finally, in order to interpret £(I')(x,y) = L(A)(z — iy) as a holomorphic function in
R™ —4I" with respect to z = & — iy, note that (4.3) and the definition of ¥ and ¢ imply

k .
0u, L(D) (@, y) = —2m0 > A(we(-, ) ()ze 2@ W) = i, £(T)(z,y)
j=1

for every j € {1,...,n}. That is, £L(A) satisfies the Cauchy-Riemann equations in z; for
each j € {1,...,n} and, by Lemma this concludes the proof of the first direction.
Conversely, suppose that f : R” —¢[' — C is holomorphic and satisfies , for
every compact K C I'. We first recall that if f satisfies , analogous bounds hold
true as well for its derivatives 9, f with respect to y € I'. For simplicity of notation, let’s
focus on the case n = 1. The general case follows along the same lines and we leave the
details as an exercise. In our application below, we only need the claimed polynomial
boundedness on compact intervals [a,b] C T'. By , we find some k € N such that

sup  |f(2)(z+ila—e)F < sup  [Pay(a) [z —ily—e—a)F <C,
z€R—i[a,b] z—iyER—i[a,b]
where € > 0 is chosen sufficiently small. Taking as a contour 7, in C the concatenation
of the straight paths from L — ia to —L — ia, from —L — ia to —L — ib, from —L — ib
to L — ib and from L — b back to L — ia, and sending L — oo, the integrability of
R > 2+ (1+2)72 € R and Cauchy’s integral formula imply that

IO N Sy g /)
(z+i(a—€)kt2 Lo 2mi [, ((—2) ((+i(a—e€))kt?
2mi ), (= 2) (C—z+i(a—e€))kt?
for all z € R —i(a,b), where the trace of v in C is equal to (R —ia) U (R —ib). As a
consequence, the complex derivative f' = 0, f + 10, f satisfies
Fe) k)1 [ d £)
(z+i(a—e)k+2  (z+i(a—e)F3  2mi | (¢ —2)? (C+i(a—e€)rt?
so that, by the uniform bound , we get for every sufficiently small § > 0 that

. ke C d¢
sup fl(2)(z+i(a—e k2§C+/,§C.
e PG P SOk gy [ e
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Since a,b € R, 6 > 0 were arbitrary, this proves that sup,c(, 5 [f'(. —iy)| is polynomially
bounded for each compact interval [a,b] C I' and, by the Cauchy-Riemann equations,
the same statement applies to 9, f (and 0, f).

Now, we seek A € D'(R") such that e 2"()YA € S'(R™) and with the property that

—

L(A)y = (e7"OWA) = Ay

—_— —_—

So, consider A _;,) and note that Ay _;,) € S’'(R™) by the polynomial boundedness of
f(- —iy). As a consequence, we have for every y € I that

—iy)> vy eI

—_—

Ay = 2"V (—iy) € 'D/(Rn)

and our goal is to show that A, does in fact not depend on y € I'. To see this, note that
for every ¢ € D(R™) the polynomial boundedness of the derivatives of f(. —iy) in all
compact intervals in I'; dominated convergence and integration by parts imply that

g@(ﬁﬂwﬂﬁf%ﬂwo::@UA;dwfw—wyxéﬂwwxm
N / da f(z — i) (2m ()2 ) ()
+ /n dz (Oy, f)(x — Z?J)(em‘p)(m)
= /n dz f(x — zy)( — 10y, (627?(-)3//90))(95)

+ / da (9, ) (@ iy)(e270p) ()

= [ o (00, +0,) 0 — )R @) =0,

for all j € {1,...,n}. Hence, Ay(p) = Ay, () for a fixed yo € I' (recall that I' is assumed
to be open and convex) and all y € T', ¢ € D(R™). In other words, A, € D'(R™) does
actually not depend on y € I" so that A = A, € D'(R") has the desired properties. [

4.2 Analytic Continuation and Edge of the Wedge Theorem
5 General Properties of Quantum Field Theories

5.1 Wightman Functions and Reconstruction Theorem
5.2 Locality and Irreducibility
5.3 Spin and Statistics

5.4 The Interaction Picture and Haag’s Theorem

6 Mathematical Interlude
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6.1 Gaussian Measures on Locally Convex Vector Spaces

6.2 The Euclidean Massive Klein-Gordon Field
7 The Euclidean Approach to Quantum Field Theory

7.1 Path Integral Formulation of Quantum Field Theories
7.2 Osterwalder-Schrader Reconstruction Theorem

7.3 Construction of the Euclidean ¢3 Field Theory
8 Basic Results on Lattice Yang-Mills Theories

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