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1l ne faut pas toujours tellement epuiser
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Introduction to both volumes

These books originated in lectures that I have given for many years at the
Department of Mathematics of the University of Rome, La Sapienza, and at
the Mathematical Physics Sector of the SISSA in Trieste.

I have tried to give a presentation which, while preserving mathematical
rigor, insists on the conceptual aspects and on the unity of Quantum Mechan-
ics.

The theory which is presented here is Quantum Mechanics as formulated
in its essential parts on one hand by de Broglie and Schrodinger and on the
other by Born, Heisenberg and Jordan with important contributions by Dirac
and Pauli.

For editorial reason the book in divided in two parts, with the same main
title (to stress the unity of the subject).

The present second volume consists of Lectures 1 to 16. Each lecture is
devoted to a specific topic, often still a subject of advanced research, chosen
among the ones that I regard as most interesting. Since ”interesting” is largely
a matter of personal taste other topics may be considered as more significant
or more relevant.

I want to express here my thanks to the students that took my courses and
to numerous colleagues with whom I have discussed sections of this book for
comments, suggestions and constructive criticism that have much improved
the presentation.

In particular I want to thank my friends Sergio Albeverio, Giuseppe Gaeta,
Alessandro Michelangeli, Andrea Posilicano for support and very useful com-
ments.

I want to thank here G.G and A.M. also for the help in editing.

Content of Volume II

Lecture 1- Wigner functions. Husimi distribution. Semiclassical limit. KB
states. Coherent states. Gabor transform. Semiclassical limit of joint distri-
bution functions.

Lecture 2- Pseudodiffential operators. Calderon-Vaillantcourt theorem. hbar-
admissible operators. Berezin, Kohn-Nirenberg, Born-Jordan quantizations.

Lecture 3 - Compact, Shatten-class, Carleman operators. Compactness crite-
ria. Radon-Nykodym theorem. Hadamard inequalitily. Bouquet of inequalities.

Lecture 4 - Periodic potentials. Theory of Bloch-Floquet-Zak Wigner-Satz
cell. Brillouen zone. Bloch waves. Wannier functions
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approximation. Peierls substitution. The role of topology. Chern number. In-
dex theory. Quantum pumps.
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Lecture 1.
Wigner functions. Coherent states. Gabor
transform. Semiclassical correlation functions

In Classical Mechanics a pure state is described by a Dirac measure supported
by a point in phase space.

We have seen that in quantum Mechanics a pure state is represented by
complex-valued functions on configuration space, and functions that differ
only for a constant phase represent the same pure state.

Alternatively one can describe pure states by complex-valued functions in
momentum space.

To study the semiclassical limit it would be convenient to represent pure
states by real-valued functions on phase-space, and that this correspondence
be one-to-one. These requirements are satisfied by the Wigner function Wy
associated to the wave function 1 € L2(RY).

The function Wy, is not positive everywhere (except for coherent states
with total dispersion > h) and therefore cannot be interpreted as probability
density.

Still it has a natural connection to the Weyl system and good regularity
properties.

To a pure state described in configuration space by the wave function
Y(x) one associates the Wigner function Wy, which is a real function on RN
defined by

Wy(z, &) = (2m)~N /RN e Yz + %)&(x - g)dNy z, € RN . (1.1)

We shall say that Wy, is the Wigner transform of 1 and will call Wigner
map the map 1 — Wy.

It is easy to verify that the function Wy, is real and that Wy, = Wia,, Va €
R.

Therefore the Wigner map maps rays in Hilbert space (pure states) to real
functions on phase space.

Moreover we will see that the integral over momentum space of Wy (x,§)
is a positive function that coincides with |1)(2)|? and the integral over con-
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figuration space coincides with |¢)(p)|> where ¢ is the Fourier transform of

1.
The correspondence between W, and the integral kernel ¢(z) ¢ (z’) per-
mits to associate by linearity a Wigner function W), to a density matrix p,

p=> Py >0, da=1 (1.2)
k

where P is the orthogonal projection on 1, one has

Wp = chWW (13)
k

Explicitly

Wl &) = Y an) ™ [+ Dine-Day (1)
k
If p is a density matrix (positive trace-class operator of trace one) with
integral kernel

p(xvy) = ch(lgn('r)qbn(y) (15)

its Wigner function is

Wi(o€) = @n) N [t Syogdy (10

where the sum converges pointwise in z, € if p(z,2’) is continuous and in the
L' sense otherwise.

The definition can be generalized to cover Hilbert-Schmidt operators when
the convergence of the series is meant in a suitable topology.

(From (6) one has

W,(x,€) € 2(RY x RY) nCo(RY, L'(RY)) N Co(RY, LX(RY))  (1.7)

Through (6) one can extend by linearity the definition of Wigner func-
tion to operators defined by an integral kernel; this can be done in suitable
topologies and the resulting kernels are in general distribution-valued.

When p is a Hilbert-Schmidt operator and one has

W13 = 2m) =" lpl® (1.8)

If ¢(x,t) is a solution of the free Schroedinger equation

a1
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the function Wy, solves the transport (or Liouville) equation

56—‘1/ +EV,W =0 (1.10)

Introducing Planck’s constant one rescales Wigner’s function as follows

Wi, &, 1) = (o) Wil 2.1 (L11)

and Liouville equation is satisfied if ¢ satisfies
oy

) 1 5
Y~ 2 Ay
ot hAv

Consider now the equation that is satisfied by Wy if ¢ satisfies Schroedinger’s
equation with hamiltonian H = —%A + V.
We have seen in Volume I that under the condition

Vel (RY), V™ € St(RY), / o |V (2)?dz < ¢(14+ R)™ (1.12)
x| <

(St denotes Stummel class) the operator H is self-adjoint with domain

DH)={peL? |V|p €L, —Ap+VeeL?} (1.13)

Let po be a density matrix and set p(t) = e tpgeiflt
W (x,€;t) the Wigner function of p(t).
Under these conditions the following theorem holds (the easy proof is left

to the reader)

00 . Denote by

Theorem 1.1
If V satisfies (12) then W) belongs to the space

C(Ry, L*(RY x RY)) N Cy(Ry x RY, FL'(RY)) N Cy(Ry x RgV,le(hE;V)) |

1.14

(we have denoted by FL' the space of functions with Fourier transform in L*)
and satisfies

%—Tﬂg, V W)+ KW =0 (1.15)

where K is defined by
K(z,6) = (%)N/eﬂ'(ﬁvy)(wx Y ve-Yyay ()

and
(K + W)(2,€) = / K ()W (€ — n)d (117)
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¢
Setting f"(t) = Wi(t) one derives
i£?+§Vﬁ%+K%*fh:Q Pt =0) = po(h) (1.18)
where
Kn(,€) = o) e v Ve + ) Ve - Dyjay  (119)

If the potential V is sufficiently regular it reasonable to expect that if the
initial datum fgf converges when A — 0 in a suitable topology to a positive
measure fo, then the (weak) limit f = limy_of" exists, is a positive measure
and satisfies (weakly)

%J; +ENVLf—VV(2)Vef=0 f0) = fo (1.20)
We shall prove indeed that when V satisfies suitable regularity assump-
tions, then for every T > 0 there exists a sequence h,, — 0 such that f"(¢)
converges uniformly for [t| < T, in a weak * sense for a suitable topology, to
a function f(t) € Cp(RY) which satisfies (20 ) as a distribution.
Under further regularity properties f(¢) is the unique solution of (20) and
represents the transport of fy along the free flow

=€  £=-VV (1.21)

Under these conditions the correspondence ¢ — Wf; is a valid instrument
to study the semiclassical limit.

We shall give a precise formulation and a proof after an analysis of the
regularity properties of the Wigner functions.

We have remarked that in general the function Wy (z,§) is not positive.
It has however the property that its marginals reproduce the probability dis-
tributions in configuration space and in momentum space of the pure state
represented by the function . Indeed one has the following lemma (we omit
the easy proof)

Lemma 1.2

Jwaeow=1fer.  [Waeok-lr@F 02
%
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In a strict sense (22) holds if ¢ € L' N L%, ¢ € L' N L2. In the other cases
one must resort to a limiting procedure.
We also notice that

W itas v 20 ¥ = Wy (z — b, — a) Wi =W, & f(z) =e"“g(x) ceER
(1.23)

and that
(W, Wo) = (4, 9) (1.24)

The essential support of a Wigner function cannot be too small; roughly
its volume cannot be less than one in units in which 7 = 1.
In particular for any Lebesgue-measurable subset E € RV one has

[ Wrte s < |75 n(2) (1.25)

where p(F) is the Lebesgue measure of E.

This statement is made precise by the following proposition [1] [2]

Proposition 1.3 (Hardy )
Let

a 2 x
Cop(z, &) = e_%_b72 z,EeRY a,b>0. (1.26)

Then for any f € L*(R*N one has

1) If ab =1 then (W}, Cqp)(x,€) >0

2) If ab > 1 then (W, Cop)(w,§) >0

3) If ab <1 there are values of {z,&} for which (W}, Cop)(,§) < 0.

1.1 Coherent states

If ab = 1 the functions C, ; defined above and suitably normalized are called
coherent states.

Coherent states play a relevant role in geometric optics and also, as we saw
in Volume I, in the Bargman-Segal representation of the Weyl system and in
the Berezin-Wick quantization.

Introducing Planck’s constant the coherent states are represented in con-
figuration space R™ by

_@=a)? iep g

Copalr) =cye 227 e 2 gpeRY, A>0 (1.27)

where ¢y is a numerical constant.
These states have dispersion A in configuration space and % in momen-
tum space, and therefore the product of the dispersions in configuration and
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momentum space is f, the minimal value possible value due to Heisenberg
inequalities.
The Wigner function of the coherent states is positive

_ (=2 A%(-p)?
2k 2

Wopalz,§) = cne 232 (1.28)

As a consequnce of the theorem of Hardy it can be proved [2] that the
Wigner function Wy, associated to a wave function 1 is positive if and only if
¥(z) is a gaussian state of the form (26) with Ag.A > h.

The Wigner function Wy, is not positive in general but its average over
each coherent state is a non-negative number.

Since coherent states are parametrized by the points in phase space , one
can associate to the function ¢ the positive function on phase space

Hy(q,p) = /dmdeqyp;A(x,§)W¢(x,£)dxdf

This is the Husimi distribution associated to the function ¢..

Since the coherent states form an over-complete system, one may want to
construct a positive functions associated to the function ¢ by integrating over
a smaller set of coherent states, but still sufficient to characterize completely
the function ¢.

This is the aim of Gabor analysis [3] a structure that has gained promi-
nence in the field of signal analysis. We shall outline later the main features
and results in this field.

Not all phase-space functions are Wigner functions W, for some state p.

A simple criterion makes use of the symplectic Fourier transform ; we shall
encounter it again when in the next Lecture we will introduce the pseudo-
differential operators

If f € L%(R?*V) define its symplectic Fourier transform f” by

F(2) = (e =" 7ede, e R2N (1.29)
RQN

where J is the standard symplectic matrix.
The symplectic Fourier transform f7(z) is said to be of 3-positive type if
the m x m matrix M with entries

M; ;= #(a; — aj)eig(aTJa) a={ay,..am} (1.30)

is hermitian and non negative.
With these notations the necessary and sufficient condition for a phase
space function to be a Wigner function is [4][5]

i) f7(0)=1

ii) f7(z) is continuous and of A-positive type.
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1.2 Husimi distribution

For a generic density matrix p the positive function

HP(va) = (Wpa W¢7q,p;h) (131)

is called a Husimi transform (or also Husimi distribution) of the density ma-
trix p.

If the density matrix has trace one, the corresponding Husimi distribution
has L' norm one.

The correspondence H, < p is one-to- one.

One verifies that p is of trace-class if and only if H, € L'(R*") and that
Trp= [ H,dz*N.

Denote by S and S’ the Schwartz classes of functions.
The Fourier transform acts continuously in these classes and one can derive
the following regularity properties

p(r,y) € S(RY x RY) & Wy(x,€) € S(RY x RY) (1.32)

peS(RY xRY) & W, eS8 (RY x RY) (1.33)
More generally, for any pair of functions f,g one can consider the quadratic

form

Wy g(2,€) = (2W)_N/€_“5’y)f(x + %y)g(m - %y)dy (1.34)

;From the properties of Fourier transform one derives

Lemma 1.4

If f ,g€ S(RN) x S(RN) then Wieg € S(R?N).

If f19 € S'(RYN) x 8'(RN) then Wy, € S'(R*M).

If f, g € L*(RN) x L*(RN) thenW; 4 € LQ(RQN) N Co(R*Y)
Moreover

(Wf1,917Wf2,92) = (f17f2)(g2791) |Wf~,9|00 < Hf||2||g||2 (1'35)

¢

We study next the limit when € — 0 of a one-parameter family of functions
Ue.
Consider the corresponding Wigner functions

W @9 = Gro™) [ e et Due =Dy (130)

2me

1 _
= (*)N/ e Eu (@ + Dyac(z — Z)dz (1.37)
2’/T RN 2
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Let Hf,_(q,p) be the corresponding Husimi functions.

If the family u. is bounded in L2(RY), the family H, consists of non-
negative functions in L' (R™) which define, if considered as densities, a family
of measures fi,, .

We shall study limit point of this set of measures, in the sense of the weak*
topology of Borel measures.

In order to be able to use compactness results it is convenient to introduce
a topological space in which the W¢(u,) are uniformly bounded.

To this end, we introduce the following Banach algebra

A={ue Co(RY x RY), (Feu)(z,2) € L'(RY,Co(RY))} (1.38)

with norm

1 Felun)lla = [ supilFeul (o 20z (1.39)
R

A is a separable Banach algebra that contains densely S(RY x Rév ),
C(RY Rév ) and every finite linear combination of wuy(z)uz(€), with
ug € C§° or 4 € C§°.

In (38) we have used the notation F¢u to denote Fourier transform of u
with respect to &.

With these notation one has

Proposition 1.4
The family Wy is equibounded in A.

&
Proof
A simple estimate gives
1
/RZN(W;qj)(:c,g)dxdg = G~ /RN (Feo)(z, y)uc(z+ %)ﬂe(:c—%)dm dy dz
(1.40)
It follows
[ We o) &)dode] < (2 [ (supa|(Fed) o )ld)| [supau o+ F o= ) lda
R2N Ue ’ - 27 RN Pz ¢ Y)Y Pzl 2 € 2
1
< (%)NH(ﬁIIAHueII2 (1.41)

Q

Denote by A’ the topological dual of A.

i From Proposition 1.4 one derives by compactness that there exists a sub-
sequence {u, } which converges weakly to an element of u € A” and at the
same time W¢r  converges in the *-weak topology to an element of A" that
we denote by ,uT.L
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Note that the convergence of u., to v does not imply weak convergence of
Wir 5 in general one must select a further subsequence.

In the same way we can construct sequences of Husimi functions H;» and
of corresponding measures that converge weakly. "

Denote by fi the limit measure. One has

Theorem 1.5

1) One has always p = fu

2) 1> u(x)*do(£)

8) [ [u(@)Pde < [pon dp < liminfeo [px |uel*da.

¢
Proof
We provide the proof only in the case n = 1. Notice that
22 2
H, =W xGe,  Ge= (me) Bem (1.42)

(* denotes convolution in £ ).

We must prove that if ¢ € A (or in a dense subset) then ¢ * G, converges
to ¢ in the topology of A.

From

Fe(¢px Ge)(w,2) = [(Feg)(w,2)(me) /2 xem e 3 (1.43)

it follows

1) *Gef¢|AS/Nsupﬂffqﬁf}}gb*(ﬁe)*ie* < |dz
R

+/(1 - e€|2|2/4) supg|Feo| dz (1.44)

The second term converges to zero so does the first term if ¢ € S(R x R).
Point 1 of the theorem is proved, since S(R x R) is dense in A.
Point 3 follows from Point 1 since

/ fydr < lim mf/ luc|?dx (1.45)
R2 R

To prove Point 2 notice that for a compact sequence u,. that converges
weakly to u in L?(R) one has, for every z € R

ue(z + %) iz = 5) = lu(a)? (1.46)

Therefore one has, weakly for subsequences in S'(R x R)

Wg — |u(z)? (1.47)

and from this one derives 1, = ||u||?6o(€).
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Define
_ -1 —igy Y- Y
Huo)(a) = 20 [t Dot - Gde (149
Then
HE > HS+2H:_, (1.49)

and to prove Point 2 it suffices to prove that I/T/S(u7 ve) converges weakly (in
the topology of Borel measures) if u € C§°(R) and v, converge weakly to zero
in L?(R).
One has
He(u,ve) * G (1.50)

We(u,ve) = (2#)71Re/67i5'yu(1‘ + %ﬂ(x - %)dﬁ (1.51)

Therefore for every ¢ € S(RY x RY)

< We(u,ve), ¢ >= (QW)’IRe/ dydzv.(y)u(x + %)(fggb)(y —€2/2,2)

R2
(1.52)
If u € C§°(RYN) one has moreover
lime—ou(x + %)(.7'}(;5)(3/ - %, z) = u(z) Feg(y, 2) (1.53)

in the topology of L2(RY, L*(RY)).

It follows that W€(u, v.) converges weakly to zero in A’.

Similar estimates show that H¢(u,v.) converges weakly to zero in the sense
of measures.

Q

The following remarks are useful and easily verifiable.

a) It may occur that p = 0 (we shall presently see an example)

b) If p,, is the measure associated to the subsequence u, weakly convergent
to u , then pu(. —xo,. — &, ) is the measure associated to to the subsequence

i &o—2)

uc(z — xp)e’ ™ - (1.54)
¢) The measure p,, is also the limit of

(27r)*"/e*i€~zu5(m + %)ﬂi(x + %)dz (1.55)
for all values of the parameters o, 3 € (0,1), a+ 8 =1
d) If the measure y,, is associated to the sequence u. and the measure v,
to the sequence v, in general the measure u, + v, is not associated to the
sequence (ue+ve) (for example if u. = v, the associated measure is 4y, ). This
fact is a consequence of the superposition principle.
Additivity always holds when p and v are mutually singular.
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1.3 Semiclassical limit using Wigner functions

Example 1
Sequence of functions that concentrate in one point

ue(z) = —mzul(=) (1.56)
€ €
One has
a<l  limeoW; =0d0(x)5(&) [ |uly)’dy (1.57)
a>1 lime_oW; =0 (1.58)
1
= 1 ) — ¢ = 7 2 1
o=l limeaW, = s O fa) (1.59)
&
Ezample 2 ( coherent states)
1 — L€p-x
e = g u(T—0)ei (1.60)
€ €
0<ax<l1 lime—oWe . = |[ull3 duy(2)5¢, (€) (1.61)
a>1 limeoWy, =0 (1.62)
a=1  limeoWey, = 2m) "€ — &)|? 0up (2) (1.63)
&

Ezample 3 ( WKB states)

ue(z) = u(z)ete@/e, ue L*(RY), u(z)€R aewh! (1.64)

loc

Notice that uc(z + E%z)ﬂe(x — GQTZ) converges in S’'(R*M) to |u(z)|? if
0 <a<1and to |u(z)]?eVe®) = if o = 1.

One has therefore

a<l limeoWe = |u(z)|*00(€) (1.65)
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a=1 lime_oW¢_ = |u(z)[?6(§ — Vu(z)) (1.66)
&

Ezample 4 ( superposition of coherent states)

Ue = z;k ﬂjuj(%)e]v/%ig'w/e 0<ax<l (1.67)

It can be verified that the limit is
> 18 Po(x — ;)8(¢ — &) (1.68)
&

A detailed analysis of Wigner functions in the semiclassical limit can be
found in [6].

We now give details of the use of Wigner functions in study the semiclas-
sical limit.

Theorem 1.6 [6]

i) Let V€ CY(R"N) and verify (12). Then for every T > 0 there is a sub-
sequence f'n(t) that converges in the weak™* -topology of A" for |t| < T to a
function f € Cy(RN) which satisfies (20) in distributional sense.

i) If moreover V.€ CYY(RN) and V(z) > —c(1+]|z|?), then f(t) is the unique
solution of (28) and represents the evolution of fo under the flow defined by

iP=¢ £=-VV (1.69)
o

Notice that under the assumptions we have made this equation does not
have in general a unique solution.

It is possible to construct examples of lack of uniqueness by taking coherent
states localized on different solutions.

Sketch of the proof of Theorem 1.6
By density it is sufficient to prove that if

¢ € S(RY x RY),  Fep € C°(RY x RY) (1.70)

and Kj, is defined as in (20), then < Kp, *¢ f™, ¢ > is bounced for [t| < T and
converges weakly when h — 0, to

| V@Yol ), ot (1.71)

One has
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1

<Kh*f7¢ >= (27T)N <fha¢h > AQA (172)

where

B —1 in. hz hz
Py = [ ES @D EIVE@) @+ )~ (Ve = )y
(1.73)
It follows for every ¢ € A’
h

< s eV s < D =0 (0T

When £ tends to zero, the sequences ¢™ and %: are convergent in the topology
induced by A'.
Taking into account that ¢" converges to ¢ in the topology of A’ one has

of

< YR
ot

¢>—< [,&Vz0 >+ < [,VV.Ve0) =0 pec A (1.75)
Therefore f = limp_of" is a weak solution of (20). This proves i).

To prove point ii) an integration by parts is needed in order to pass from
the weak form of the solution to the classical solution. For this, it is convenient
to regularize f and then undo the regularization after having taken the limit
€ — 0 taking advantage from the fact that the classical solution is of Lipshitz
class. This is legitimate under the assumptions made on V.

Q

This analysis of the semiclassical limit for the Schroedinger equation can be
extended with minor modifications to the Schroedinger-Poisson system which
describes the propagation of a system of N quantum mechanical particles
subject to the electric field generated by their charges and possibly to an
external field Ey generated by an external charge pg.

The equations which describe this quantum system are

L 0¢; h? .
V=Ey— Y ejlot,z)? (1.77)

J

It is possible to show that the limit i — 0, denoted by f (a function on
classical phase space) of the Wigner function associated to the density matrix
of any particle does not depend on the particle chosen and satisfies the system
of classical equations (called equations of Viasov-Poisson)

% +¢{Vf—EN¢f =0, E(z)= Vx(/ ﬁ[ﬂo(y) - /f(y,f)di]dy)

1.78)
where x, £ are coordinates in the classical phase space
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1.4 Gabor transform

For completeness we mention here the Gabor transform [3], much used in
signal analysis: the time modulation and frequency modulation of an acoustic
signal have the same role as position and momentum in the description of a
wave function.

The Gabor transform G;f or two complex-valued functions f, g on R! is
obtained from the corresponding Wigner function by a change of variables

W (f.9)(@,€) = (2m)Ne* (" [Gy(f)] (22, 2€) (1.79)

Inverting this formula one obtains

N
2

Ggf(.’t,f) = (2’/T) (f’ M§Tfmg)
Me(h)(t) = e"h(t)  T_th = h(t —z) (1.80)

The Gabor tranform is also called short time Fourier transform of f with
window g
The function
bz = McT 20 (1.81)

is called Gabor wavelet generated by ¢.

The operators Mg and T_, are called respectively modulation operator
and translation operator Occasionally one uses the notation ¢;, to stress the
time-frequency analysis

The role of the Gabor wavelets in signal analysis is seen in the following
formula that allow to reconstruct a signal from its Gabor spectrum.

Let ¢ € LY(RN)NL*(RY) with [ ¢(x,€))d™z = 1. The function ¢ is called
the window .

For all f € L?(RN)

f=@nN / / (f, bu.6)bu cdde (1.82)

Let 0 € L2(RY @ RY). The Gabor multiplier G, 4 : L*(RY) — L*(RY) is
defined by

(Gosf. ) = / / 0 (2, )G f (1, €)(, )(Gopg) (i, € =

— (2m)V / / (02, )(f, o) 2 6(, ) ddé (1.83)

for f,g € L>(RN).
Gabor operators are also called localization operators.
One proves the following results:
1) if o € L2(RN x RN the Gabor multiplier is a Hilbert-Schmidt operator
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2) if o € L2(RN x RY) one has

GrGos = [ lo(@)Pde. [ [6(s.€) Pdude (1.84)
3) moreover
Go3Grp=GCry A= (2m) (s, *%% (1.85)
where
1 (zo—|w|?
(fx2g9)= [ [flz-—w)glw)e = " dw (1.86)

CcN

1.5 Semiclassical limit of joint distribution function

Recall that in Quantum Mechanics a state can be characterized by the ex-
pectation values of the operators. Typically one considers expectation values
in the state described by the wave function ¢ of product of the canonical
operators i, px, k=1,...d ()

(6, [T jin k@i Phd) i,j=1...d, kh=12,... (1.87)

Notice that by using the canonical commutation relations one can restrict
oneself to polynomials of this type.

To avoid proliferation of indices we shall consider from now on a system
with one degree of freedom.

The evolution of the state ¢(0) — ¢(¢) under the Schédinger equation is
described by evolution of the correlation functions.

In Classical Mechanics correspond to measures concentrated in a point
in phase space, expectation values correspond to position and momentum of
the particle considered and the evolution of the pure state is described by
Hamilton’s equation of motion for the canonical coordinates.

In Quantum Mechanics a state which is not pure is described by a p and
again the evolution p — p(t) corresponding to the Hamiltonian H(q,p) can
be described by giving the map

Tr(pgypy) — Trp(t)ay'p})) = Tr(p, et @R gmpM e=tH@r))  (1.88)

Correspondingly one has in Classical Mechanics the evolution of a proba-
bility distribution under the Liouville equation corresponding to the hamilto-
nian H(q,p).

Of course in Quantum Mechanics the expressions we have given are formal,
since the canonical variables ¢, p and the hamiltonian H are unbounded
operators and one must keep track of their domains.

Before giving a precise statement we note the analogy with mean field
models.



30 1 Lecture 1.Wigner functions. Coherent states. Gabor transform. Semiclassical correlation functions

In these models, mostly used in (Quantum) Statistical Mechanics, one
considers (in one dimension)a system with N degrees of freedom and a set of
M (quantum) intensive observables o/fw k =1,..M which are space averages

a%: -1 E an

n=M

of local observables a.,.

The local observables almost commute at long distances : [ay,, anm,] ~ (n —
m)~P for some large p. Both the local and the intensive observables depend
on time through a (Quantum) hamiltonian H.

The intensive observables became classical in the limit N — oo (i.e. they
form a commutative algebra). And under the hamiltonian H the evolution
t — «(t) of the observables is describes by an effective equation.

One is interested in the structure and the evolution in of the fluctuations

N
h— limNHoo\/ﬁ(% > anii(t) — ¥ (1)) (1.89)
h=1

Under suitable assumptions [7] one proves that if a¥ are quantum canon-
ical variables their fluctuations ((t) are at first order in v again quantum
canonical variables for a system with M degrees of freedom and they evolve
according to a quadratic hamiltonian.

In this sense our analysis of the semiclassical limit 7 — 0 is analogous to
the analysis for N — oo in Quantum Statistical Mechanics of a system of IV
particles (with 7 taking the place of ﬁ

1.6 Semiclassical limit using coherent states

We return to the semiclassical approximation which we now understand a
semiclassical limit of quantum correlation functions. Of course one should
expect this convergence to hold only for a suitable class of initial states, which
we take to be coherent states with joint dispersion of order 7.

We give here first a formulation of the problem in terms of the Weyl algebra
and unitary evolution, due to K.Hepp [7]. We shall later sketch a formulation
in terms of correlation functions for canonical variables.

We consider hamiltonian system with one degree of freedom and classical
hamiltonians of the form H¢(p,q) = % + V(x) with V sufficiently regular
so that both the classical equation of motion and the quantum one have a
unique solution for the initial data we will consider , at least up to a time a
time T'.

The classical equations of motion are

i) =plt)  Pt) = —VV((t (1.90)
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The corresponding equation in Quantum Mechanics are

s ) = (o, (1)

s ) = (e, YV (@)(0) (1.9

where VV (2) is defined by the functional calculus for the self-adjoint operator
V(&) and we have assumed that g pr satisfy the Heisenberg relations

[Gn, pn] = —ih (1.92)

on suitable dense domain (by antisymmetry one has [gn, §r] = [Prpr] = 0).

However (v, VV(2)1(t)) # VV((¢r, Gntp) unless the potential V' is at
most quadratic, and even if the error is small for ¢ = 0 it may become incon-
trollable for large values of T even if  is very small.

Formally one recovers (91) from (90) in the limit 7 — 0 ( Eherenfest
theorem) when 1 is a coherent state centered around large mean values
h_%po,h_%xo .

The introduction of the following macroscopic representation of the Heisen-

berg relations
1

~ N 1
p:h 2Pn,, q:h 2dn

[g.p] =1, 4,4 =1[p.p]=0 (1.93)
is suggested by the fact that the product ¢(¢1) ... p(tn) bar should be observed
at scale %

This change of scale can be achieved considering the expectation value
of these observables in semiclassical states, in particular in coherent states,
localized at points of the phase space (in the present case, R?) and seen at a
semiclassical scale, i.e. at a scale that differs from the atomic scale by a factor
hos,

The states that we will consider are coherent states ¢, centered at the
point « of classical phase space.

Recall that a coherent state is given by
o =U()2  Ua) = 9@ = gpi—ap (1.94)

where {2 is the Fock vacuum.
The operator U(a) acts on the annihilation operator as follows

U(@)aU* (o) = a — «, a=p+ig a=q+ip (1.95)

For any choice of monomial P in the p ¢ one has

1

(h2a, P[G— (R 2q),p— (W 2plh 2 a) = (2,4...

K
3

QD
~—

and therefore
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limhﬁo(h_%a, Qh....ﬁhh_%a) =q..p (1.96)
We now show that this relation is preserved under time evolution Up(t)

2
associated to the self-adjoint extension of Hy = 2”—7’; + Vign) ie.

limn—o(h™%a),qu(t1) .. .pr(tn)(h2q) = q(aty) ... plonty)  (1.97)

(for more singular Hamiltonians the statement is true for times for which the
classical orbit exists).

This result must be compared with the statement (see Volume I) that
along coherent states the quantum mechanical evolution

(h™ %, an(t)h™ 2 )
and the classical evolution
2o, t) = (W 2a(t)anh™ 2 a(t))

differ by terms of order h? (more exactly are in correspondence and their
difference vanish for i — 0 ).

Notice that the result can be put in a probabilistic setting (stressing the
analogy with the central limit theorem) as a comparison between the expecta-
tion value of a quantum observable under the classical evolution of coherent
states (i.e. the parameter of the coherent states evolve according to a classical
equation of motion) and the quantum mechanical evolution of the expectation
values in given coherent state).

As a consequence one can view, to first order in & , the quantum mechanical
evolution as quantum mechanical ( central limit) gaussian oscillations around
the classical evolution.

One has indeed

Nl=

[p(t)=plas tn)](h~#a) = g(a 1) . .p(a )
(1.98)
where g(a,t) and p(a,t) are solutions of the linearized classical equation
around &(a, t) (the classical trajectory of the barycenter of the coherent state)

Q(a7t) - p(aat) p(a7t) - vv(&(avt))Q(O‘7t)

(Qu—hE6) (B = h w4 )= (2,Qr, . Pu2)  (1.99)

limn—o(h ™%, [G(t1)—qlo, t1) ... B~

(0,

«
(From (98), multiplying by n/? (s is the degree of the monomial) one
obtains

[V

limn—o(¢, 3 - (a1 = &) (T = ma)o, 3 ) =0

2

By iteration, for polynomials of type P* P,

limn—o(¢, 3 (a1, -Ph), 3 ) = &1y (1.100)

(03
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We want to prove that, if {£,,(s)}, {nm(s)} are solutions of Hamilton’s
equation with potential term V and if

g(a;t) = {gm(, 1)} pla,t) = {pm(a; 1))} (1.101)

are the solutions of the tangent flow i.e.,
q.(aat) :p(017t), p(OL,t) = fVV(g(a,t)q(a,t)

oy =n(t), () = ~VV(ED) (1.102)

then (96) e (97) are satisfied at all finite times if they are satisfied by the
initial conditions, i.e. for any T and all |s| < T one has

limh—)O < ¢h_%a’ (qili - 51 (Oé, S))a (pz - 77n(047 S))qsh_%a =q (Oé, 8)"'p'fb(aa S)
(1.103)

1.7 Convergence of quantum solutions to classical
solutions

We state the following theorem in the case of one degree of freedom; it is easy
to generalize the proof to the case of an arbitrary finite number of degrees of
freedom.

Formally the result can be extended to the case of a system with infinitely
many degrees of freedom, but in that case care must be put in the choice of
the representation and on the definition of the Hamiltonian.

Theorem 1.7 (Hepp) [7]

Let £(a, t) be a solution of the classical equation of motion for the hamiltonian
Hess = 57=p + V(a,t) for [t| < T. Let V(z) be real and of Kato class so
that the quantum Hamiltonian Hy is self-adjoint; we use the notation

Un(t) = 71 U(t) = ¢t (1.104)

Let V(x) be of class C*T¢ in a neighborhood of the classical trajectory
E(a,t), m(a, t) so that the cotangent flow q(a, t), p(a, t) is well defined for |t| <
T and of class C'+e.

Then for all r,s,€ R? and uniformly in |t| <T

s = lim_oU (™ a)" Up(t)" 0PI, (0)U (h %)
— eilré(at)+sm(a,t)] (1105)

Let £(a,t), m(a,t) be a solution of Hamilton’s equation with initial data
a = (&,m) and defined int € (=T,+T).
Let V(x) be of class C**° § > 0, in a neighborhood of &(a,t), and let
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2
/\V(aj)\zeﬂ’z dx < oo (1.106)

for some p > 0.
Let Hy, be a self-adjiont extension of the symmetric operator

—Ed—QH/(\/ﬁ ) (1.107)
2 dx? v '
and set -

Up(t) = e (1.108)

Let {p(t),q(t)} be the solution of the linearized flow at (o, t) with initial
data p,q. This flow corresponds to the Hamiltonian

ﬁ q2 d2v
2

H =2 1oL o) = T2 (¢(at) (1.109)

Under these assumptions, for every r, s € R? and uniformly in t €
(=T,4+T) one has
1)
. _ E(et) s _ m(at)
s — limp_oU* (—=)U; ()"0 = ===, o (

i)
Vh
_ ei(rq(ai)-‘ré‘p(avt)) (1110)

NG

2)

) g(t)ei(rQhHPh)Uh(t)U( ). = ¢irE(@t+smian)

« (0%
Sflimh_,oU*(i —
Vi Vh

(1.111)

&

We remark that the same result is obtained using modified (squeezed)
coherent states for which the dispersion in configuration space is of order A%
1
and the dispersion in momentum space is of order 72~ % with 0 < o < % .

Proof of Theorem 1.7
The strategy of the proof is to ezpand formally the Hamiltonian around the
classical orbit in powers of v up to the second order and to consider the
corresponding evolution equations. (this corresponds classically to consider
only the tangent flow).

If the potential is smooth the first term is a constant (as a function of §)
and does not contribute to the dynamics of the canonical variables.

Since the term of first order is linear in the ¢, p the evolution corresponds
to a scalar shift in the canonical variables.This provides a rotating frame for
the canonical variables
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The second order term provides in the rotating frame a linear homoge-
neous map that depends differentiably on time. Classically this would give
the evolution of the fluctuations.

Our assumption on the hamiltonian imply that the higher order terms
provide a negligible effect in the limit 7 — O.

These remarks imply that one can obtain similar results for classical Hamil-
tonians with smooth coefficients (in particular one can add a )

We shall give a sketch of the proof. Details can be found in Hepp’s paper
[7] .
Expand formally 5~ Hy in powers of % in a ki neighborhood of the classical
orbit &(a,t) = £(t)

R Hy, = HY(t) + HE (t) + H2(t) + Hp ()

Hp(t) =h~"H(m,¢)

T dV R0

R e GON )

Hy(t) = b~ [me(p N

P
1 Tt 1 N f(t)

HR() = 56— T2 - e - 20y (1112)
Define
HR (1) = V(@) =V (E(0) ~ (o €(0))- T (€(6)) — 5 (o€ T (600) (1.113)

The term H3(t) is, at least formally, an operator of order O(h%).

Since the operator is unbounded, one must qualify the meaning of this
statement. We consider the restriction of the operator to functions of fast
space decay (coherent states) and will have to control that this remains true
under evolution.

This will be guaranteed by the fact that under the total evolution the set
of coherent spates is left invariant modulo a small correction.

Notice that H} is a liner function of p e ¢ and therefore the propagator
U (t) exists for every ¢ and is unitary.

This provided a one-parameter map of gaussian coherent states differen-
tiable in time. To see this, use on the convex closure of Hermite functions
Dyson’s perturbation series, or apply the result on the metaplectic group de-
scribed in Volume I of these Lecture Notes.

The unitary operators U} (¢) = ettt provide a family of automorphisms
of Weyl algebra and the evolution can be written

W (t,0)*e TP (¢, 0) (1.114)
with

(67

Wh(t,s) = U*( yel [ A qs)
Vh

) U ()" Un(t — s)U,%<s>U<%
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This proves point 1) in the theorem.
Point 2) is proved if one shows that

Lt X
s — limp_oW"(t,s) = W(t,s) =e ' J ey (1.116)

where the (time ordered) integral on the right hand side is defined using
spectral representation.

Since the operators in the Weyl system are uniformly bounded it is suffi-
cient to prove this on a dense set of states, which we shall choose to be the
coherent states

do(x) = e~@=0*/2 e R (1.117)

We must show that for every 7, |7| < T one can find i(7) > 0 such that
for any h < h(7) the states

gl = U;%U(%)W(s,om (1.118)

belong to the domain of the operator H!.
To show this, we note H' is quadratic and we use the explicit form of
Wh(t,s) and the identity

W(s,00W(s,0" =ag+Bp  W(s,0pW(s,0" =y¢+5p (1119)

in which «, 3,7, ¢ depend continuously on time. We obtain

h,s _ _ o+ iy - fs . a . Ts
e (R LY A ey e
atiy 1 ., 9

for any |s| < T. Since for a suitable p > 0
/dac|V(9L')|2 e " < oo (1.121)

one has the inclusion in the domain of H?! if

oty
d—ip
We conclude that for i < i(7) the product W (¢, s)W (s, r) is strongly differ-

entiable in s.
From Duhamel’s formula one has

Wr)=2n(r)p™",  ne=|Re | (1.122)

d
W(t70>¢a - (ba = /d8£Wh(t,S)(ba =
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q2

[ Wi e+ o) = VeE) =V = Vi) Tlen (1129

We provide now an estimate of the L? norm of the right hand side. Using
V € %9 we can bound the integral over a ball of radius O(1) (and therefore
Vhz ~ Vh)

For large values of |z| we use instead the rapid decrease of |W (s, 0)¢o|>.

In vhz ~ /I we use the estimate

B V(E+ha) — V(O] -2 VI(€) - %xz V(&) < 2*TRY? (1.124)

and derive
W (t,0)¢0 — Wi(t,0)¢a| = o((h°/?) (1.125)

With a similar estimate one completes the proof of Theorem using the
identity

U *7Fet(r ants pr) [y tU_—a _ ir&itsm
Ui WOV )9 Z

o
NG
= [W"(t,0)e™ " =PI (¢,0)6 — ¢ (1.126)

and
s — limp_o W"(t,0) = W(t,0), s —limp_o eMratsP) — 1 (1.127)

This concludes the sketch of the proof of Theorem 1.7.
Q@

It is easy to verify that under our hypothesis on the hamiltonian the formu-
las obtained for the coherent states e’***%P (2 are differentiable in the param-
eters a, b and therefore provide a semiclassical approximation for expectation
values of any polynomial.

A direct proof (i.e. without going through the Weyl operators and keeping
track of domain problems ) can be given but requires attention to the domain
problems.

The proof using gaussian coherent states holds for potential that grow not
more than a polynomial at infinity since at each step the decay in space of
the wave function must compensate uniformly the increase of the potential.

Notice the change in time scale between the unitary groups Uy (t) and U (t)
: the motion is seen as adiabatic at macroscopic scale.

This is in accordance with Eherenfest theorem [8].

The space-time change of scale x — Tf%m, t — %t leaves the Schrodinger
equation invariant.

The space-time adiabatic change of scales z — Z,t — E , which is effi-
ciently used in solid state physics, corresponds for the Schréodinger equation
on macroscopic scale to an adiabatic scaling t — —1+¢ ,

I
h™ 2
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We remark that a similar estimates one proves that a “semiclassical” limit
holds in the case of a quantum particle of mass M in the limit M — oo.
For this one considers the Hamiltonian

1
H =—¢ 1.12
(.2) = 576+ V(@) (1.128)
and sets
& =MVXE, zy=V)z (1.129)
Let i~ H) be a self-adjoint extension of H and denote by Uy the operator

exp{—iHt} (1.130)

Then in the limit A — 0 Theorem 1.7 holds.
It is worth remarking that in the semiclassical limit superpositions of vec-

tor states o
%:Zwﬁml (1.131)

tend weakly to the corresponding statistical mixtures. Indeed one has for
it <T

limp—o(¢n, Up (8)e"" T DU (t)gn) = D |gn| el Slamttenlant)(1.132)

n
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Lecture 2
Pseudifferential operators . Berezin,
Kohn-Nirenberg, Born-Jordan quantizations

Weyl quantization is strictly linked to Wigner transform.

If I(g,p) is a linear function of the ¢'s and of the p’s (coordinates of the
cotangent space at any point ¢ € R? ) the Weyl quantization is defined, in
the Schrodinger representation , by

Opw(eit(q,p)) _ efit(:c,fihvm) (21)

Let S be the Schwartz class of functions on R??. It follows from the def-
inition of Wigner function Wy (g, p) that in the Weyl quantization one can
associate to a function a € S(R??) an operator Op™(a) through the relation

(.00 (@0) = [ Wola.))Fa)a.p)dpds, pe R e L2(RY (22)

where the symbol F stands for Fourier transform in the second variable (a
map —% — D).

To motivate this relation recall that the Weyl algebra is formally defined
a twisted product (twisted by a phase).

Introducing the parameter h to define a microscopic scale, we define the

operator Op¥(a), as operator on L?(R?) | by

Oni@) él(w) = 2ty [ [a(*FE et Ooay ds (23)

or equivalently

(Opi; (a)¢)(x) =/d(x;y,x—y)¢>(y)dy, a(n,§) = (%)N/a(n,z)e%%f)dz

(2.4)
Notice that (3) can also be written (from now on, for brevity, we omit the
symbol 7 in the operator)

(05" (@) (@) = (55)" [ [ F0 990 @ ). 000 dy (25



40 2 Lecture 2Pseudifferential operators . Berezin, Kohn-Nirenberg, Born-Jordan quantizations

In this form it can be used to extend the definition (at least as quadratic
form) to functions a(z,y) ) that are not in S.

2.1 Weyl symbols

We will call the function a Weyl symbol of the operator Op}’(a).
Some Authors refer to the function a in (3) as contravariant symbol and
define as covariant symbol the expression the following expression

a®(z) = (27h) %a(Jz) (2.6)

With this definition one has

Op“(a) = (2rh)~! /a#(z)f(z)dz T(z) = eRWa=e D) 5= gy iy (2.7)

Notice that T'(z) is translation by z in the Weyl system. The use of co-
variant symbols is therefore most convenient if one works in the Heisenberg
representation, regarding ¢, p as translation parameters. (hence the name co-
variant).

It is easy to prove

1

(609" (@) = (5

) / F )G T Yo b e S(RY  (2.8)

In particular in the case of coherent states centered in z

1 — 7‘zfz/|27ia 2z
(62,09 (@) = () [ a#()e T oDy (20)

Recall that

1 .4 z2
Ze

—
where T(z) is the operator of translation by z in the Weyl representation.

The covariant symbol a# is therefore suited for the analysis of the semiclas-
sical limit in the coherent states representation and in real Bergmann-Segal
representation.

N6
=

V. =T(2)o, o= ( (2.10)

2.2 Pseudodifferential operators

Definition 2.1 (Pseudo-differential operators) [1][2][3[]4]
The operators obtained by Weyl’s quantization are called pseudo-differential
operators.

They are a subclass of the Fourier Integral Operators [5] which are defined
as in (5) by substituting the factor en(#=18) with enf(@¥):8) where f is a
regular function.
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Notice that when & is very small, this function is fast oscillating in space.
The function a will be called the (contravariant) symbol of the pseudo-

differential operator Op* (a)
&

As a remark we mention that the notation pseudo-differential originates
from that fact that if a(q,p) = P(p) where P is a polynomial, the operator
Op™(a) is the differential operator P(—iV) and if a(q, p) = f(q), the operator
Op*(a) acts as multiplication by the function f(z).

In the case of a generic function a the operator Op®(a) is far being a
simple differential operator (whence the name pseudo-differential).

Later we discuss other definitions of quantization; Weyl quantization has
the advantage of being invariant under symplectic transformations (since it is
defined through a symplectic form) and therefore is most suited to consider a
semiclassical limit.

In the analysis of the regularity of the solutions of a P.D.E. with space
dependent coefficients other quantization procedures may be more useful, e.g.
the one of Kohn-Nirenberg [7] that we shall define later.

For the generalization to system with an infinite number of degrees of
freedom other quantizations (e.g.the Berezin one ) [6] are more suited be-
cause they stress the role of a particular element in the Hilbert space of the
representation, the vacuum.

In a finite dimensional setting this vector is represented by function ¢(z)

which takes everywhere the value one and therefore satisfies %Lii) =0 Vk (is
annihilated by all destruction operators) in the Berezin-Fock representation.

In this representation a natural role is taken by the operator N =
Yk zka%’k = 0, the number operator, which has as eigenvalues the integer
numbers and as eigenvectors the homogeneous polynomials in the z;’s .

In the Theoretical Physics literature this representation is often called the
Wick representation and the operator N is called number operator.

For a detailed analysis of pseudo-differential operators, also in connection
with the semiclassical limit, one can consult e.g. [1], [2],[3][8] -

Let us notice that one has

OpY (a) = / / il 10D Fo (. g)dpdy (2.11)

where Fa is the Fourier transform of a in the second variable . In particular

108 (@) 22 = / / (Fa)(p, ) Pdadp (2.12)

Remark that integrability of the absolute value of Fa is a sufficient ( but
not a necessary) condition for Opy’ € B(H).

The relation between Weyl symbols and Wigner functions associated to
vectors in the Hilbert space (or to density matrices) is obtained by considering
the pairing between bounded operators and bilinear forms in S.
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More explicitely on has

(Op®(a)f.g) = / a6 e)Wyg(ea)dede Yfg €5 (213)

where

Wyg(&x) = /e‘““’)f(x + hg)g(, T — hg)dp (2.14)

(From this one concludes that the Wigner function associated to a density
matrix p is the symbol of p as a pseudo-diffental operator.
Define in general, for f € &’

W, (e a) = /e’i(p’@f(x +12 w —nDyap (2.15)

Notice that it is the composition of Fourier transform with a change of variable
that preserves Lebesgue measure:
It follows that (11) preserves the classes S and S’ and is unitary in L?(R?").
One has moreover

Opy,(a) = [Opy (a)]* (2.16)

and therefore if the function a is real the operator Op}y’ (@) is symmetric.

One can prove that if the symbol a is sufficiently regular this operator is
essentially self-adjoint on S(R?).

One can give sufficient conditions in order that a pseudo-differential op-
erator belong to a specific class (bounded, compact, Hilbert-Schmidt, trace
class...).

We shall make use of the following theorem

Theorem 2.1 [2][3]
Let 1y, ..l be independent linear function on R%*? and {l,l;} = 0. Let T :
RF — R be a polynomial.
Define
alé,z) =7(L(& ), . 1k(& ) (2.17)

Then
i) a(¢,z) maps S in B(L2(RY)) and is a self-adjoint operator
it) For every continuous function g one has

(g.a)(f,x) = g(a(g,m)) (218)

We leave to the reader the easy proof.

(From the relation between Wigner functions and pseudo-differential op-
erators one derives the following properties ( £ denotes a linear map).
1) Op*(a) is a continuous map from S(R?) to L(S(R?)),S'(R?)
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2) Op“(a) extends to a continuous map S’(R?) — L(S(R%)S’(R?)
3) If a(z) € L*(C?) one has

09" @)l = (2 1) #( [ la(o)P? a1 (2.19)

4) If a,b € L*(RY), then the product Op®(a).Op™ (b) is a trace class operator
and

Tr (Op*(a) Op™ (b)) = (27 h)_d/d(z) b(z) dz (2.20)

In order to find conditions on the symbol a under which Op*(a) is a
bounded operator on H one can use the duality between states and operators
and

(46, Op® (a)eh) = / Falp,a)Wy(p, g)dqdp (2.21)

One can verify in this way that ||Op(a)|| < |a|; , but @ € L' is not
necessary in order Op(a) be a bounded operator.

Remark that using this duality one can verify that Weyl quantization is a
strict quantization (see Volume I).

One can indeed verify that, if Ag is the class of functions continuous to-
gether with all derivatives, introducing explicitly the dependence on h.

i) Rieffel condition. If a € A then i — Op}¥'(a) is continuous in A.
ii) von Neumann condition. If a € Ay

limn—ol[Opy ()Opy (b) — Opi (a @ b)]| = 0 (2.22)

where ® is convolution.
iii) Dirac condition. If a € Ay

limnawlli[Op}f(a)Op%”(b) — Opy (b)Opy; (a) — Opy ({a, b}][ =0 (2.23)

where {a, b} are the Poisson brackets.

If one wants to make use of the duality with Wigner function to find
bounds on Op}’(a) in term of its symbol a(x, AV) one should consider that
Wigner’s functions can have strong local oscillations at scale h.

2.3 Calderon - Vaillantcourt theorem

The corresponding quadratic forms are well defined in S but to obtain regular
operators on L?(R?) these oscillations (which become stronger as i — 0) must
be smoothed out by using regularity properties of the symbol .

This is the content of the theorem of Calderon and Vaillantcourt.
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From the proof we shall give one sees that the conditions we will put on
the symbol a in order to estimate the norm of the pseudo-differential operator
Op*(a) are far from being necessary.

We give an outline of the proof of this theorem because it is a prototype of
similar proofs and points out the semiclassical aspects of Weyl’s quantization.

Theorem 2.2 (Calderon- Vaillantcourt) [2][3][8]
If
Ao(a)= Y |DgDFa(z,8)|o <00,  z,£€ R (2.24)
| +B]<2d+1

then Op®(a) is a bonded operator on L?(R?) and its norm satisfies
10p" (a)]| < ¢(d)Ao(a) (2.25)

where the constant c(d) depends on the dimensions of configuration space.

&

The proof relies on the decomposition of the symbol a as

a(,&) =Y a(@,Gr@.8) Y Gr=1 (2.26)
7,k

Jik

where (. are smooth function providing a covering of R?? each having sup-
port in a hypercube of side 1 + § centered in {j, k} and taking value one in a
cube of side 1 — § with the same center.

One gives then estimates of the norm of Op“(>" - a(x,&)(jk), where I' is
a bounded domain in terms of the derivatives of a(x,&) up to an order which
depends on the dimension of configuration space.

These bounds rely on embeddings of Sobolev spaces H?(R2?) in the space
of continuous functions for a suitable choice p (that depends on d).

The convergence I" — R? is controlled by the decay at infinity of the
symbol a(z, §).

A standard procedure is to require at first more decay, and prove by density
the theorem in the general case.

The estimates on Op™(a(;x) are obtained noticing that the symbols of
these operators are the product of a function that is almost the product the
characteristic function of a set on configuration space and of a function that
is almost the characteristic function of a set on momentum space.

The word almost refers to the fact that the partition is smooth, and the
functions one uses tend to characteristic functions as 7 — 0.

If one chooses the side of the hypercubes to be of order v/A these qualitative
remarks explain why the estimates that are provided in the analysis of pseudo-
differential operators have relevance for the study of the semiclassical limit.

And explains why pseudo-differential calculus is relevant if one considers
a macroscopic crystal and the partition is at the scale of elementary cell and
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one must analyze the properties of projection operator in a Bloch band (these
pseudo-differential operators are far from being simple polynomials).

The proof of the theorem of Calderon-Vaillantcourt is based on two results
of independent interest.

The first is the theorem of Cotlar-Knapp-Stein; we give the version by L.
Hormander [5] ; this paper is a very good reference for a detailed analysis of
pseudo-differental operators.

In what follows we shall use units in which 7 = 1.

Theorem 2.3 (Cotlar-Knapp-Stein)
If a sequence Ay, As,...An of bounded operators in a Hilbert space H satisfies

N N
>4 Al < M >4 Afl < M (2.27)
k,j=1 k,j=1
then
N
dOIAk < M (2.28)
k=1
&
Proof

The proof follows the lines of the corresponding proof for finite matrices. For
each integer m

JA]P™ = |(A*A)™| (2.29)
Also
(A*A)™ = Z A5 A, AL, A (2.30)
1<j1<g2..<Jm
and
A5, Ajy o AG, s Ay | < min{||AT Ay, [ (AT Ao 1 ITAT, 1A, A (-1 Aja,,

(2.31)
Making use of the inequality for positive numbers min{a, b} < vab and
taking into account the assumption [[A;[| < M e [|A}[| < M one has

* * * 1 * 1
HAjlAj2""Aj2m71’j2m < MHAjl Ajz H 2 "'||Aj21n—1Ajzm 2 (2'32)
Performing the summation jo, js, jo,, one obtains
|A|IP™ < NM2?™ (2.33)
so that, taking logarithms, for m — oo
logN
14 < M- (2.34)
m
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It is possible [2][5] to generalize the theorem replacing the sum by the
integration over a finite measure space Y. In this case the theorem takes the
form

Theorem 2.4 (Kotlar-Knapp-Stein, continuous version)
Let {Y, u} be a finite measure space and A(y) be a measurable family of oper-
ators on a Hilbert space H such that

/ |A() A@y)* [ldy < C / A A@)du<C  (235)

Then the integral A = [ A(x)du is well defined under weak convergence and
one has ||A]] < C.

¢

Outline of the proof of the Theorem of Calderon-Vaillantcourt
We build a smooth partition of the identity by means of functions (;(x,€)
of class C* such that

Cj,k(xvg) = CO,O(J: _jvg_ k)v Z g(.ﬁ—j,g—k) =1 z, fE Rd (236)

J.kez

We choose (p o(z, £) to have value one if |z|>+|¢|? < 1 and zero if |z|?+]¢]? > 2.
Define

Ak = Ccha Ang = Op“’(aM) (2.37)

We must verify that the corresponding operators are bounded and that their
sum converges in the weak (or strong) topology. We shall see that these re-
quirements can be satisfied provided the symbol a is sufficiently regular as a
function of x and &.

The regularity conditions do not depend on the value of the indices j, k
since the functions (j ;. differ from each other by translations.

It follows from the definitions that > A; ;. converges to Op™(a) in the weak
topology of the functions from £(S(R?)) to £(S'(R%)). We are interested in
conditions under which convergence is in B(L?(R%)).

For this it is sufficient to prove that there exists an integer K (d) such that,
for any finite part I" of the lattice with integer coordinates

[ Z Al| < Csupja|<r(a),|51< K (@), (.cerh) |08 O a(z, &) (2.38)
jker

This provides conditions on the symbol and at the same time provides bounds
for the operator norm.

From Theorem 2.3 it follows that it is sufficient to obtain bounds on the
norm of

AL AL (2.39)
for any choice of the index v = {j, k}.
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Define a4 by /
Op“(ay ) = AL AL (2.40)

One derives

10(Dy,De;Dy,Dy) (

a'Yv’Y/ =e? a"y(xﬁg)'a')’/ (y7n))y=z,n=5

vy e 7% a, € L*(RY) (2.41)

where o is the standard symplectic form.

Notice that we have used estimates on Sobolev embeddings to obtain an
estimate of the norm of Op*(a) in term of Sobolev norms of the symbol q;
recall that the operator norm of Op(a) is the L? norm of its Fourier transform
.Remark that a, has support in R?4 of radius v/2.

The partition of phase space serves the purpose of localizing the estimates;
the number of elements in the Cottlar-Kneipp-Stein procedure depends on the
dimension 2d of phase space.

Remark that ), 24 A(7y) converges to A = Op“ a in the topology of
linear bound operators from S(R?) to S'(RY).

Therefore it is sufficient to prove, for any bounded subset I" ¢ Z2¢,

I Z A(V)HB(Rd) < C(d)sup|a|g2d+1,|mg2d+1,(z,geR2d|3? 85a(337§)| (2.42)
yerl

We must have a control over ||A%.A./|| and therefore of the norm of the
operator with symbol a -

We use Sobolev-type estimates. If B is a real quadratic form on R*", for
every R > 0 and integer M > 1 there exists a constant C'(R, M) such that

(e BEPy(2)| < C(R, M) (1 + |2z — 0|?) " SuP|a| <20 +ds1,2€ Bro, R) |05 u(T)]
(2.43)
for every function u € C§°(B(z¢, R)) and every z, € R4,
This is a classical Sobolev inequality for xo = 0, M = 0; it holds z¢ # 0
since the operator commutes with translation and it is satisfied for every M
since

Foorcl (U gla)MePPu)(Q) = P S 7 CapFancla® 0™u(C)
o]+ Bl <2M
(2.44)
where F,_.; denotes total Fourier transform and the constants c, g depend
only on the dimension n and on the quadratic form B.

This ends our sketch of the proof of the theorem of Calderon-Valliantcourt.
Q
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2.4 Classes of Pseudodifferential operators. Regularity
properties

To characterize other classes of pseudo-differential operators we introduce two
further definitions.

Definition 2.2
We shall denote by tempered weight on R% a continuous positive function m(x)
for which there exist positive constants Cy , Ny such that

vz, y € RY m(x) < Com(y)(1 + |y — x|)No (2.45)

¢

Definition 2.3
If 2 is open in R? , p € [0,1] and m is a tempered weight, we denote symbol
of weight (m, p) in {2 a function a € C*°(42) such that

Vee 2 [0%(x)| < Com(z)(1 + |a]) =Pl (2.46)

We shall denote by X, , the space of symbols of weight (m, p); in particular
X, =X, , where ¢ is the function identically equal to one.

¢

With these notations one can prove (following the lines of the proof of the
Theorem of Calderon-Vaillantcourt).

Theorem 2.5
1) If a € X, ¢, there exists T(d) € R such that

10p" (a) |7 < T'(d) Z //|8085 a(z,n)|dxdn (2.47)

lo]+[B]<d+2

(o and B are multi-indices).
2) If a € Yo and limz) 4y —sca(z,n) = 0 then the closure of Op™(a) is a
compact operator on L*(RY).

&

The proof is obtained exploiting the duality with Wigner’s functions taking
into account that both trace class operators and Hilbert -Schmidt operators
are sum of one-dimensional projection operators and the eigenvalues converge
respectively in {! and [? norm , and that a compact operator is norm-limit of
Hilbert-Schmidt operators.

A more stringent condition which is easier to prove (making use of the
duality with Wigner’s functions) and provides an estimate of the trace norm
is given by the following theorem

Theorem 2.6
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Let a € X, o be such that for all multi-indices o, 3
1/ p2d
9%00a € L' (R*) (2.48)

Then Op™(a) is trace class and one has

1rOp™ (a) = / / o, n)dwdn (2.49)

&

Since Hilbert-Schmidt operators form a Hilbert space, it is easier to verify
convergence and then to find conditions on the symbol such that the resulting
operator be of Hilbert-Schmidt class. A first result is the following

Theorem 2.7
Let a € Xy,0, b € S(R*™). Then

1[0p" (a).0p" (b)] = / / oz, )bz, €)dwde (2.50)

Proof
If B = Op*(b) is a rank one operator B =9 ® ¢ 1, ¢ € S one has

tr(A.B) = (¢, AY) A= Op“(a) (2.51)
(From the definition of Op™(a) it follows

0.a0) = [ [awp)l [ o+ Sot - Hacddzdy (252

and (50) is proven in this particular case.
The proof is the same if B has finite rank, and using the regularity of
a(x,p) , b(x.p) one achieves the proof of (50).

Q@
The bilinear form
A, B—Tr(A*"B)=< A,B > (2.53)
can be extended to
L(S(R*),S8'(R*")) x L(S'(R*),S(R*)) (2.54)

with the property < A, B >=< B, A >*.
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This duality can be used to extend the definition of the symbol ¢ (a) to
an operator-valued tempered distribution A by

Tr(A.0p® (b)) = 27" (b, 0 (a)) (2.55)

and the duality can extended to symbols belonging to Sobolev classes dual
with respect to L?(R?). Remark that one has

a € L*(R*) < Op“(a) € H.S. (2.56)

but |a| < 0o does not imply that a(D,z) be bounded.
For example if a(¢,z) = €& one has (a(D,))f(z) = [ f(y)dy.0(z).
It is convenient to introduce a further definition.

Definition 2.4 (Class O(M))
A function a on C¢ = R?? belongs to O(M) if and only if f € C*°(R%) and
for every multi-index m : |m| = M one has

am
|a—ma(2)| < Ol2M|, vz e C? (2.57)
z
We shall denote by X' the collection of functions in O(M).
¢
Following the lines of the proof of Theorem 2.7 one proves
Theorem 2.8
i) If a € O(0), then Op*(a)is a bounded operator
it) If a € O(M), M < —2d then Op™(a) is trace-class and
TrOp®(a) = (27 h)_d/|A(2)| dz (2.58)

i) If a € O(M) is real, then Op®™(a) is essentially self-adjoint on C§°(R?).
¢

2.5 Product of Operator versus products of symbols

The next step is to establish the correspondence between the product of
symbols and the product of the corresponding operators. We can inquire
e.g. whether, given two symbols a e b, there exists a symbol ¢ such that
Op*(c) = Op*(a).Op" (b).

The answer is in general no. To obtain a (partially) positive answer it will
be necessary to enlarge the class of symbols considered and add symbols that
depend explicitly on the small parameter A.

In their dependence on % they must admit an expansion to an order M
such that the remainder has the regularity properties that imply that the
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corresponding operator is a bounded operator with suitable estimates for its
norm.

This possibility to control the residual term is an important advantage
of the (strict) quantization with pseudo-differential operators as compared
to formal power series quantization. We limit ourselves to consider pseudo-
differential operators with symbols in O(M).

Definition 2.5 ( & admissible symbol)

A h— admissible symbol of weight M is a C* map from & €]0, ho] to Xy
such that there exists a collection of functions a;(z) € O(M) with the property
that, for every integer N and for every multi-index v with |y| = N there exists
a constant Cn such that

N
1 a2, 07 ; N4+1
sup: () gl h) - ;hfaxz)\ <enh (2.59)
¢
Definition 2.6 (h-admissible operator )
An Ri-admissible operator of weight M is a C'* map
Ap :h€)0,hy = L(S(RY), L*(RY)) (2.60)

for which there exists a sequence of symbols a; € ¥); and a sequence Ry €
L(L?(R%)) such that for all ¢ € S

Ap =Y WOpyaj+ Ry(h),  supocn<no|Rn(h)@l2 < oo Vo € L*(RY)
(2.61)
The function ag(z) is called principal symbol of the h—admissible operator
Ap; it will be denoted op(Ap).
The function a;(z) is called sub-principal symbol of the i—admissible op-
erator Ay; it will be denoted ogp(Ap).

¢

Definition 2.7 (class O%¢ operators)
We shall denote O35 the set in £(S(X)) (the collection of all bounded opera-
tors in §(X)) that is obtained associating to each function in X5, the operator
obtained by Weyl quantization.

This class of operators is sometimes called h-admissible.

¢

The following theorem states that the h-admissible operators form an al-
gebra:

Theorem 2.9
For any pair a € O(M) and b € O(P) there exists unique a semiclassical
observable C € O37, p such that
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Op®(a).0p”(b) = C (2.62)

The semiclassical observable has the representation

C'=> 10p“(c) (2.63)
. B
¢; =27 Py O(j)ﬁ!([)g Dga) (D Dgb)(x,€) (2.64)
Moreover )
=[0p"(a), Op" (B)] € Oue(M + P) (2.65)

with principal symbol the Poisson bracket {a,b}.

Sketch of the proof
The proof follow the same lines as the proof of the Theorem of Calderon-
Vaillantcourt and makes use of the definition of pseudo-differential operator,
the duality with Wigner’s functions and the explicit form of the phase factor
in Weyl product.

Notice that the structure of Weyl algebra implies that if L is a linear form
on R?? and a € O(M) one has for any linear operator L

L(z,hV)Opy (a) = Opy (b), b=L.a+ %{L, a} (2.66)

where {.,.} denotes Poisson brackets.
This remark is useful to write in a more convenient form the product of
the phase factors that enter in the definition of the product Op®(a).Op™(a1).
Recall that by definition

27 (x+2

(Op¥ad)(a) = h™" / / aly, )T O g )dyde  (2.67)

and that Op}¥ (b) is given by a similar expression.
The integral kernel Kopw (a).0pw ) of the operator Opy(a) , Opy(b) is
then given by '

i 1 1
Kopgwonpv(w:9) = 02" [ [[ehlem0tCommla( o42),) b(; (y-+2),m)dzdn
(2.68)
In general there is no symbol ¢ such that Cy = Op} (a)Op} (b) = Op™(c)
One can verify, making use of (67), that if ax, by € O(M) the operator
C}, is h-admissible, i.e. for some N € Z it can be written as

Ch=>_ cn(h)+2 " Ry (h) (2.69)

n=0,..N
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where a,, € O(M) and suppejo.no][|Ry+1 ()]

L£(L2(R%))

Q

With the new definition Theorem 2.9 can be extended to all semiclassical
observables

For each A € O*¢(M), B € O*(N) there exists a unique semiclassical
observable C € O*¢(N + M) such A.B =C.

Moreover the usual composition and inversion rules apply

2.6 Correspondence between commutators and Poisson
brackets; time evolution

(From the analysis given above one derives the following relations.
Let Ap and By, be two h-admissible operators and denote by op(A) the
principal symbol of A and by ogp(A) its sub-principal symbol. Then
1)
Up(Ah.Bh) = Jp(Ah).O'p(Bh) (270)

2)

USP(AFL-BE) = OP(AH).UP(BH) + USP(AFL)-UP(BE) + %{UP(AH).UP(BE)}
(2.71)
These relations give the correspondence between the commutator of two
quantum variables and the Poisson brackets of the corresponding classical
variables.
The introduction of semiclassical observables is also useful in the study of
time evolution. One has [2][3][4]

Theorem 2.10
Let H € 0%¢(2) be a classical hamiltonian satisfying

07Hj(2)] <cy,  y+j 22 (2.72)

h~2(H — Hy — hHy) € O4.(0) (2.73)

Let a € O(m),m € Z. Then
i) For any sufficiently small value of T, His essentially selfadjoint with natural
domain S(X). Therefore exp{—ih ™ *Ht} is well defined and unitary for each
value of t and continuous in t in the strong topology.

i1)

Vt € R, Op®(a(t)) = et 0p® (a)e " 2 € O,.(m) (2.74)

Moreover

a(t) = hrap(t) ap(t) € Os(m) (2.75)
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uniformly over compacts.

¢

Proof (outline)
Under the conditions stated the classical flow z — z(t) exists globally. From
the properties of the tangent flow it easy to deduce that a(z(t)) € O(m)
uniformly over compacts in ¢.

With Uy (t) = exp{fi%f[ } Heisenberg equations give

S Un(=$)05" (a(=(t — 5)Un(s) =
Un(~5) (1 [H, 09" (al(t — )] ~ Op"{H,ao [Un(s)  (2.76)

JFrom the product rule one derives then that the principal symbol of

i

5 [H,Op“aq(t — s)] — Op"“({Ho,ao(2t — 5)}) (2.77)

vanishes. Therefore the right hand side of (76) is of order one in / and the the-
sis of the follows by a formal iteration as an expansion in /i through Duhamel
series.

Using the estimates one proves convergence of the series.

Q

Remark that if His a polynomial at most of of second order in z, i% one
has

(Op®(a))(t) = Op®(a(z(t)) (2.78)

where 9%, is the classical solution of Hamilton’s equations. Indeed in this case
one has .
i
h

In particular if W(z) is an element of Weyl’s algebra

[H, Op(b)] = Op{h, b} (2.79)

W(2)Op()W (=2) = Op(b,)  b.(2) = b(2' — 2) (2.80)

(this is a corollary of Eherenfest theorem). Relation (80) does not hold in
general if H is not a polynomial of order < 2.

Still, under the assumptions of Theorem 2.10 a relation of type (80) holds
in the limit 7 — 0 in a weak sense, i.e. as an identity for the matrix elements
between semiclassical states (e.g. coherent states). We have remarked this in
our analysis of the semiclassical limit in volume I of these Lecture Notes.

Theorem 2.10 can be extended to Hamiltonians which are not in O(2) (for
example to Hamiltonians of type H = % + V(q) with V bounded below) if
the classical hamiltonian flow is defined globally in time.
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Weyl quantization can be extended to distributions in &’; in this case the
operator A is bounded from S to &’ and the correspondence it induces is a
bijection.

This follows from an analogue of a Theorem of L.Schwartz which states
that every bilinear map from S(X) to L?(X) continuous in the L?(X) topology
can be extended as a continuous map from S(X) to S'(X).

A way to achieve this extension exploits the properties of Weyl symbol
OpW (I1,,,) of the rank-one operator I, ,, defined, for u, v € S(X), by

I, ,¢ = (¥, u)v (2.81)
One has then

(Op" (a)u, v) = (27h) / (2, €)7o (2, €)darde (2.82)
since by definition
< 0p" (a)u, v >= Tr(Ty0Op" () = / Tyol(e,©) A, )dz de (2.83)

The function m, ,(x,&) is the Wigner function of the pair u, v. Remark
that

(Op“(a)u,v) = (27 h)fn/a(z)wuw(z)dz (2.84)

The definition of pseudo-differential operator on a Hilbert space H can be
extended to the case in which the symbol a(g,p) is itself an operator on a
Hilbert space K.

A typical case, occasionally used in information theory, is the one in which
the phase space is substituted with the (linear) space of the (Hilbert) space
of Hilbert-Schmidt operators with the commutator as symplectic form.

This linear space is itself a Hilbert space with scalar product < A, B >=
Tr(AB) (in information theory the Hilbert space K on which the Hilbert-
Schmidt operators act is usually chosen to be finite-dimansional).

Another case, which has gained relevance in the Mathematics of Solid
State Physics, is the treatment of adiabatic perturbation theory through the
Weyl formalism [10].

This procedure is useful e.g. in the study of the dynamics of the atoms in
crystals but also in the study of a system composed of N nuclei of mass my
with charge Z and of NZ electrons. of mass m..

In the latter case one chooses the ratio € = < as small parameter in a
multi-scale approach. We shall come back to this problem in Lecture 5

2.7 Berezin quantization

A quantization which associates to a positive function a positive operator in
the Berezin quantization defined by means of coherent states i.e. substituting
the Wigner function with its Husimi transform.



56 2 Lecture 2Pseudifferential operators . Berezin, Kohn-Nirenberg, Born-Jordan quantizations

This quantization does not preserve polynomial relations, the product rules
are more complicated than in Weyl quantization and the equivalent to Eheren-
fest theorem does not hold.

Recall that a coherent state “centered in the point” (y, ) of phase space
is by definition

byn=e F e+ Da) g () (2.85)

where ¢g(z) is the ground state of the harmonic oscillator for a system with
d degrees of freedom.

¢o = (mh) e =R (2.86)

Definition 2.8
The Berezin quantization of the classic observable a is the map a — Op®(a)
given by

Opy (a)p = // a(y,n) (¥, by.)bymdy dn (2.87)
&

One can prove, either directly or through its relation with Weyl quanti-
zation to construct Op,{? (a), that the Berezin quantization has the following
properties:

1) If @ > 0 then Op¥(a) > 0
2) The Weyl symbol a of the operator Op?(a) is

aP(x,€) = // yneﬁzy)‘LE" dy dn (2.88)
3) For every a € O(0) (bounded with all its derivatives) one has

10p% (@) — Opi/ (a)l| = O(h) (2.89)

We have noticed that the Berezin quantization is dual to the operation
that associates to a vector v in the Hilbert space H a positive measure py, in
phase space, the Husimi measure.

On the contrary Weyl’s quantization is dual to the operation which asso-
ciates to 1) the Wigner function Wy, which is real but not positive in general.

We recall the

Definition 2.9 Husimi measure
The Husimi ’s measure p, associated to the vector ¢ is defined by

duy = pla,p)dgdp (g, p) = |(dgp: ¥)|? (2.90)

(From this one derives that Husimi measure is a positive Radon measure.
Its relation with Berezin quantization is given by
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/a dpy = (Opg (a),¢), a €S (2.91)

&

Although it gives a map between positive functions and positive operators
the Berezin quantization is less suitable for a description of the evolution of
quantum observables. In particular Eherenfest’s and Egorov’s theorems do no
hold and the semiclassical propagation theorem has a more complicated form.

The same is true for the formula that gives the Berezin symbol of an
operator which is the product of two operators OpZ (a)Op# (b) where a, b are
functions on phase space.

Berezin representation is connected the Bargman-Segal representation of
the Weyl system (in the same way as Weyl representation has its origin in the
Weyl-Schroedinger representation).

Recall that the Bargman-Segal representation is set in the space of function
over C? which are holomorphic in the sector Imz, > 0, k = 1,.,d and square
integrable with respect to the gaussian probability measure

dur(z) = (%)de_rlzlzdz, r>0 (2.92)

‘We shall denote this space H,.. In the formulation of the semiclassical limit
the parameter 7 plays the role h~!.

2.8 Toeplitz operators

In the Berezin representation an important is played by the Toeplitz operators.
For g € L?(du,) the Toeplitz operator Tg(r) is defined on a dense subspace
of H, by

(T3 1)(z) = / g(w) f (w)e' = dp, (w) (293)

In part I of these Lecture Notes we introduced the reproducing kernel
e"*™) within the discussion of the Bargman-Segal representation.

Remark that if ¢ f € L?(du,) then Tg(r) f € H,.. The map g — Tg(r)
(Berezin quantization) is a complete strict deformation (the deformation pa-
rameter is 7).

Under the Bargman-Segal isometry B, : L?(R",dx) — H, the Weyl-
Schroedinger representation is mapped onto the Bargman-Segal complex rep-
resentation and the quantized operators Z; are mapped into Toeplitz opera-
tors.

For these Toeplitz operators are valid the same ”deformation estimates”
which hold in Berezin quantization (and are useful when studying the semi-
classical limit)
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The interested reader can consult [6], [7] for the Berezin quantization and
its relation with Toeplitz operators.

Let us remark that Berezin quantization is rarely used in non relativis-
tic Quantum Mechanics to describe the dynamics of particles; as mentioned,
Eherenfest’s and Egorov’s Theorems do not hold and the formulation of the-
orems about semiclassical evolution is less simple.

On the contrary Berezin quantization is much used in Relativistic Quan-
tum Field Theory (under the name of Wick quantization ) since it leads nat-
urally to the definition of vacuum state §2 (in the case of finite number of
degrees of freedom in the Schrodinger representation it is constant function)
as the state which is annichilated by %, Vk) and of the Y, 2,0z ( number
operator) .

In the infinite dimensional case it is useful to choose as vacuum a gaussian
state or equivalently use instead of the Lebesgue measure a Gaussian measure
(which is defined in R*>

In turn this permits the definition of normal ordered polynomials (or Wick
ordered polynomials) in the variables zj, %; the normal order is defined by
the prescription that that all the operators % stand to the right of all oper-
ators z.

The Berezin quantization is much used in Quantum Optics where the co-
herent states play a dominant role ( coherent states are in some way “classical
states” of the quantized electromagnetic field).

2.9 Kohn-Nirenberg Quantization

For completeness we describe briefly the quantization prescription of Kohn-
Nirenberg [7], often introduced in the study of inhomogeneous elliptic equa-
tion and of the regularity of their solutions.It is is seldom used in Quantum
Mechanics.

By definition

(o (D, 2)f)(z) = / o(€,2)e Y f(y)dyde
/ / 5(p, q) (€D PD) ) (@) dp dg (2.95)

In the particular case o(&,x) = 3 ar(z)€* one has

ox.n(D,x)= Z ay(z)DF (2.96)
k

In the Kohn-Nirenberg quantization the relation between an operator and
its symbol is
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1
2mh

—
wla.

Op"¥ (a)(x) = (

[ ettt (o)

where we have indicated with qg the Fourier transform of ¢.

This is the definition of pseudo-differential operator that is found in most
books of Partial Differential Equations. In this theory one proves that the
pseudo-differential operators are singled out by the fact that they satisfy the
weak maximum principle.

In general if the K,N symbol a®"V(q,p) is real the operator Op™ " (a) is
not (essentially) self-adjoint. The quantization of Kohn-Nirenberg is usually
employed in micro-local analysis and also in the time-frequency analysis since
in these fields it leads to simpler formulations [2][9].

In general this quantization is most useful when considering equations
in which the differential operators appear as low order polynomials (usually
second or fourth); in this case it is not interesting to study operators of the
form L(x,V) for a generic smooth function L.

If the K.N. operators do not depend polynomially in the differential oper-
ators, their reduction to spectral subspaces is not easy. For this reason Weyl
quantization is preferred in solid state physics when one wants to analyze
operators which refer to Bloch bands.

M

2.10 Shubin Quantization

The quantizations of Weyl and of Berezin are particular cases of a more general
form of quantization, parametrized by a parameter 7 € [0, 1], as pointed out
by Shubin [4].

In this more general form to the function a € S(R??) one associates the
continuous family of operators Op®7(a) on S(R?) defined by

0P @0)x) = (55" / / al(re+(1—7)y) &) f (y)et v dyde (2.98)

It is easy to verify that the choice 7 = % corresponds to Weyl’s quan-

tization, 7 = 0 to Kohn-Niremberg’s and 7 = 1 to Berezin’s . Notice that
Eherenfest theorem holds only for 7 = 1.

It is easy to verify that only for 7 = % the relation between the operator
and its symbol is covariant under linear symplectic transformations. In general
if s € Sp(2d, R) is a linear symplectic transformation, there exists a unitary

operator S such that
S1(s)Op™(a)S(s) = Op™(ao s) (2.99)

S(s) belongs to a representation of the metaplectic group generated by
quadratic form in the canonical variables.
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For all values of the parameter 7 one has
FOpS™F L =0p 1" (aoJY) (2.100)

where J is the standard symplectic matrix and F denoted Fourier transform.
One can consider also Wigner functions associated to Shubin’s 7—quantization.
In particular

W (¢, ¢)(x.p) = (ﬁ)d /Rd e wPYP(z + Ty)b(z — (1 — T)y)dy  (2.101)

Independently of the value of the parameter 7 one has

W, (z, p)dp = |6(z)?, W (z,p)dz = |p(p)|? (2.102)

The relation between W.. and Op;,(a) is

(Op‘l' (aﬁ/% ¢)L2 = (a’7 W (’(/}7 ¢) (2'103)

For allr
Hy(x,y)) = [27h] =W, ¢(z, p) (2.104)

where I14 is the projection operator on the vector ¢.

2.11 Born-Jordarn quantization

We end this Lecture with the quantization introduced by Born and Jordan
[11] to give a prescription for associating operators to functions over classical
phase space of the form Y, fx(z)Px(p) where fi(z), © € R? are sufficiently
regular function and Pj(p) are polynomials in the momenta {p;}.

Notice that all Hamiltonians introduced in non relativistic Quantum Me-
chanics have this structure. The correspondence proposed by Born and Jordan

1S
n

ST f ()it (2.105)

k=0

1

f(x)p] — ]

where &; (in the Schroedinger representation) is multiplication by z; and

s 3 D
pjiizha’r]

For comparison, Weyl quantization corresponds to the prescription

k

1 !
f@)pf — o 3 m;ﬁ?_m F(@)p7 (2.106)

m=0
One has )
Op™(a) = (3-)" [ Op-(a)ir (2.107)

Y[s
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Weyl’s prescription coincides with that of Born and Jordan if the monomial
is of rank at most two in the momentum.

Therefore the quantization of Born and Jordan coincides with Weyl’s for
Hamiltonians that are of polynomial type in the momentum coordinates (the
Hamiltonians that are of common use in Quantum Mechanics).

Also for the quantization of the magnetic hamiltonian the B-J quantization
coincides with the Weyl quantization.

One can verify that the symbol of ap ; of operator A in Born-Jordan
quantization is given by

1
aw = (%)da * Fn© (2.108)

where F, is the symplectic Fourier transform and the function © is given by

O(z) = L (2.109)

This implies that the symbols a,, and ap,; are related by

Uy = (i)daB 7% F0 (2.110)
2T ’
therefore ap s is not determined by a,,.

Through (110) one can define the equivalent of the Wigner function ( Born-
Jordan functions) in phase space. They are not positive but the negative part
for elementary elements is somewhat reduced.

The quantization of Born and Jordan is related to the Shubin quantization
by the formula

0r™ (a)o = (5" | 00 (@) (2111)

on a suitable domain (in general the operator one obtains is unbounded).
From the relation between Op®™(a) and Op;_, (@) one derives

OpP7(a)* = Op®” (a) (2.112)

Therefore the operator OpP7(a) is formally self-adjiont if and only if a is
a real function.

The relation between a magnetic Born-Jordan quantization and the quan-
tization given by the magnetic Weyl algebra is still unexplored.
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Lecture 3
Compact and Schatten class operators.
Compactness criteria. Bouquet of Inequalities

Compactness is a property that is very frequently used in the theory of
Schroedinger operators. For example, as we shall see, in scattering theory
compactness of the resolvent operator plays an important role. In this Lec-
ture we shall give a collection of definitions and results that pertain to the
problem of compactness and some useful inequalities.

Definition 3.1 Compact Operator
A closable operator A on a Hilbert space H is compact if the set {A¢p ¢ €
D(A), |¢| = 1} is pre-compact in H (i.e. its closure is compact).

¢

Recall that a closed subset Y of a topological space X is compact if from
any bounded sequence in Y one can extract a convergent subsequence. The
unit ball in H is compact in the weak topology. It follows that A is compact
iff for any sequence {¢, } which converges weakly in H the sequence {A ¢,}
converges strongly.

;From the definition one derives that the set of compact operators is closed
in the uniform topology and that it is a bilateral ideal in B(H). One proves
easily that if A is compact also A* is compact.

Definition 3.2 Finite Rank Operator
An operator is of finite rank if its range is finite-dimesional, i.e. there exist N <
oo vectors ¢, in H and N linear functionals -, such that Ay = Zf[ V() P,
for any ¢ € H.

¢

Since any closed set in RY is compact, every finite rank operator is com-
pact.

Theorem 3.1
Every compact operator is norm-limit of finite rank operators.
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Proof
Let H a separable infinite-dimensional Hilbert space (the proof in the non-
separable case is slightly more elaborated, makes use of Zorn’s lemma and of
the fact that the norm topology is separable).

Let {¢} be an orthonormal basis in H and denote by Hy the subspace
spanned by {¢r, k =1,..N}. Define

AN = SUppent |gl=1} |4 9| (3.1)

The numerical sequence Ay is monotone decreasing; let A\ be the limit.
By construction Ay = |A — Ayx| where Ay is the restiction of A to Hy. The
theorem is proved if A = 0.

Suppose that A > 0; then |A¢| > A|¢| and the image under A of the unit
ball contains a ball of finite radius.

This contradicts the fact that A is compact.

Q

A particularly useful result is

Theorem 3.2

The self-adjoint operator A is compact iff its spectrum is pure point, the eigen-
values different from zero have finite multiplicity and zero is the only possible
accumulation point.

¢

Proof
If 0eont is nOt empty it contains an interval I = (A9 —€, Ao + €). Without loss
of generality we can assume A\g = 0.

Denote with IT the orthogonal projection one the subspace associated to
the continuous spectrum in I; by Weyl’s lemma this subspace has infinite
dimension.

By construction if ¢ € IT H then |A ¢| > €|¢|. Therefore the image under
A of the unit ball in H contains a finite ball in a subspace of infinite dimension
and cannot be compact.

In the same way one proves that the eigenvalues different from zero have
finite multiplicity.

Q

Let H be a separable Hilbert space and {¢,} an ortho-normal complete
basis. Let A be a positive operator.
Set

N
Tr(A) = limy oo (6, Adn) (3.2)
n=1

The sequence is not decreasing and therefore the limit exists (may be +00).
One easily verifies that the function Tr (for the moment defined only for
positive operators) is invariant under unitary transformations.
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If U (t) is a one-parameter group of unitary operators, 4 Tre U(t) AU (t)—0 =
0. Choosing as basis the eigenvectors of A one has Tr(A) = Y7, a, where
an are the eigenvalues.

Definition 3.3
The operator A € BH is of class Hilbert-Schmidt if there exist an orthonormal
basis {¢n},n € Z in H such that

> lA¢n]? < +o0 (3.3)
n>1

One proves that this condition is independent of the basis chosen.

Definition 3.4
The operator A is of trace class if Try/A* A) < oo.

Equivalently if there exists a decomposition A = A;As with Ay, As
Hilbert-Schmidt operators.

&
An equivalent definition is
Definition 3.5
The operator A is of class Hilbert-Schmidt if A* A is trace class.
¢

Every bounded self-adjoint operator A can be written as A = Ay — A_
where A4 are positive operators; A is of trace class iff both A4 are of trace
class. In this case one has TrA =TrA,TrA_.

The function Tr can be extended to a class of bounded operators. Recall
that any bounded closed operator A can be written as sum over the complex
field of two self-adjoint operators

A+ A" A- A*

A= 5 + 5 =ReA+ilImA (3.4)

Therefore the function Tr is defined for any closed bounded operator whose
real and imaginary parts are of trace class.

The function Tr has the following properties
i))Tr(A+B)=Tr A+ Tr B
i) Tr(ANA)=XTr A
i)0<A<B =TrA<TrB
Theorem 3.3
The collection Jy1 of the trace class operators is a bilateral *-ideal in B(H)
and a Banach space with norm ||A| = Tr|A| where |A| = v A*A.

¢

Proof
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‘We must prove

a) Ji is a vector space

b)AeJ;, be B(H) == ABelJi, BAeJ;

C)AEJl = A*e J;

d) The space Jp is closed for the topology given by the norm ||A||; = Tr|A4| .
We call it trace topology .

The first two statements follow from the definition. Notice that every closed
bounded operator maps compact sets in compact sets and that if A, B are
closed and bounded one has (A B)* = B* A*.

We now prove d). If A € Jy, consider Ay = A — Ziv(gbn, .)A¢,, where
{¢r} are the eigenvectors of |A| = vV A*A.

Let ai be the eigenvalues of |A| in decreasing order. Let Hy be the sub-
space spanned by the first N eigenvectors; by construction Ay¢p = 0, ¢ €
Hny.

If A is positive, a,, > 0 and limy_ Zk>N ar = 0 since the series con-
verges. If A is not positive, consider the polar decomposition A = Ua|A| where
Uy, is a partial isometry from the closure of the range of |A| to the closure of
the range of A and is such that Ker|A| C Ker Ugy.

Let Ay = U|A|n. Then limpy oo Tr(An) = 0 and therefore limntooo T (|AN]|) =
0. Tr(]A|) defines a norm

Tr(|A + B|) < Tr|A| + Tr|B| (3.5)

and Jj is closed in this topology. Remark that A+ B =Uayp|A+ B|, A=
Ual|A|, B = up|B|. Therefore

> (b | A+ Blon) =D [(6n, Uiy sUalAl$n) + (60, Usy Us|Blén)] (3.6)

n n

(60, U V |Algn) = (|A]Y2V" ugy, |A[Y?6y) (3.7)

and

1> (@, UV [Alga)| < Q_ A2V UG QA 26al*)' /2 (3.8)

Partial isometries map orthonormal complete bases to orthonormal bases
which are in general not complete. Therefore the right hand side in (8) is no
bigger than ) (¢n,||Al|¢n). This inequality, together with the same inequal-
ity for B concludes the proof.

Y%

Theorem 3.4
The finite rank operators are dense in Ji.

Proof
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Any trace class operator can be written as sum over the complex field of
positive trace class operators. For positive trace class operators the non zero
eigenvalues have 0 as accumulation point.

Q

We have proved that the function Tr defined on J; is positive, order pre-
serving, and has the following properties
i) Tr(AB)=Tr(B A) A B eJ;
i) Tr(U AU*) =TrA if Uis unitary.

If Ae J;, Be€ B(H) also AB and BA are in J; (Jp is an ideal in BH

Moreover the following identity holds Tr(AB) = Tr(BA). Therefore T'r is
defined on a product of bounded operators when at least one of the factors is
of trace class.

We remark explicitly that only for positive operators in J; one has TrA =
> (én, Ady,) where {¢,} is an orthonormal complete basis.

We have seen in Volume I that the trace class operators have an important
role in Quantum Mechanics because those of trace one represent states of the
system. In that context we have noticed that B(H) is the dual of J; and that
the states represented by Ji 4 1 are normal states.

In fact it can be proved that Tr is completely additive. We denote with
Jo the class of Hilbert-Schmidt operators. It is easy to verify that Jo is a
*bilateral ideal of B(H). Let A, B € J2 and let {¢, }be an orthonormal basis
in H. Then A*B is trace class and

Tr(A* B B* A)? = Tr[(A; A*)(B B*)]? < |A|Tr|B| (3.9)

Define
< A, B >y=Tr(A* B) =Y (A¢n, Boy) (3.10)
n
(it is easy to see that this definition does not depend on the basis).

The quadratic form < ., . > defines J> a non-degenerate scalar product
and therefore a pre-hilbert structure. It is not difficult to verify that with this
scalar product Jo has the structure of a complete Hilbert space.

Moreover

| <A, B>|< (TrA* A)Y? (TrB* B)'/? = | A|)1 ||B|)x (3.11)
Setting || Az = (Tr(A*A))/? one has
{A Al <1} cfA Al <1F c{A - [A] <1} (3.12)
and [|A[l1 > [|All2 = |A].
Therefore the topology of J; is intermediate between that of J; and the

uniform topology of B(H). Proceeding as we have done for J; one can prove
that the hermitian part of Jo, denoted J3" satisfies
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Jyr ={A€B(H), A"=A, > a} <o} (3.13)
k

where {a,} are the eigenvalues of A.
It is convenient to keep in mind the following inclusion and density scheme.
Denote by F the finite rank operators and by K the compact operators.

Then

1) F is dense in J; in the topology ||.||1.

2) Jp is dense in Js in the topology ||.||2-

3) J3 is dense K in the uniform operator topology.

4) K is dense in B(H) in the strong operator topology.

Moreover F C Jy C Jy C K C B(H) and all inclusions are strict if H has
infinite dimension.
The elements of J; and Js are particular cases of Schatten class operators.

3.1 Schatten Classes

Definition 3.4 Schatten Classes
Let 1 < p < oo. An operator A is a Schatten operator of class p if
Tr(|A*Al%) < co.

¢

We denote the space of all Schatten operators of class p by SP(H). It
is a Banach space with norm || 4|, = (tr(\A|p))% and it has properties (in
particular interpolation properties) similar to Lebesgue’s spaces LP(u) where
w is a Lebesgue measure.

In particular S'(H) are the trace class operators and S?(H) are the
Hilbert-Schmidt operators.

Let i, (A) be the eigenvalues of | A| taken in decreasing order. The operator
A belongs to SP(H) iff Y, p1n(A)? < co. One has
1) 8P(H) is a *-ideal of B(H).

2) SP(H) is complete with respect to || A||,.
3)p<q = S'(H) C SUH) and [|A]| < [|A[l, < [|All,-
4) Hoelder inequality holds for 0 < p, ¢, < 00 :

1 1 1

it AeSP(H) BeL'(H)= ABeS"(H), [ABIl. <[Al,lBlq
(3.14)

5) Let 1 < p,q < oo satisfy %—i— % = 1. Then for A € SP(H) and B € SI(H)

one has Tr(AB) = Tr(BA). Moreover for A € S'(H) and B € B(H) one has

Tr(AB) = Tr(BA).

As one sees from the properties listed above, the spaces SP(H) are non-
commutative analogues of L? (X, u1) spaces defined for a measure space X with
finite measure .
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These properties are also shared by the space SP defined on a von Neumann
algebra M with a trace state w by defining £P(M) as those elements in M
for which

« P
lall, = (w(a*a))® < oo (3.15)

The corresponding non-commutative integration theory has been devel-
oped, among others, by D.Gross, [.Segal, E.Nelson. We shall treat it briefly
in Lecture 16

One can prove the following theorem (Lidskii identity [1])

Theorem 3.5 (Lidskii)
For every trace-class operator A € BH and for every orthonormal base {¢,}
of H the following holds

Z(¢mA¢n) = sum;i>1\;j(A) (3.16)

n>1

where {\;} are the eigenvalues of A.

&

Notice that Lidskii’s theorem is a fundamental theorem for the spectral
analysis of non-self-adjoint operators.

In general it is difficult to determine these eigenvalues but one can write
a trace formula of the type

Trf(A) = fulX;(A)) (3.17)

Jj=1

where p is a parameter (real or complex) and estimate {;} with a Tauberian-
type procedure.

3.2 General traces

The definition of Schatten class can be generalized to the case 0 < p < 1
The Schatten classes SP for 0 < p < 1 are composed by all the operators
such that

isj(A)p < 0o (3.18)
=0

where s; are the eigenvalues of (A*A)% arranged in increasing order, counting
multiplicities.

For p < 1 the space SP is not a Banach space but rather a quasi-Banach
space (| AlI|BIl < c|AB|l, ¢> 1.

For p > 1 one defines also the Schatten classes SP*°° consisting of all A for
which
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sup(j + 1)%sj(A) < o0 (3.19)
J
Also this class in a Banach space.
For p = 1 this norm is not a Banach norm. To have a Banach space one
must introduce a norm, the Dizmier norm

Yr_osi(A)

2
logk (3.20)

SUPK>2

and the corresponding Dizmier class SP*™,

All spaces 87, 0 < p < oo and §7*°,1 < p < oo are ideals for B(calH).
One can also verify that A, B € $>* implies AB € S1>°.

For the positive operators which belong to the Dixmier class one can define
a trace Trpizm ( Dixmier trace) by

logk
k
j=15j

T7 Dizm(A) = limg .o (4) (3.21)

This trace plays a relevant role in the study of von Neumann algebras
which are type 2 factors. In particular note that if A € SP®™ then TrA =0
whenever A is trace-class.

3.3 General LP spaces

One can further generalize the definition of trace.

Denote by £ (H the cone of positive operators on the separable Hilbert
space H.

One can define trace any function with values in [0,00] £4(H which is
positive, additive and homogeneous. A trace is normal if it is completely
additive.

It is possible to prove that every normal trace is proportional to the trace
we have studied.

We shall now study the structure of some L£P(H) spaces in the represen-
tation of the Hilbert space H as L?(X, du) for some locally compact space X
and regular measure pu.

In this case the Schatten class operators have a representation as integral
kernels.

Theorem 3.5
Let H = L*(X,du). Then A € Jy iff there exists a measurable function

a(z,y) € L*(X x X, dp x dpu) (3.22)

such that, for every f € H
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(A f)(x) = / oz, 9) f () du(y) (3.23)

Moreover one has

1Al = / lala, y 2 dpu(x)d(y) (3.24)

¢

Proof
To prove sufficiency, let a(x,y) € L?(X x X, du x du) and set, for any function
feH=L*X,du)

(Af)(x) = / oz, 9) £ (9)du(y) (3.25)

Then for any g € H Schwartz inequality gives

(6:49) = [ gt ) Fdn)dn) < lal |flg] - (3:20
Therefore A is bounded || A||2 < |alz.

Let {¢,} an orthonormal basis of H, then ¢,, ® ¢,,, is an orthonormal basis
in H ® H. Therefore there exists ¢y, ., € C for which

a(@,y) = Cnmon(z Z |enm|? = |af? < oo (3.27)

Setting
G,N(l‘,y) = Z Cn,m(;sn(x)d)m(y)a ANf ZGN z, ZJ du'< )
nm<N
(3.28)
one has
limNHoo|aN - CL|2 = 0, llmN*)OOHAN — AH2 =0 (329)

and therefore A is compact (as norm limit of compact operators). Moreover

Tr(A* A) = [A¢n|* = lenml|® = [b3 < 00 (3.30)

N n,m

and therefore A is of Hilbert-Schmidt class.

To prove that the condition is necessary one makes use of the fact that J;
is the closure of F in the ||.||2 norm.

By definition every finite rank operator is represented by an integral kernel.
Choosing a sequence A,, € F that converges to A it easy to see that the
corresponding integral kernels a,, converge in the topology of L?(X x X, du x

du).
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Let a(x,y) be the limit integral kernel. For any f € L?(X,du) one has

(Af) = [alz,y) f(y)dp(y) and Al = |als. o

If A€ J; and A > 0 one can prove [|A]y = [ a(z, z)u(dz).
But in general if A is not positive is not true that | [ a(z, z)du(z)| < oo =
Ae Jp.

Ezample

2
The operator —=L on L?((0,7), dz) with Dirichlet boundary conditions has
discrete spectrum with simple eigenvalues n? and corresponding eigenfunc-

tions /2/m senn x, n > 1.

The resolvent R) is represented by the integral kernel

o0

2 1
Ry(z,y) = f;msennz. senmny (3.31)
and has eigenvalues (A + n?)~!. Therefore for A ¢ (—oo, —1] the operator Ry
is of trace class.

One can extend this result to all A which are not in the spectrum using
the resolvent identity and the fact that J; is a bilateral ideal of B(H).

An easy consequence of Theorem 3.5 is the following proposition which we
state without proof.

Proposition 3.7

Let A be a linear operator on L?(X,du). The following statements are equiv-
alent to each other

a) A is a Hilbert-Schmidt operator

b) There exists £(z) € L?(X, du) such that f € D(A) = |(A f)(z)] < |
c) There exists a kernel K (z,y) € L*>(X,du) such that, for any f € L?
and for almost all x € X one has (A f)(z) = [ K(z,y)f(y)dy.

fI&(@).
(X, dp)

Notice that an operator A defined by an integral kernel may be bounded
also when the kernel is singular. For example, the identity operator has integral
kernel K (z,y) = é(z — y).

On the other hand, the kernel K (z,y) = h(z) d(y) h € C* corresponds to
the operator (K f)(x) = h(z) + f(0) with domain the functions in L?(X, dpu)
which are continuous at the origin.

This operator is not closable since the map f(.) — f(0) is not continuous
L2(X, du).
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3.4 Carleman operators

Before discussing more in detail the compact operators we briefly mention the
Carleman operators. They are frequently encountered in Quantum Mechanics
because they intervene naturally in the inversion of differential operators.

Definition 3.4
A linear map T from H to L%(X,du) is a Carleman operator if there exists
a measurable function Kr(x) with values in H such that for any f € D(A)

(T f)(@) = (Kz(x), f) (3.32)

holds for almost all z. The measurable function K is called Carleman kernel
associated to T.

¢

Theorem 3.8
The map T is a Carleman operator iff there exists a positive measurable func-
tion g(x) such that for any f € D(T) one has, for p-almost all x € X,

(T f)(@)] < g(@)|fl2 (3.33)

¢

Proof
The condition is necessary: let T be a Carleman operator and let K (x) be its
kernel. The inequality is satisfied by taking g(z) = |K(z)].

The condition is sufficient: let p(z) be a positive bounded measurable
function such that g(z) p(x) € L*(X,dp). Then |(p T f)(z)| < |fl2g(x) p(z)
and therefore according to proposition 3.6 p T' is a Hilbert-Schmidt operator.

It follows that there exist a measurable function K (z) with value in the
Hilbert-Schmidt operators such that for almost all z (p T' f)(z) =< K(z),T >

Setting K (x) = p~! K(z) one has (T f)(z) = (K(z), f). o

Often the integral kernels that one encounters in the study of Schroedinger
equation have the form K(z,y) = Ki(x,y) Ko(x,y).

Let T be an operator represented by this integral kernel and let Ky, Ky
satisfy, for almost all z,y € RY

/ Ky (2, y)?|u(dy) < O, / Ka(y,2Plu(dy) <C2 (3.34)

Since ||T|| = supg, |g1=11(¢, T'¢)| it is easy to see that T is bounded in
L2(RN dy) and its norm satisfies || T < (C C5)'/2. Moreover the adjoint T*
has integral kernel K (z,y). Choosing
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Ki(z,y) = |K(z,y)['*  Ka(z,y) = Sign K(z,y) |K['*(z,y)  (3.35)

one derives the following important result

Theorem 3.9
If the integral kernel of T is such that a.e.

/ K (2, 9) u(dy) < Cy / K(z.y)lu (dr) <Cy (3.36)

then ||T|| S vV Cl 02.

3.5 Criteria for compactness

We give now a useful criterion which gives a sufficient condition for the com-
pactness of an operator.

Theorem 3.10
Let A be operator with integral kernel K (z,y) = K1(z,y) Ko(z,y) where K; o
are measurable. Let X}, X2 two increasing sequences of measurable subsets
of X, and X be their common limit.

The operator A is compact if for n

/ / K (2, y)Pu(da) p(dy) < oo (3.37)
X}L ><X§

and moreover for any € > 0 there exists an integer N (€) such that the following
inequalities are satisfied

a) [x |Ki(z,y)|u(dy) <€ ae in X — X1 n

b) [ [Ka(x,y)|p(de) < e a.e. in X — Xo n(e

¢) Jx_x, . 1K1 (@, 9)|n(dy) < e

d) fX—XQYN(E) |K2(2,y)|u(dy) < e
Q

Outline of the proof
Consider the operators A,, with integral kernel given by K" (z,y) = K(x,y)
if x,y € X,, x X,,, and zero otherwise. The preceding theorems imply that A,
is of Hilbert-Schmidt class.

It follows from a), b) ¢) d) that |S,| < € where the integral kernel of S, is
the restriction of K to X n(e) X XQJ:N(C). Hence A is norm limit of Hilbert-
Schmidt operators and therefore compact.

¢

Ezample 1
Let X = R%, let i be Lebesgue measure and assume that 7" has integral kernel
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K(z,y) = fi(z) f2(y) f3(z —y) (3.38)

with f1, f2 bounded measurable, lim;|—oo fi(z) = 0 and f3 € L'(R?). Set
Xam =Xam={z : z€ R |z| <n} (3.39)

K1 = fi(@)|fstz — )2, Ko = fo(y)|fs(x — y)["*sign (fs(x —y)) (3.40)
Then A is compact.

&

It can be shown that if one assumes a suitable decay at infinity of the
functionsf; and fa to prove the result it is sufficient that f3 € L}, .
The result is applicable therefore for f5(z) = ﬁ

Ezample 2
Let X = R? and u Lebesgue measure. Let A have integral kernel

K(z,y) = |z —y|* *H(z,vy) x#y K(xz,2)=0 a>0 (3.41)

where H bounded measurable. Set K, (z,y) = |z — y|* H(z,y) if |z — y| >
n~1, zero otherwise. Then for every n, A,, is of Hilbert-Schmidt class and the

sequence A, converges to A in norm. Therefore A is compact.

&

Given the importance of the compactness property in Quantum Mechanics
we give yet another compactness criterion.

Theorem 3.10

Let A be a positive operator. The following properties are equivalent

i) (A — po)~1 is compact when we choose pg € p(A).

ii) (A — p) =t is compact for every p € p(A).

iii) {¢p € D(A), |A¢| < I, |Ap| < b} is a compact set for every b > 0.

iw) {p € D(A), |o| <I, (¢,Ap) < b} is a compact set for every b > 0.

v) A has discrete spectrum and, denoting by a, the eigenvalues taken in de-
creasing order limy,_, oo, = 0.

¢

Proof
i) < ii). We use the resolvent identity

A=) = (A=po) " + (A=) (- ) (A— )" (3.42)

The first term on the right-hand side is compact by assumption. Also the
second is compact because the compact operators are an ideal in B(H).

i) — v). By definition

v) — iv). Let Q(A) the domain of the close positive quadratic form ¢ —
(¢, Ag) € Rt and let
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Fir={veq,, [v|=1, (v,Ap)<b} (3.43)

The set ]—',;4 is closed because the form is closed. To show that it is compact
we prove that for any € > 0 it is possible to cover .7-'1;4 with a finite number of
ball in H of radius e.

We choose N such that ay < be. Then v) implies

> 1@, dn)? <e (3.44)

n>N

Therefore every 1) € F;! is at a distance less than /¢ from the intersection of

the ball of radius € with the subspace spanned by the first NV eigenfunctions.
Since this is compact set (it is a closed bounded subset in a finite-

dimensional space) it can be covered with a finite number of balls of radius

Ve. Therefore also F{* has this property.

iv) — iii). By assumption iv) holds for A and therefore also for A2. It follows

that ]—'542 is compact. On the other hand, (v, A%¢) = |A)|>.

iii) — ). Let M= : Ip€ H, = (A+1)"1¢, |¢| <1}. Then

Wl <ol <1 Ay =|AA+1)'¢l < || <1 (3.45)

Therefore the set G = {¢ € H, || <1, [(A+ 1)9)| < b} is closed and
contained in FZ. It follows that (1 + A)~'is compact.
Q

(From this theorem one sees that it is convenient to have criteria to decide
whether a subset of H is compact.

In the realization of H as L?(£2,dx), 2 C R", these criteria rely on in-
equalities among norms in suitable function spaces (often related to Sobolev
immersion theorems).

We shall collect in the Appendix to this Lecture a collection of inequalities
that are useful in studying the solutions of the Schroedinger equation and in
estimating their regularity.

We also give some other compactness criteria that are derivable from gen-
eral inequalities.

As an example consider the operator H = L?(—n,7) defined by

d2
da?’

D(A) ={¢ € C=, ¢(=m) = ¢(m)} (3.46)

and define

d¢

S={sel? (-mm), o<1, ||, <1} (3.47)

(i.e. the domain of the quadratic form associated toA).
Denoting with ¢, the Fourier coefficients of a function, it is easy to see
that S is characterized by 3 |c,|? < o0, S n? |e,|? < oo.
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In these notations one sees immediately that S is compact in the topol-
ogy of H and therefore (A + I)~! is compact. In the same way one proves
compactness of the closure of —j—; + 22 defined on C§°(R).

Remark that the same is not true for the closure of the operator —j—;
defined on C§°(R). Indeed the closure of this operator is a self-adjoint operator

with continuous spectrum.

Rellich compactness criterion
Let F and G be two continuous positive functions on R? which satisfy

lim|g|— oo F'(z) = +00, lim|p| - G(p) = +00 (3.48)

The set
S={f: [Polf@Pi<t [Go) foldp<l)  (349)
is compact in L?(R%).

Proof
The set S is closed. Without loss of generality we can assume

F(z) <a?, G(p) <p® (3.50)
Indeed if this equation is not satisfied the set S is closed and contained in the
set of functions that satisfy the equation.

The set S is dense in L?(R?). Denote by G the operator that acts as G(p)
in the Fourier transformed space. If V' (z) is bounded and has compact support
then [V (z)(G)~Y](z,y) is compact. Indeed for every value of € > 0 the kernel
of V(z)[e(p)* + G +1)~1] belongs to L2(R?) @ L2(R?) and [ep® + G (p) +1)7]
converges to [G(p) +1)71] in L.

Therefore V|G + 1)~'] is compact since it is the norm-limit of compact
operators.

For o > 0 define V,, = min{F(x), a+1}—a—1. Since lim|y| o F (z) = 400
, Vo has compact support an therefore V, [é +1)~1] is compact. From the min-
max principle

An(A) > A (G + Vi(z) + a+ 1) (3.51)

and therefore for each a > 0 there exists m(a) such that A,,()(A4) > «a. Since
« is arbitrary, limg,_coAn, = 00.

Q
Example 1
Let V € L}, (RY), V(z) >0, limV(z)z—c — 0.
Then H = —A + V defined as sum of quadratic forms has compact resol-

vent.
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¢

Proof
Since both —A and V are positive operators (¢, Hp) < b = (¢, —A¢) <
b (¢, V@) <b for every ¢.

Therefore the set

Fup = {9 € D(H), [¢| <1, (¢, HP)<b} (3.52)
is closed and contained in { ¢ : || <1, [p?|o(p)|2dp, [V (z)|p(x)|?dx <
b},

This set is compact by the Rellich criterion.

Q
Example 2
Let d > 3 and set
V=Vi+V Vel?R)+L>R
limy—ooVi(z) =0, Vi € Li,.(RY), Vi >0. (3.53)
Then H = —A + V defined as sum of quadratic forms has compact resol-
vent.
¢
Proof

V5 is form-small with respect to A and therefore also with respect to
A+ V.

If A > 0 has compact resolvent and B is form-small with respect to A,
then C'= A + B as sum of quadratic forms has compact resolvent.

Define ga(¢) = (¢, A¢p) and let Q(a) the domain of the form ga i .e.
the closure of D(A) in the topology induced by the (strictly positive) form
qa¢)+19|?. For any ¢ € Q(C) N Q(A) one has qp(¢) < afga(¢) +b|¢|*] where
a<l, g>0.

It follows

40(9) = (1 - a)(ga(9) — Blof (3.54)

(From the min-max principle A, (C) > (1 — a)A\,(A) — 5.
Therefore A\, — oo implies A(4),, — co.

A further compactness criterion which is frequently used is

Riesz compactness criterion
Let 1 < p < 0o and let S be a subset of the unit ball in LP(RY).
The closure LP of S is compact iff the following conditions hold
a) Ve > 0 there exists a compact K C R? such that [, , |f(z)[Pdz < e for
each f € 5).
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b) Ve > 0 there exists 6 > 0 such that if f € S and [y| < & then [ |f(z —y) —
f(@)|Pdx < e.
¢

Proof

Necessity. If S is compact, given o > 0 let f1, .. fn such that the balls of radius

$ centered on the unit ball of the subspace spanned by the fy cover S.
There exist therefore K and ¢ such that conditions a) and b) be satisfied

for f1,..fy and € = 5. To extend this inequality to the entire set S notice

that for every g € LP one has

limp_, pa /d lg(z)[Pdz =0, limy_ollgy —gll2 =0, gy(x) =gz —y)
RI—K

(3.55)
A standard argument shows then that a) and b) hold in S. Sufficiency. Let S

satisfy a) and b). For any compact §2 C R? and positive constants c, /3 the
Ascoli-Arzeld theorem gives the compactness of

T2, a, B)= {f €O, suppf € 2, [fle <, [V fl2<B}  (3.56)

Therefore, given € > 0, it is sufficient to find {2, «, § such that for every
f € S there exists g € T(£2, o, 3) with |f — g|, < e.

Indeed in this case since T'({2, a, 3) can be covered by a finite number of
balls of radius € and S can be covered by a finite number of balls of radius 2e.

To find {2, « B with the desired properties, given € > 0 choose K, 4§ so
that for f € S,

el €
[ f@rae<S w<s=lf-fl<s @D
RiI-K

Let 1 be a positive C*° function with support in y : |y| <4, [n(z)
Let £ be the indicator function of the set K/ = {y : dist(y, K) < d}. Then
a possible choice for {2, a G} is

Q={y : dist(y,K) <26}, a=|nlq, BIVnl, p'+q¢ =1 (3.58)

This follows from the following inequalities (the first is Holder’s inequali-
tiy)

f gl <Iflplgle, p7 +a7 =1, (fl*gD1 < |flilgl (3.59)

and (by interpolation) |f * g|s < |flq |9lp, pl4gt=1+5s""

We must prove that | f —g|, < e. From the definitons it follows [, . [f—
glPdz < [pa_ g |f(2)[Pde < $¥ and therefore

1€ fy =& llp < 1y = fllp + 1A =N Fp + 1L = &L fyllp < *6 (3.60)
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[9F ¢ £l < [@lefC =)~ Oty < T (61
gkvom this one derives g =y < g =€ 0= Ol <ec

3.6 Appendix to Lecture 3: Inequalities

We give in this appendix a collection of inequalities that are frequently used
in the the theory of Schroedinger operators. A detailed account can be found
in the review paper [2] and in the books [3][ 4].

Some of these inequalities can be obtained in an elementary way making
use of the Fourier transform. For other the proof requires more sophisticated
techniques.

We give an example of an inequality which can be obtained by elementary
means. In R? one has

floo < / F@ldp < 7 + 1) f () (1)~

< / 7 + 1) f(p)|2dp] / (7 + 1)2dp)/? (3.62)

i.e. for 4a > d one has | f|s < C|(p® + 1)2* flo.
This means that for any d the space H gte is compact in L>®
Among the inequalities a relevant role is played by the Jensen inequalities
Recall that a real valued function f defined on a convex subset C of a real
vector space F is called convex if

Ve, ye C, V8 e (0,1) F(1=0)x+0y) <1 —-0)f(x)+0f(y) (3.63)
If the inequality is strict, the function is strictly conver.

Jensen inequality 1
Let f be convex on a convex set C' and let p;....p, be positive numbers with

> xPr =1, then
f(riz1 + pnen) < pif(z1) + .o + oo f(an) (3.64)

If the function is strictly convex, equality holds only if 21 = ... = x,,.

¢

Jensen inequality IT

Let p a probability measure on the Borel subsets of an open interval I of
R and let i be its baricenter. If f is a convex measurable function with
—00 < [; fdp < oo then
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f(R) < /Ifdu (3.65)

If f is strictly convex equality holds iff u({iz} = 1, i.e. if the measure is
concentrated in fi.

&
Proof

It is easy to see that if f is real and convex in the interval I then for each
point zy € I there exists an affine function a(z) such that a(zo) = f(z¢) and
for all 2 € I one has a(x) < f(z) (which implies [, adp < [} fdp).

If f is strictly convex then f(x) > a(x) if ¢ # i and therefore the equality
holds iff the maesure p is concentrated in fi.

Q

Jensen inequality 111
Let p be a probability measure on the Borel sets of the real Banach space F,
and call i its baricenter.

If f is continuous and convex with —oo < |, g Jdp < oo then

f(i) < /E fdu (3.66)

If f is strictly convex equality holds if the measure is concentrated in the point
.

¢
Proof

The proof follows the lines of the proof of Jensen II.

To construct an affine comparison functional we use the separation theo-
rem for disjoint convex sets in a Banach space. Choose as affine functional an
element of ® € E*.

Jensen’s inequality proves this inequality for the integration along the
direction of the affine functional @

The proof follows by induction over a complete set of elements in E*.

¢

3.6.1 Lebesgue decomposition theorem

We are going to use often the decomposition of measure in a part that is
continuous with respect to Lebesgue measure and in a singular part .
Lebesgue decomposition theorem
Let {2, X, 1} be a measure space v a measure on X with v(£2) < oc.
There exist a non-negative measurable function f € L'(u) and a measur-
able set B € X' with u(B) = 0 such that

V(A):/Afdu+u(AmB), VAe s (3.67)
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¢

Define a measure vp by vg(A) = v(AN B). The measures p and vp are
mutually singular.

If we decompose §2 as B U (§2/B) one has p(B) = 0 and vg(£2/B) =0
(the measures p and vp have disjoint supports).

&

Proof of Lebesgue decomposition theorem.
Set p(A) = p(A) +v(A). Take g € L2 and set L(g) = [ gdv. From Schwartz’s
inequality )

IL(g)| < (v(£2))2|gll 2 (3.68)

According to the Riesz representability theorem there exists h € L2 such
that L(g) = (g, h). It follows [, g(1 — h)dv = [, ghdp.

Choosing for g the indicator function {4 of the set A one has v(A) =
L(I4) = [, hdp+ [, h v. The function h is a.e. defined.

Denote by N ,G ,Gxn , B the collection of points in which h takes value
respectively in (—o00,0), [0,1) ,[0,1— =) ,[1,00).

It is easy to see that ¥(N) =0, u(B) =0. Set f = 15:6()@ for x € Gy and
zero elsewhere.
Then 1—h
v(ANG,) = / il thmGndy = / féana, du (3.69)
0+ w

By monotone convergence one has v(ANG) = [, fdpu. It follows

V(A) = /A fdu+v(AN B) (3.70)

Taking A = (2 one has f € L!(u).

As a corollary to the Lebesgue decomposition theorem one has

Radon-Nikodym Theorem

Let {2, X, 1} be a measure space and v a measure on X with v(§2) < oo.
The measure v is absolutely continuous with respect to u iff there exists a

non negative function f € Llll such that for any A € X one has v(A) = fA fdp.

3.6.2 Further inequalities

We will give now a list of inequalities that are more frequently used. We shall
prove the simplest ones, and give references for the others.

Holder inequality
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Ifl<p<ooand felLP, gEL”,with%—Fﬁ:lthenfgeLland

[ 1751ds < 1ol (3.71)

The equality sign holds if || f|,|lg]l,» = 0 or if a.e. g = A|f|P~Lsignf.
We shall call conjugate to p the exponent p’ defined by % + i =
¢

We shall not prove this inequality [2][4] . We only quote the following two
corollaries

Corollary 1
If f € LP one has

1£llp = maa{] / fodul + gl =1} (3.72)

Conversely a measurable function f belongs to LP, 1< p < oo iff fg € L*
for every function g € LP .

&

Corollary 2

Let f be a non-negative function on ({21, X1, u1) X (£22, X5, u2) and let
0<p<g<oo.

Then

([ fwrduafan@)t < ([ (] fedn@)duw)
2 J 02, 25 J2

(3.73)

¢

The proof is obtained from Corollary 1 by using Fubini’s theorem to ex-
change the order of integration.

=

Sobolev inequalities
Let f a C! function on R? d > 1 with compact support.
For 1 < p < d the following inequality holds

=Dy 2L ||p1%<p<d*”

Of 1mt
d(d —p) = 2d(d — *)[ j= 1||7H J?

1 2 < (3.74)
Proof

A repeated application of the fundamental theorem of calculus gives

115, < ST G ) < %(Zu ) (3.75)
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This proves the inequality for p = 1.
Consider next the case 1 < p < d. For any s and any 1 < j < d one has

, & e, D
s <s [ 1 (3.70

(we have used the notation z7 for the remaining coordinates).
A similar inequality is obtained integration between x and oo. Therefore

s [ .
[f(z)] < [5/ |f(t,27)] 1\ \dt] (3.77)
and then
s S s— 1
112, < UL 1| ||| 4. (3.78)
Using Holder inequality one derives
S 6f 1
< ST (379)
The choice s = pg%fpl) (and therefore (s — 1)p’ = 24 = %) concludes the
proof.
Q@

Schur’s Test

Let k(x,y) be non negative measurable on a product space (X, X, u) X
(Y,=Z,v) and let 1 < p < oc.

Assume the existence of measurable strictly positive functions g on (X, X, p)
and h on (Y, =Z,v) and of two constants a and b such that a.e.

/kw D) duly) < /my 2))Pdv(x) < (bh(y))”

(3.80)
Then if fe LP(Y) one has
= [, k( y)dv(y) exists almost all values of x
b) T(f) € Lp(X) aﬂd ||T( )< abllflp
¢

Proof

The proof uses Hoelder’s inequality.

Remark that it is sufficient to prove that if g is a non-negative function in
LP(Y) and h is non-negative in L?' (X) then

[, [ pek o) < alblylol, @

Making use of this inequality and applying twice Hoelder’s inequality one
completes the proof.

Q
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3.6.3 Interpolation inequalities

We give now interpolation formulas between Banach spaces; their proofs
makes use of classical results from complex analysis, which have an interest
of their own.

The strategy is to construct Banach space that admits as closed subspaces
the two Banach spaces By, B; of interest and then to construct a family of
Banach spaces parametrized by point z € S where S is the strip Re z € [0, 1]
in the complex plane.

This spaces are defined in such a way that the norms are analytic in z in
the open strips, continuous up to the boundary and at the boundary coincide
with the norms of the two Banach spaces By, Bj.

This procedure allows the use of theorems and inequalities in the theory of
complex variables, among them the Hadamard’s three-lines inequality which
is the prototype of inequalities for functions analytic in the strip S = {z =
r+iy, 0 <z <1y € R} (we shall denote by S its closure).

Hadamard’s inequality -
Let f be continuous and bounded in S and analytic in S. Define M, =
sup{|f(x +iy)|, y € R}. Then

Vre[0,1] M, < MyM{™* (3.82)

¢

Proof
Choose a9 > by a; > by and set g(z) = a 'a;*f(z). We prove Vz €
S lg() < 1.

;From this follows |f(x + iy| < aj “a? and since we can choose ag —
bg, a1 — by arbitrary small the thesis of the theorem follows,

To prove Vz € S |g(z)| < 1 we use the maximum modulus principle for
analytic functions.

To avoid a possible difficulty in the control of the function G(z) for
|[Imz| — oo we study the function h.(z) = g(z)eEZZ. This function vanishes
when |[Imz| — oo and therefore the maximum of its modulus in S is reached
for I'mz finite.

(From the maximum modulus principle we derive |h(z)| < e€. Since € is
arbitrary , [g(z)] <1Vz € S.

@

Before introducing the Riesz-Thorin interpolation theorem, one of the most
used criteria for a-priori estimates, we give some definitions.

Definition 3.6 (Compatible pairs)

Let Ay with norm |.||4, and A; with norm ||.||a, be linear subspaces of a
Banach space(V, |.|lv) and assume the the maps (4;, ||.[[4;) — (V ||.||v) are
continuous, j =1, 2.
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We will say that the pair (Ao, ||.]|4,) s (41, |I-]|4,) IS @ compatible pair.
A Banach space (A, ||.||4) contained in Ag+A; and which contains AgN Ay
is called intermediate space if the maps

(Ao N Az, [[flaonar) = (A, [llla) = (Ao + Ar, |- a0 +4,) (3.83)

are continuous. Recall that the topology on AgNA; and on Ag+ A; are defined
by

lallaona, = mazlllallag, llalla]  llallagra, = inflllalla,s » llalla,]

a=ay+ay, a;€ Aj (384)

Notice that In the applications we use (L?, ||.||,) and (L9, ||.||4), with 1 <
p,q < +o0 as compatible pair and (L",||.||-) 7 € (p, q) as intermediate spaces.
In order to apply Hadamard’s lemma, we introduce in the strip S a suitable
space of functions. Let (Ay, ||.|lo) and (Aj,||.]l1) be a compatible pair and
denote by Ly = {iy,y € R} and Lo = {1+iy y € R} the two boundaries of S.
Denote by F(Ag, A1) the complex vector space of those functions f in S
that take value in Ag + A; and are such that
1) f is continuous in S.
2) for each @ € (Ao + A1)* the function @(f) is analytic in S
3) f is continuous and bounded from B; to A4;, j =0, 1.

The space F is a Banach space with norm || F'|| £(4,,4,) = maz—o,1(supz € S{||F(2)a,, 2 €
Bj})-
Proposition 3.12
If F € F(Ao, A1) and z € S then ||F(2)||ag+a, < |F|=.
¢

Proof
There exists @ € (Ag+ A1)* of unit norm such that (F(2)) = | F(2)]| 4¢+A4, -
Therefore @(F)satisfies the conditions under which Hadamard’s inequality
holds, and then @(F(z)) < ||F|| .
Q

Notice that the map F — F(0), § = Rez 0 < 0 < 1 is continuous from F
a Ag + A;. Denote with Ay its image with the quotient norm

lalle = inf{|F|l7 : Fp= a} (3.85)

With this notation (Ag, ||.]|¢) becomes an intermediate space and one has

Theorem 3.13
Let (Ao, A1) and (B, By) be compatible pairs. Let T be a linear map from
(Ao, A1) to (Bo+B1) which maps A; to B; and satisfies | T(a)|| s, < Mjlla| 4,
ifacd; j=1,2.

Assume moreover 0 < 8 < 1. Then T(Ap) C By and one has, if a € Ag
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IT(a)lle < My~" M7 |lallo (3.86)

¢

Proof
Let a be a non-zero element of Ay and choose € > 0. There exists F' €
F(Ap, A1) such that F(0) = a and ||T(a)||Be < (1+ €)lalls-

By definition the function T(F(z)) belongs to F(By, B1) and one has

IT(FE)B, < A+ )Ml|IF(2)|a,  2z€Ly (3.87)

It follows T'(a) = T(F(0)) € By.
Setting G(z) = M~ ' M *T(F(z)) one concludes that G € F(By, B;) and
1G(2)llB; < 1F(2)]|a; per z € L;.
Hence
IG(0)llo = Mg~ My 1T (@) lo) < (1 + €)M;]lallo (3.88)

It follows ||T(a)|lp < Mg~ ?M{||als). Since ¢ was arbitrary the thesis of
the theorem follows.

Q

We can now state and prove the interpolation formula of Riesz-Thorin.

Riesz-Thorin interpolation theorem
Let (£2, X, u) and (¥, =, v) be regular measure space. Let 1 < pg, p1, qo, ¢1 <
0.
Let T a linear map from LPo(£2, Xu) + LP* (2, X, p) to LP(W, =, v) +
LO(F, 2, V).

Suppose moreover that 7' map continuously LPi (2, X on L% (¥, = v)
with norms M; , j =1,2.

Let 0 < 6 < 1 and define p(6) and ¢(0) as

1 1-6 6 1 1—-6 6

0" Tm a0 Ta (3.89)

q
Then T maps continuously LP(£2, X, u) on L4(¥, =, v) with norm at most
equal to MJ~MY.

Proof

The theorem holds if pg = p1. If pg # p1 for z € S define -L= = =2 4
Notice that if 2 € L; one has Re(-1;) = p%a j=1,2.

p(z)
Consider a finite measurable partition of {2 in subsets E}, and consider the

simple function (weighted sum of indicator functions)

K
=Y ke (Br),  Ifllpo) =1 (3.90)
1
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where £(E}) is the indicator function of the set Ej and the constants 7y are
chosen so that || f||,) = 1.
Define

Zr w“«g %) (3.91)

so that F'(§) = f. If z € L; one has
Ly IO) 200)
[F()| =) " &E),  IIFE)p, = Ifl"7 =1 (3.92)
1
Therefore the function F is analytic in S, bounded and continuous in S in
the topology of Ag 4+ A;. It follows || f|lg < 1,. Therefore || fllog < | f|lpeo) for
any simple function f..
The result still holds, via approximation, for any f € LP({2,X.u) and
therefore || f|lo < || f]lp(0)-
We shall now prove that ||fllg > || f][p@). We make use of the duality
between LP and LP'. Let f a non zero function on (Ag, A1)s.
If € > 0 there exists a function F € F(Ap, A1) such that F(f) = f and
IFll7 < (1+€)llfllo - Set B; = LS.
Then (By, By ) is a compatible pair, L¥' () (2, X, 1) C (By, B1)g and ||gls <
gl o) for g € L (02, 3, ).
If g is a simple function there exists G € F(By, B1) such that G(8) = g
and [|G| 7 < (1 +6)H9Hp 0)
Setting I(z) = [ F(2)G(z)dpu this function is bounded continuous in S and
analytic in S. Moreover 1f z € Lj Hoelder’s inequality gives

2)| < /IF(Z)IIG(Z)\dM < EG)p; 001G 0 6)

< (142l fllellgllo < (1 + [ flallglly o) (3.93)
From Hadamard’s inequality one derives
0= [ gsdul < 1+ P flallgl (39

This inequality holds for every € if g belongs to a dense subset of L¥'(®) and
therefore for all f € LP(?),
It follows f € LP® and | fllo = || fllpc0)-
Q

The last inequality for which we give a proof is Young’s inequality. It refers
to a locally compact metrizable group and the measure is Haar measure. In
the applications it is usually R? with Lebesgue measure or finite products of
R? with the product measure.

The same theorems are useful in other cases,e.g. for Z% with the counting
measure or Z; = {1,0} with addition rule mod. two and measure p({1} =

{1} = 3.
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3.6.4 Young inequalities

Let G be an abelian metrizable group o-compact (countable union of compact
sets) andassume1<p,q<ooand%+%:1+%>1.

Denote by * the convolution product. If ¢ € LP(G), f € L(G) then
f*g € L"(G) and one has

1F# gllr < £ llallgllo (3.95)

&
Proof

If f € L'(G) + L*' (G) the operator T, : f — f*g maps L' in L? with norm
< |lgll. By duality it also maps L? in L>with the same norm.

Choosing 6 = 5 = 2 one has

T AT (3.96)

and therefore we can use the Riesz-Thorin interpolation formula with con

po=1,p1=p"q=pq = oc.
Q

We give now, together with references, a collection of inequalities which
are commonly used.

Holder-Young inequality [5]
Set 1<p,q r<oo, pl+q¢g'=1+r"1 Then

|f*glr < |flq l9lp (3.97)

Moreover the same inequality holds for the weak LP spaces.

¢

We recall here the definition of weak LP space (in notation L?)
fel®l(Mp)<3e>0: pu({z : flx) >ty <ct™ VE>0 (3.98)

[fly = supit?n ({ f(z) > 71177 (3.99)

Notice that this is not a norm because it does not satisfy the triangular
inequality. One has LP C LP with strict inclusion unless M is a finite collection
of atoms.

If f € L then there exists a constant C' such that flt\<N p{z o f(x) >

tHtP~tdt < C logN.
&
Young inequality II
Let p,q,7 > 1 such that le-s- % +1l=2
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As usual denote by p’ the exponent dual to p. Then

] f@ae = nht)de dyl < C,CCATIA IR (.100)
R4 JR4

Sl

ya
’

p

where C’g =

and C,C,C, < 1.

3

&

Notice that when s = oo this inequality reduces to Holder’s and if p = r =
2 one obtains another variant of Holder’s inequality..

Hardy-Littlewood-Sobolev inequality
Let 1 <p, t<oo, 0<A<dand % + % + % = 2. The following inequality
holds

| / / F@)z — o1 g(y)dzdy] < Nyl fllolall (3.101)

where N, ; \ is a constant which can be given explicitly for some values of
ptAIfp=t=57

)it (3.102)

where for o > 0 the function I' is defined by I'(ar) = [/~ t*~te~"dt.

¢
A generalization of the latter inequality is YOUNG'’s weak inequality
[ [ #@ihte - yatu)dods] < Npssl gl (3.10)
where we have denoted by ||g[|¢’ the norm
1
hl|e = (F)%supa>0voz{x € R |h(z)| > a}s (3.104)
d
¢
Haussdorf-Young inequality
Let p’ > 2. Then
£ < d 2 1, =%
1fl p < @m)P Collfllp- Cp=p»() » (3.105)

and the equality sign holds iff the function is gaussian. This inequality shows
that the Fourier transform is linear continuous from da LP (R?) to LP(R?).

¢



3.6 Appendix to Lecture 3: Inequalities 91
3.6.5 Sobolev-type inequalities

Other inequalities compare the norm of a function with the norm of its gra-
dient.

Generalized Sobolev inequality [6]
Letd>3, 0<b<1, p= 24— Then

2t2d—2°
KnplVfl2 > 2] fl, (3.106)
where
(g oy Ty @)
Knp =wy?] (d—2)71( , )2 F(r—l—l)F(r))2 ) (3.107)
p d 2m /2

= = 1= e 3.108
T2 T 20—y YT T(a)2) (3-108)

(if b = 0 one has p = 2% = d*).

If 1 — d/2 < b < 0 the inequality holds for functions of the radial variable
|-

&

The generalized Sobolev inequality can be derived [7] by the following
Sobolev inequality in R!

1_o T—lr;l F(Q’I“)

124 1f12 > MU AR, M, =2 - T (3.109
|f |2+|f|2 = p |f‘p’ P ( r ) (F(’I")F(T+1)) ( )
where r = —£5.
Before giving further inequalities we introduce some notation.
Definition 3.9
Let £2 be an open regular subset of RY. Define
1 — a¢ o]
w ,p(Q) = {U € LP(Q)’ Elgl"gN € Lp) UF— = — 9k o vd) € OO (Q)}
o Oz (o)
(3.110)

where C§°is the space of C* functions in a neighborhood of 92 (or outside
a compact if 2 is unbounded).
One often uses the notation HP(§2) instead of W1P(2).
¢

One can prove that WP (£2) is reflexive for 1 < p < oo, is a Banach space
for 1 < p < oo (with norm |u|q,p,) and is separable for 0 < p < oo.

Moreover |u|1, = |ul, +| >, |é‘%‘k|p (distributional derivatives). Let |u| p
denote the norm of u € WP(£2). One has
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Ju
|u|1,p: |U‘P+|Z|87|p (3.111)
P

where the derivatives are in the sense of distributions. Notice that a frequently
used notation is H(£2) = W1P(02).
If §2 is bounded the following compact inclusions hold
i) For ¢ € [N, 00).WP(£2) is compact in L%(£2)
ii) If ¢ € [p,p*] then W1P(Q2) C L(92)

iii)
p<N=W"Q)c, LIY(N2) Vqell,p) (3.112)

iv)
p=N=W"P(Q)c.LIN) Vqecl,o0) (3.113)

v)
p>N=W"N) c.C) (3.114)

vi) Moreover, if 2 C R! is bounded
WP(0) c. LY(R), 1<g< oo (3.115)

Sobolev-Gagliardo- Nirenberg inequality

WhP(Q) C LY (2), pi _ (3.116)

*
S
2|~

and
|ulp= < C(N,p)[Vulp (3.117)

Remark that p* is a natural exponent as seen setting uy(z) = u(A z).

¢

MORREY’s inequality
If p> N then WHP(2) C L>(£2) and

N
lu(z) —u(y)| < C(p, N)|z — y|*|Vu|, Vz,y € RN, a=1- m (3.118)

&

If §2 is bounded the following compact inclusions hold

i) For every q € [N, 00), WLP(£2) is immersed continuously and compactly in

L1()

ii) If ¢ € [p,p*] then WLP(Q2) C L(02)

iii) p< N = WhP(2) C. LY(2) Vqe[l,p)

iv)p=N = Wh'P(Q2) C. LY(2) Vqe[l,00)

v)p> N = WLP(0) c.C(2)

vi) If £2 is a bounded subset of R' then WP () C. LI(£2), 1<g< o
¢

Poincaré inequality
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Let £2 be compact and u € W, *(£2), 1< p < oo. Then |ul, < C|Vul,

Nash inequality
2
we H' N LY R™) = [us™N < Oy |V ulo|ulF (3.119)

¢

Logarithmic Sobolev inequality
If u € HY(RY) there exists a > 0 independent from N such that

—/|V u|2d:17>/|u )% lo ( g| )dx + C(1 + log a)|ul3 (3.120)

Juls

¢

To conclude we recall an inequality we have already used in Volume I

Hardy inequality
If € L?(R3) then

/ 4|x|2|¢( z)|PdPz < /R3 \Vo|?d*x (3.121)

Equivalently
(0. 161*¢) > (¢,4| |2¢) (3.122)
¢

Hardy’s inequality can be generalized to cover the case in which a magnetic
field is present. This generalization is useful to provide a-priori estimates which
are useful in the study of the properties of crystalline solids in magnetic fields.

Hardy magnetic inequality
If n > 3 one has

T 2
|f(z)] d < _42)2/|VAf(x)|2d"m (Vaf)(z) = (V+ieA(z))f(x)

e (n
(3.123)
¢
Proof For f € C* and o € R' one has
2, £
0< = / IVafl"+ E 2|dx2aRe /f VAfd:c]
(3.124)

Using Leibnitz rule
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sarte] [ )5 Vafas] = —a [ 156 P e = ~n-2)a [ L as
(3.125)

Therefore

/\VAf(w)\Qd:v > [—a® 4 (n — 2)a]/ f|f|3| d (3.126)

Notice now that for n > 3 one has

(n—2)

mazacpt [—a® + (n —2)a) = 1

(3.127)
This proves the equality if f € C*°.

The proof for the other functions is obtained by a density argument.

Q
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Lecture 4
Periodic potentials. Wigner-Seitz cell and
Brillouen zone. Bloch and Wannier functions

In this Lecture we will give some basic elements of the theory of Schroedinger
equation with periodic potentials. This theory is considered of relevant in-
terest for Solid State Physics, i.e. the Physics of crystalline solids and their
interaction with the electromagnetic field. The connections is the result of
some rude approximations.

Experimental data suggest that to a high degree of precision the nuclei
in crystals occupy fixed positions in each periodic cell of a crystal lattice in
R3?; the number of atoms and their positions depend on the material under
consideration. This should be interpreted as follows: the mass of the nuclei is
far larger than the one of the electron, and therefore the wave function of the
nuclei is much more localized in space and the nuclei move more slowly.

It is convenient, in a first approximation, to regard the nuclei as fixed
points ( Born-Oppenheimer approximation).

As a second step, one may consider the motion of the atom in an effective
field due to the interaction among themselves and with the electrons.

Experimental data suggest that, in this approximation and if the temper-
ature is at not too high, the nuclei form a crystalline lattice L.

There is so far no complete explanation for this property, although some
attempts have been made to prove that this configuration corresponds to the
minimal energy of a system of many atoms interacting among themselves and
with the electrons through Coulomb forces.

In this Lecture we shall postulate that the atomic nuclei form a regular
periodic lattice and the electrons move in this lattice subject to the interaction
among themselves and with the nuclei.

More important and drastic is the assumption we will make that the inter-
action among electrons is negligible and so is the interaction with the (quan-
tized) electromagnetic field generated by the nuclei and by the electrons.

The lattice structure allows the definition of an elementary cell ( Wigner-
Satz cell).

For simplicity we assume that the interaction does not depend of the spin of
the electron and the presence of spin only doubles the number of eigenvalues.
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Under this assumption, the spin-orbit coupling can be neglected. If this
coupling has an effect on the structure of the wave function this assumption
can be easily removed.

Under these simplifying assumptions the electrons are described by a
Schroedinger equation with a periodic potential and possibly with an external
electromagnetic field.

Finer approximations can be made to take into account interactions be-
tween electrons and nuclear dynamics. Notice in particular that the nuclei are
much heavier than the electrons but their mass is not infinite. Therefore their
wave function is not localized at a point the variation in time of the function
of is not negligible at a time-scale much longer than the one used to describe
the motion of the electrons.

In a second approximation the motion of the nuclei and therefore the
variation (and therefore the variation of the potential that the electrons feel)
can be considered as adiabatic.

On this longer time scale the motion of the nuclei can be approximated
by the motion of a material point subject to the average action of the elec-
trons and, under suitable conditions, can be described by effective differential
equation.

We shall outline in the next Lecture the first steps of this adiabatic
(or multi-scale) approximation which in this context takes the name Born-
Oppenheimer approzimation. In the approximation we are considering tin this
Lecture the wave function of a single electron is described by a Schroedinger
equation in an external periodic field (originated from the presence of nuclei
and from external fields).

This formulation hides a crucial assumption: the the crystal is infinitely
extended. Since physical crystal do not have this property, this approximation
is valid if the size of the crystal is very large as compared with the size of one
cell.

4.1 Fermi surface, Fermi energy

Since we have already made the one-body approximation, this approximation
can be relaxed if surface effect are relevant. For example one may consider
that the crystal occupies a half-space and consider currents on the boundary
due to an external field ( Hall effect). A remnant of the fact that physical
crystals are finite is the (artificial) introduction of a Fermi surface and of
Fermi energy.

Notice that the electrons are identical particles which satisfy the Fermi-
Dirac statistics and therefore the wave function of a system of N spinless
electrons in R? is a square-integrable function ¢(x1,01;...;2N8,0n8) Tk €
R3 o3, = 1,2 which is antisymmetric for transposition of indices (the index
xrand the spin index o). When considering a system of N electrons we must
keep into account this antisymmetry.
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In a macroscopic crystal the number of electrons is very large and the
electron wave function should be anti-symmetrized with respect to a large
number of variables.

To avoid discussing the dependence of the dynamics on the specific size and
shape of the (physical) crystal it is conventional to take the infinite volume
limit.

In this limit a formulation in terms of wave functions is no longer possible.

A way out is a more algebraic formulation, that relays partly on the for-
malism of second quantization and Quantum Statistical Mechanics. We shall
not discuss here this formulation.

We shall come back to a formulation through the use of C* algebras when
we will discuss briefly the case in which the lattice is substituted with a random
structure, still in the one-body approximation.

In the one-particle approximation the wave function of the electron in an
infinite crystal is not normalizable.

If we are interested in the properties of the crystal at equilibrium we
can follow an alternative strategy and consider the wave function of a single
electron in periodic potential as being normalized to one in a single cell. This
allows the definition of density, the number of electron in a give cell. Due to
translation invariance the density is a constant.

Therefore the wave function is not normalized in the whole space and we
will make use of generalized eigenfunctions of a Schrodinger operator in a
periodic potential

We summarize the interaction of the electron with the nuclei and the
external fields by introducing in the hamiltonian a potential V' in the (one)
particle Schrodinger equation that describer the dynamics of a single electron.
For simplicity consider a cubic lattice with edges of length one.

Let the cell of the lattice be generated by the vectors 7, ..n4 applied to
the origin of the coordinates.

Let the N electrons be contained in a cube 2y of edges 2N, centered in
the origin. Denote by Vy the volume of 2y. Then p(N) = % is the density
of the N-particle system.

For the moment we neglect the spin; if the Hamiltonian does not lead
to spin-orbit coupling the resulting correction consists only in doubling the
multiplicity of some eigenvalues.

The free Hamiltonian is a Laplacian in 2. In order to define it we must
choose boundary conditions.

In the limit N — oo the volume of a neighborhood of the boundary be-
comes negligible with respect to the volume of the bulk, and we may expect
that the results be independent in the limit from the specific choice of bound-
ary conditions.

This can be proved in the absence of a potential when the infinite volume
limit Vol(£2n) — oo is taken in the van Hove sense: when N increases one
consider cubes of increasing size. In the presence of a potential the same can
be proved under suitable assumptions.
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We shall choose to work with periodic b.c. The spectrum of —A in 2y
with periodic boundary conditions on the boundary 9f2y is pure point with
O(el) eigenvalues (taking multiplicity into account) .

Since the electrons are fermions, the lowest energy state is the Slater de-
terminant made of the first IV eigenfunctions in the box 2y. Its energy is

N N _
-1k = E(N).

We require that p = limNéw% exists; we call this limit density of

the infinite-volume system. We require also that the following limits exist

E = limN_}mVEogé\;;iv Er = liqum%‘Z) =pkE (4.1)
We call Er the Fermi potential of the infinite system. These limits exists
under very general conditions on the periodic potential V.

The proof uses, as in the case of the proof of the infinite volume limit
in Quantum Statistical Mechanics, decoupling techniques for disjoint regions
and the fact that for any regular bounded region (2 the sum of the first
M eigenvalues with arbitrary boundary condition is contained between the
corresponding sum for Neumann and Dirichlet boundary conditions.

In the case V' = 0 the Schrodinger equation in {2 with periodic boundary
conditions can be solved by separation of variables. The spectrum is pure
point and the spectral distribution converges to a uniform distribution on
the positive real line with multiplicity 2d, i.e to the spectral density of the
Laplacian in R%.

It is easy to see that each eigenfunction has a difference of phase at opposite
sides of the unit cell of the type e *%" i.e. restricted to the unit cell they are
eigenfunction of some Laplacian defined with the corresponding b..c..

It possible to show, for sufficiently regular periodic potentials, that the
counting measure py (the normalized sum of delta measures on the point of
the spectrum, counting multiplicity) converges weakly to a measure absolutely
continuous with respect to Lebesgue measure, with a density which is zero
outside disjoint intervals (bands). For a one-dimensional system the spectral
multiplicity is one but in dimension greater than one the multiplicity can vary
within a single band.

The heuristic arguments outlined above suggest that this counting measure
coincides in the limit N — oo with the spectral measure of the operator
—A+V in R% In the case d = 1 one recovers the spectrum of the operator
—A + V. In the case d > 2 it is more difficult to make this simple argument
into a formal proof.

On the basis of this expectation one assumes that the system be well
described, for N — oo by the Bloch-Floquet theory of a single electron in a
periodic potential. [1] In particular one ezpects that this theory give correct re-
sults for quantities of interest, such as electric conductivity and polarizability,
and explain some important effects, like the quantum Hall effect.

These considerations on the limit when V' — oo are used to determine the
values of the parameters that enter the theory of Bloch-Floquet.
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In the case of a crystalline solid one assumes that the total system be
electrically neutral: for the system restricted to a finite region one assumes
therefore that the the number of electron present is such as to balance the
charge of the nuclei. This determines the number of electrons and therefore
their density p.

When V' — oo the density p is kept constant. The choice of the numerical
value for the Fermi energy has the same empirical origins. We shall come back
in the next Lecture to the description of macroscopic crystals.

4.2 Periodic potentials. Wigner-Satz cell. Brillouin zone.
The Theory of Bloch-Floquet-Zak

We shall present now the Bloch-Floquet-Zak theory [1] for the Schroedinger

equation for a single electron in a periodic potential, neglecting the spin. If

one neglects the interaction among electrons the solution for a system of IV

electrons will be the anti-symmetrized product of single-electron solutions.
Consider the Schroedinger equation (in suitable units)

0
Z£ = —Ad(x;t) + V(2)p(x;t), x€ R (4.2)
where the potential V(z) is periodic, i.e. there exists a minimal basis {a; €
R}, i =1,..n such that

V(z+nia;)) =V(z) Vn; €N (4.3)

We will consider only the case d = 2,d = 3.

A basis is a collection of linearly independent vectors such that any ele-
ment € R? can be uniquely written as 2 = > ;nia;, n; € N. For a cubic
lattice a; are orthogonal unit vectors.

Each cell determines a lattice i.e. a subset I' € R? that has the following
properties
1) I" has no accumulation points.

2) I' is an additive subgroup of R™.

A lattice may have several minimal bases. It determines however a unique

cell W called Wigner-Satz cell.
The cell associated to the lattice £) is defined as follows

W={zeR" : d(z,0) <d(z,y),Vy € L—{0}} (4.4)

(d(z,y) is the distance between x and y).
The Wigner-Seitz cell in in general a regular polyhedron. Define the dual
lattice as
AN ={keR" : ka€2nZ Ya€elLl} (4.5)
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The Wigner-Seitz cell of the dual lattice is called Brillouin zone and is uniquely
defined. We shall denote it with the symbol 5.

In the study of periodic potentials it is convenient to consider the space
L?(R") as direct sum of Hilbert spaces isomorphic L?(W). Every function
¢(x) € L2(R™) is in fact equivalent (as element of L?(R™)) to the disjoint
union of the translates of its restriction to YW by the vectors of the lattice.

This suggests the use of a formalism (Bloch-Floquet-Zak) in which the
direct sum is substituted by an integral over the dual cell, in analogy with
the formalism of inverse discrete Fourier transform (which leads from [l5 to
L?((0,27). We are therefore led to consider the space

[S3) 53]
H= /W L*(B) du = /B L*(W) dul3.4 (4.6)

where p is Lebesgue measure. Notice the symmetry between B and W in (6).

4.3 Decompositions

The first decomposition considers properties of the functions in momentum
space (here called quasi-momentum ) i.e. points in the Brillouin zone. The
second decomposition considers properties in configuration space i.e. points in
the Wigner cell.

To see the interest of the notation (6) notice that if a self-adjoint operator
H on 'H commutes with a group of unitary operators U(g) that form a con-
tinuous representation Ug of a Lie group G then one can write H as direct
integral, on the spectrum ¢ of a maximal commutative set of generators of
Ugq, of Hilbert spaces Ky, s € o each of them isomorphic to the same Hilbert
space K

53]
H:/ K pdp (4.7)

where p in the Haar measure on the group G. For this decomposition one has
H= / Hdu, H =K (4.8)

where K is a self-adjoint operator on K.

Definition 4.1

Let M,du be a measure space. A bounded operator A on H = f;ﬁ Hsdp is
said to be decomposable if the exists an operator-valued function A(m) with
domain dense in L (M, du; B(Hs)) such that for any ¢ € H one has

Ag)(m) = A(m)p(m) (4.9)

If this is the case, we write A = f;‘; A(m)du(m).
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The operators A(m) are the fibers of A.
¢
Conversely to each function A(m) € L*°(M,du; B(H'")) is associated a
unique operator A € B(H) such that (9) holds.
This provides an isometric isomorphism

L>®(M,du; B(H')) & B(/Aj9 H' dp) (4.10)

One can show that the decomposable operators are characterized by the
property of commuting with those decomposable operators that act on each
fiber as a multiple of the identity. Since the operators which we shall intro-
duce on each fiber are not bounded in general, we extend the definition of
decomposability to the case of unbounded self-adjoint operators.

Definition 4.2
On a regular measure space {M, u} the function A with values in the self-
adjoint operators on a Hilbert space H,, is called measurable iff the function
(A +4I)~! is measurable.

¢

Given such function, an operator A on H = f;‘; H'dys is said to be contin-
uously decomposable if for almost all m € M there exists an operator A(m)
with domain D(A(m), with domain

D(A)={6€H : g(m) €D o [ Ao Bod < o)
(4.11)
with (A¢)(m) = A(m)¢(m). We have used in (11) the notation almost every-
where to indicate that (11) holds for a set of full measure in M. We shall use
the notation A = fﬁ? A(m)dp.
The properties of decomposable operators are summarized in the following
theorem

Theorem 4.1 [1]

Let A = fM m)du where A(m) is measurable and self-adjont for a.e. m.
then the following is true
a) The operator A is self-adjoint

b) The self-adjoint operator A on H can be written fM m)dp iff (A+il)~1
18 bounded and decomposable.
¢) For any bounded Borel function F on R one has F(A fM m))du

d) X belongs to the spectrum of A iff for any € > 0 the measure of U( ( )N
(AN =€, A+¢€) is strictly positive.

e) X\ is an eigenvalue of A iff it is strictly positive the measure of the set of m
for which X\ is an eigenvalue of A(m).

f) If every A(m) has absolutely continuous spectrum then A has absolutely
continuous spectrum.
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g) Let B admit the representation B = ffj B(m)dy with B(m) self-adjoint.

If B is A-bounded with bound a then each B(m) is A(m)-bounded and the
bound satisfies a(m) < a for a.e. m.

Moreover if a < 1 then A+ B defined as ffl [A(m)—+ B(m)]du is essentially
self-adjoint on D(A).

¢

For the proof of this theorem we refer to [1][2] . We only remark that part
f) of Theorem 4.1 states that sufficient condition for A to have absolutely
continuous spectrum is that a.e. operator A(m) has absolutely continuous
spectrum. This condition is far from being necessary.

The following theorem is frequently used

Theorem 4.2
Let M = [0,1] and u be Lebesgue measure. Let H = f[o,u Hdm where Hy,
is an infinite-dimensional separable Hilbert space and let A = f[o,” A(m)dm
where A(m) is self-adjiont for a.e. m.
Suppose that for a.e value of m the spectrum of A(m) is pure point with a
complete basis of eigenvectors {¢,(m), n=1,2,..} and eigenvalues E, (m).
Suppose moreover that for no value of n the function E,(m) is constant,
that almost every function ¢, (m) is real analytic (as a function of m) in (0,1),
continuous in [0,1] and analytic in a complex neighborhood of [0, 1]. Then the
spectrum A is absolutely continuous.

¢

Proof
Let Hy = {6 € H,6(m) = f(m) ga(m)} f € L2(M, dp).

The subspaces H,, are mutually orthogonal for different value of the index
n. Moreover one has H = ®H,, D(A) C H,, and AH,, C H,.

Consider the unitary map which for each value of n diagonalizes A(m);
one has

A, =U, AU (Anf)(m) = Ep,(m)f(m) f(m) € L3([0,1],dm)  *
(4.12)
We prove that each A, has purely continuous spectrum. Since E(m) is
analytic in neighborhood of [0,1] and is not constant, for a theorem of Weier-
strass its derivative dEjiyim) has at most a finite number of zeroes. Denote by
these zeroes by m1,...my—_1 and set mg =0 mpy = 1. One has

L2 [O, 1] = @{VL2(mj,1, mj) (413)

The operator A,, leaves each summand invariant and acts there as indi-
cated in (12) On each interval E,, is strictly monotone and differentiable and
one can define a differentiable function « through E,,(a()\)) = A such that

do = (%n(lm))—ldx m = a()\) (4.14)
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Define the unitary operator U on L*((m;_1,m;)) by (U f)(A) = /22 f(a(N)).
Then
UA U g(\) =X g\ (4.15)

We have therefore constructed a spectral representation of A,, with Lebesgue
spectral measure. The spectrum of each operator A, is therefore absolutely
continuous and so is the spectrum of A.

Q

4.4 One particle in a periodic potential

We apply now theorem 4.2 to the analysis of Schroedinger equation with
periodic potentials in dimension d. We begin with the simplest case, d = 1
and use the decomposition fge L2(W) dp.
Denote by ;33 the self-adjoint extension of the positive symmetric operator
— -4, which is defined on C? functions with support in (0, 27)) with boundary
conditions
do i0 4o

sem) = *o(0),  Lem =L (416)

Theorem 4.3
Let V() a bonded measurable function on R with period 2w.. Consider the
operator on L*(0,2m)

Hy = p + V() (4.17)

and define

@ df 9
H= ’CQQ Ko=1L (0, 277) (4.18)
0,27

Let U : L*(R,dx) — H the unitary transformation defined on S by

(Uf)al Z e f(x + 27n) (4.19)
Then one has
d? de
- = Hy— 4.2
Ui gz V0 = [ g (420)
¢

Proof
Notice that, for f € S and by the periodicity of V

UV fg(x) =V (x)(Uf)a( Ze‘ZG"V(x+27rn)f(m+27m) (4.21)
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and therefore on S one has UVU ! = f[o 2m) v
On the other hand, taking Fourier transform and noting that for f € S
one has F[p3f] = (& +n)>Ff

,U@U*1 = /[02 )7ﬁ2n9d9 (4.22)

Equation (20) follows because S is a core for H + V.
Q@
As a consequence of theorems 4.2 e 4.3 in order to study the spectral
2
properties of —-L; 4+ V(z) with V 2m-periodic it suffices to study p3 + V()
for 0 < 6 < 2m in L?(0, 27).

Lemma 4.4
For each value of 6 :
i) The operator ]33 has compact resolvent.
ii) ;63 is the generator of a positivity improving contraction semigroup .
iii) The resolvent of p3 is an operator-valued function analytic in € in a complex
neighborhood of [0, 27].

¢

Proof
Items i) and ii) could be proved by general arguments. We give a constructive
proof which provides also a proof of iii).

Let Gg = (p2 + )7L If f € C§°((0,27)) both g f and Gy f solve the
equation —u”(z) +u(z) = f(x) in (0,27)) and therefore their difference solves
—1)/9/ + vy = 0.

It follows that there exist constants a and b such that (G f)(z)—(Gf)(z) =
ae® +be " .

The function (Gof)(z) must satisfy the boundary condition

(Gof)(2m) = € (Gof)(0), (Gof)(2m) = e (Gaf) (0) (4.23)
and therefore

1

1
Gola,y) = e " +a(@)e” ¥ +a@)er ™, a(f) = 22 9) — 1

: (4.24)

Properties i),ii) follow from the explicit form of Gy. Also iii) is satisfied
because § — Gy is analytic (as map from C to the Hilbert-Schmidt operators)
for all |[Imf| < 2.

Q
We can now study the operators Hy = p3 + V'

Theorem 4.5 [2]

Let V' be piece-wise continuous and 2m-periodic. Then

i) Hy has purely point spectrum and is real-analytic in 6.

it) Hy and Har_g are (anti)-unitary equivalent under complex conjugation.
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i11) For 6 € (0,7) the eigenvalues E,(6), n=1,2,.. of Hy are simple.

iv) Each E,(0) is real-analytic in (0,7) and continuous in [0, 7.

v) Forn odd (resp. even) E,(0) is strictly increasing (resp.dicreasing) in 0 in
the interval (0, 7). Moreover

E(0) < Exs1(0)  Ei(m) < Eppa(m) k=1,2,.. (4.25)

vi) The eigenvectors ¢, (0) can be chosen to be real-analytic in 0 for 6 €
(0,7) U (m,27) and continuous in 0 and 7 (with ¢,(0) = ¢, (27)).
¢

Proof
i) this follows from regular perturbation theory because the statement is true
for V=0.
ii) this relation is verified for V"= 0 and therefore holds if V' is Hy-bounded.
iii) If F is an eigenvalue of Hy the equation —u” + Vu = Eu has a solution,
but this can be true for at most one of the boundary conditions.
iv) Consider F1(0). It is a simple eigenvalue because Hy is the generator of
a positivity preserving semigroup. Since Hy is analytic in a neighborhood of
0 and FE4(0) is simple there exists a neighborhood of 0 in which Hy has a
minimum eigenvalue E;(6) analytic and simple.

If the upper end of the analyticity interval does not coincide with 7 there is
0o < 7 such that E7(0) — oo when 6 — 6y (remark that Hy is bounded below
because V' € L°). Therefore it is sufficient to prove that E;(f) is bounded in
6 in [0, 7).

This is true because Fj () is the lowest eigenvalue of Hy.

This argument can be repeated for E,,(6) n > 0. Notice that E,(0), n>1
can be degenerate but E,,(¢€) is simple for e small and different from zero.
v) We begin by proving V8 E;(0) < E;(6). Since e ~*H0 is positivity improving
the eigenvector ¢1(0) can be chosen to be strictly positive and extends to a
periodic function ¢y on R.

Consider its restriction to (—2mn,27n) and denote by Hj the operator

—% + V restricted to periodic functions in this interval. It is easy to prove
that E7(0) is the lowest eigenvalue of Hy. It follows for all positive integers n
and for every ¢ € C§°(—2mn, 27n)

([ + V1) 2 B9, ) (1.26)

Since U, (C§°(—2mn,27n)) is dense in L?(R) we conclude that for a.a. 6
one has Ey(0) > E1(0); from the continuity of E; the inequality holds for all
values of 6.

Consider now the differential equation

3 d?u(x)

Ip2 + V(z)u(z) = Eu(x) (4.27)
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Let u¥(z) and uf (z) be the solutions with boundary conditions u¥(0) =

1, (u¥)'(0) = 0 and & (0) =0, (uF(0))" = 1 respectively.
Let M (FE) be the Hessian matrix corresponding to the two solutions and
of their first derivatives in 27 and define

D(E) =Tr M(E) = uP(2r) + (uF) (27) (4.28)

M (E) has determinant one (the Wronskian is constant); we denote by A and
A~ its eigenvalues.

If v(x) is a solution of (27) then the matrix M (E) provides a linear relation
between the vector v(0), v'(0) and the vector v(27),v'(27). It follows that
the equation Hyt) = Et admits solutions iff e? is an eigenvalue of M(E);
therefore D(E) = 2 cos 6 and

Are cos[%D(El(ﬁ))] ) (4.29)

We know that D(E;(0)) = 2. When 6 increases from 0 to 7 the function
D(E) decreases monotonically from 2 to —2.

Therefore the first value of E for which D(E) = —2 is Ej(w). The next
value must be Ea(m). In the interval (Ez(w), E2(0)) the function D(FE) is
increasing and takes the value 2 when E = E5(0).

There are therefore intervals of the real line (called bands ) in which D(E)
increases from —2 to 2 followed by intervals in which it decreases from 2 to
—2.

This intervals are [Eax41(0), Eogt1(7m)] and [Ea (1), F2x(0))]. The band k
can touch the band &+ 1 only if either Ey(m) = Ex11(m) or Ex(0) = Ex41(0)
(therefore if the corresponding eigenvalue is degenerate). Notice that for V' =0
all eigenvalues are degenerate and the spectrum is the entire positive half-line.
vi) It follows from regular perturbation theory of self-adjoint operators that
the eigenvectors ¢, (#) can be chosen as functions of 0 analytic (0, 7) U (7, 27)
and continuous in [0, 27].

@

We summarize these results in

Theorem 4.6
Let H = ,%Z +V(z) on L*(R) where V (z) is periodic and piece-wise continu-
ous. Denote Ei(0) the eigenvalues of the (self-adjoint) operator Hy on [0, 27]
with periodic boundary conditions and Ey () those of H, p. with anti-periodic
be. ( (2m) = —6(0) ).

Then
i) 0(H) = Un([E2k41(0), Eag41(m)] U [Ear (), E2(0)])
it) H does not have discrete spectrum.
i11) H has absolutely continuous spectrum.

Proof
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Item i) is a consequence of theorem 4.1 since E,,(0) is continuous for all n.
Item ii) is a consequence of theorem 4.2. since E,(0) is strictly monotone.
Therefore for each Ey the set of values of 6 for which E(f) is an eigenvalue
consists of at most two points.
Item iii) is a consequence of theorems 4.3 e 4.4.

Q@

We shall call gap any open interval that separates two disjoint parts of the
spectrum.

Remark that the boundaries of a gap are given by eigenvalues corre-
sponding to the periodic and anti-periodic solutions of the Schroedinger equa-
tion. The eigenvalues corresponding to other boundary conditions are internal
points of the spectrum.

This property is no longer true [1] for dimension d > 2. In this case the
eigenfunctions at the borders of the spectral bands ( edge states) may not
correspond to specific boundary conditions at the border of the Wigner-Satz
cell.

This feature constitutes a problem in the extension of the analysis we have
so far, based on a fibration of the Hilbert space with basis corresponding to
L?(B(L*(K)) and suggests the use of the fibration with base L?(K(L?(B)).

The fibration has the property that each fiber corresponds to a given en-
ergy (the energy is given as a function of the quasi-momentum by a dispersion
relation Recall that we are considering particles that obey the Fermi statis-
tics, and therefore two particles cannot be in the same (not degenerate) energy
state. Therefore the energy of the ground state of a system of finite size (and
therefore discrete spectrum) is an increasing function of the number of states
occupied.

This leads to the definition of occupation number and Fermi surface for
finite systems and, upon taking limits, of density and Fermi surface for in-
finitely extended systems (as are the crystals we are considering).

4.5 the Mathieu equation

Before studying this new fibration we give a concrete example of the analysis
in dimension one, the Mathieu equation corresponding to V(z) = u cos x.

Lemma 4.7
In the case
d2

H=-"
dx?

+pcosx, pw#0 (4.30)

every gap is open.

¢

Proof
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Let H,, (resp. H,) the self-adjoint operators on L?(0,27) be defined as restric-
tion of H = —% +u cos x to functions that are periodic (resp. anti-periodic).

We must prove that H, and H, don’t have multiple eigenvalues. Let us
determine first the eigenvalues of H,,.. Taking the Fourier transform one has

1 .
Hypén = n2¢n7 bn = Eezm (4.31)

therefore the eigenvalues are given by

(n? — E)a, + %(anﬂ +an-1)=0 zn: lan|? =1 (4.32)
We prove that the solution, if it exists, is unique. Suppose there are two
distinct solutions corresponding to the same E. Let {a,}, {b,} be the two
solutions. Multiplying the equations by b,, and a,, respectively and subtracting

we obtain
Cp = bnan+1 — anbn+1 = Cpn—1 (433)

Since both {a,} and {b,} are in I?, ¢,, = 0 Vn. It follows
an+1bn = anbn+1 (434)

and therefore a,, = cb,, Vn.

We remark now that if two consecutive a,, are zero, then there is no non-
zero solution of (34) (this is due to the specific form of the potential). Therefore
at least one among a,, and a, 1 is not zero, and the same holds for b,,.

If E is doubly degenerate, since the potential is even, we can assume that
one of the solution is even and the other is odd. If {b,} is odd, then by = 0
and by 75 0.

On the other hand (32) for n = 0 gives —FEag + pay = 0. Since ag and aq
cannot be both zero it follows ag by # 0. But a; by = 0 and this violates (33).

The contradiction we have obtained shows that the eigenvalue is not de-

generate. We have proved that for the Mathieu potential all gaps are open.
Q@

4.6 The case d > 2. Fibration in momentum space
We have seen that for d > 2 it in convenient to consider a fibration in mo-
mentum space.

We begin to discuss this fibration in one dimension. Assume V(x) €
C§°(R) so that H = f% +V (z) maps S into itself. Taking Fourier transform

Hfp=p f(p) + \/% / Vip— )@y’ (4.35)
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If V() is 2m-periodic one has
V(z) = Vpe (4.36)

where the sum is uniformly convergent. Correspondingly (35) reads

Hf(p) =p*f(p) +>_Vaf(p—n) (4.37)

Theorem 4.8
Let H' =I5 and define H = f[EE

For j € (—3,3] let

] H'dg.

11
272

(H;9)(p) = (P+3)°9;(p) + > _(Vugj—n)(p) (4.38)

Setting H = —%—FV(&?) one has, denoting by con F the Fourier transform
as unitary operator

D ~
FHF! = /( Hidj,  [(FH@); = fa—7) (4.39)

33

¢
Remark that (38) defines the operator through its integral kernel. In this

specific case, this kernel represents a differential operator on L?(W).

But if one restricts the operator to a spectral subspace one obtains in
general a pseudo-differential operator (the projection is represented by an
integral kernel in this representation). This is the reason why the mathematical
theory of Schroedinger operators with periodic potentials makes extensive use
of the theory of pseudo-differential operators

Before generalizing to the case d > 2 we give estimates which extend to
periodic potentials Kato’s estimates. Notice that the Rollnik class criteria are
not applicable here because a periodic potential does not belong to L? for any
finite p.

Making use of periodicity it is sufficient to have local estimates.

Definition 4.2
A function V on R™ is uniformly locally in LP iff there exists a positive
constant M such that [ [V (z)[Pd"z < M for any unitary cube C.

¢

With this definition Kato’s theory extends to perturbations uniformly lo-
cally in LP.

Theorem 4.9
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Let p < 2 form <3, p > 2 forn =4andd > 5 forn > 5. Then the
multiplication for a function V' which is uniformly locally in LP is an operator
on L?(R™) which is Kato-bounded with respect to the Laplacian with bound
zero.

¢

Proof
If % + % =1 for any € > 0 there exists A, such that

IF1I7 < el AFII3 + Acll 113 (4.40)

For each unit cube C' define || f|l,.c = [/ | f(z)||"d"z]*. Let Cs be the cube
of side with the same center.
We shall make use of a standard process of localization. Let n be a C*°
function with support strictly contained in C3 and taking value 1 on C.
(From (40) we obtain

I£1I7.c < I fUI5 < ell Al HIE + Aclln £113
< 3e|Afl3.c, + BIVIZ e, + DIFIE (4.41)
We have used the identities (the constants B and D do not depend on C.)
Aln f) = f An+n Af +2Vn.V{, (a+b+c)? <3(a®—b*+c2) (4.42)

Choose now £ € Z" and let C¢be the unit cube centered in in § and Cf¢ 3
the cube of side 3 centered in £. By assumption

VIl = supe||Vlp.ce < oo (4.43)

We have therefore, for % + % =1

VA=Y Ve <D IV flze <
€ ¢

V12> @elAflE e, + BIVIE e, + DIfIE e,
€

B
< VI3 [ell AFI + (D + I 1I3] (4.44)

Notice that, a part from a set of zero measure, every = belongs to exactly 3"
cubes Cf¢ 3). and we have made use also of Plancherel inequality

1
IVFIIz < SIAFIE + 517113 (4.45)

which in turn follows from the numerical inequality a < § a® + %.
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4.7 Direct integral decomposition

We give now some details about the integral decomposition of a Schroedinger
operator in R¢ with periodic potential.

This theory is a particular case of the general theory of direct integral
decomposition of Hilbert spaces and operators. [1][2]

If the periodicity lattice I" has basis v1,..7, € R%, the dual lattice is defined
by the dual basis vf,..y; € R? with (i, 7)) = 2765 5)-

We shall call Brillouin zone the fundamental centered domain of I'™*

B={> tiy;|0<t; <1} (4.46)
i=1

We can now generalize to d > 1 the analysis in momentum space that we
have given for d = 1. With estimates similar to those for d = 1 and using
theorem 4.8 one proves that, denoting by W is the elementary cell

W={z 2= tiv, 0<t; <1} (4.47)

i=1

if Ve LP(W) (where p=2if d <3,p=4ifd =4 and p = ¢ if d > 5, then
— A+ V is unitary equivalent to

1 S5}

— Hyd"0 Hy=Hy+V (4.48)
27 [0727T)7L

We have denoted by HJ the operator A on L?(W,d"z) with boundary
conditions

, 0 0. 0

Bt a) = Poa), o (tay) = e 20

81’j 6JCJ'

(2), (4.49)

For every value of 6 the potential V' is Kato-infinitesimal with respect to
H).

As a consequence each Hy has compact resolvent and a complete set of
eigenfunctions ¢, (0, z) (that using (49) can be extended to R™) and a corre-
sponding set of eigenvalues E,,(6).

It is possible to show that the functions E, () are measurable and that
the corresponding eigenfunction can be chosen to be measurable.

The operator H is equivalent to fge Hydk where Hy is defined on l5(Z™)
by

(Hkg)m = (ngg)m + Z ‘7l Im—1, (Hl(f)g)m = (k + Z mjaj)2 9m (450)
lezm

and has domain D = {g € l5(Z"), S k; |a;]* < co. In (50) m € Z" and V,,
are the coefficients of V' as a function on B. Explicitely
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Vi = (UOUC)A/ e_izﬂn?l i (aj’I)V(x)d”J; (4.51)
K

with inverse relation V(z) = > ,c,» f/lezzjzl 1(25%) Notice that this sum is
uniformly convergent since V' € LZQOC.

Equation (50) can be used to extend to k € C™ the resolvent of Hy as
an entire function. This will be useful to construct a basis of functions which
decay exponentially ( Wannier functions).

We prove now that —A + V' has absolutely continuous spectrum. Since V'
is infinitesimal with respect to HJ it is sufficient to give the proof for Hy. By
Theorem 4.2 it is sufficient to prove that the eigenvalues and eigenfunctions
of HY can be analytically continued.

Denote by E,, (k) the eigenvalues, which from (50) are seen to be E,, (k) =
(k+>" mja;)%. We proceed by induction on the number of degrees of freedom.
Choose a basis ag, k = 1,..n such that the first element be in the direction of
the vector a; (the first element of the configuration lattice

k= si1a1 + so0g + ...sp00, (4.52)

(From (50)

H,S:/ d52..dsN/ dsl[Hk(31a1+..snkn)+(k+Z mjo;)?]
s1EN SlEMSL

(4.53)
where s; = {s2,..sy} and N, M are chosen to cover all integration
domain.

If we regard the eigenvalues of H as functions of s1,s, thy are are con-
tinuous in all variables and analytic in s; in a neighborhood of M, . With
this choice of basis (which depends on k) one has

En(s,s1) = (1+s1)al + Z(k.sp)Q (4.54)

p>2

Moreover on can prove that if 3 > &, 8 > n — 1 the series
fo(y) = D | B + iy, s.) + 177 (4.55)

converges uniformly in s, and that , if 3 > n—1, one has limy_. 4+ f3(y) = 0.
For each m this function admits a continuation E,,(z, s which is analytic in
z € C and continuous in s .

Also the eigenvectors are analytic functions of z in a neighborhood of
the real axis continuous in s, . From the explicit expression one sees that the
function f(s) is not constant for any value of s This estimates prove analyticity
off the real axis for the resolvent of HY. We have proved

Theorem 4.10
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Let V e lg, where 3 < % ifd>3 and =2 if d =2, the operator —A+V
has absolutely continuous spectrum.
¢
It is now useful to introduce for any ¢ € S the Bloch-Floquet-Zak trans-
formation

(Ue)(k,x) = > e " hg(z +), @keR! (4.56)
~yel’

If ¢(x) € L*(R?) the series (56) converges L?(B, L>(W)). The choice of
the exponential factor in (56) is convenient because it gives rise to simple
properties under lattice translations. One has indeed

Ug)(k,x+7) = (Up)(k,v)  (Up)(k+*,) =e 7 (Ug)(k,x) (4.57)

Definition 4.4

The function U¢ which is associated uniquely through (56) to the state

described by ¢(x) is called Bloch function associated to ¢.
¢

For each k € R, (U¢)(k,.) is I'- periodic and therefore it can be regarded
as L? function over 7% = R?/I" (the d-dimensional torus).

Remark that 7% can be realized as Bloch cell or as Brillouin zone, with
opposite sides identified through the action of I'*. The vector k € R? takes the
name of quasi-momentum (notice the analogy with with Fourier transform).

The function (U¢)(k,x) can be written as

(U9)(k, ) = e vy (z) (4.58)

where vy, is periodic in z for each value of k. Moreover if ¢ (z) = ¢(z+7), v €
I then '
(Upy)(k,z) = e "7 (Ug)(k, ) (4.59)

For periodic potentials the Bloch functions the Bloch-Floquet transform
have a role similar to that of plane waves and Fourier transform for potentials
vanishing at infinity, and one has analogues of the classical Plancherel and
Paley-Wiener theorems.

Let L2 be the space of locally L?(R?) that decay at infinity sufficiently
fast

¢ € L2 = supyere™|d|r2on4q) < 00 (4.60)

We will say that a function v has exponential decay of type a if 1) € L2.

If H is a Hilbert space and £2 C C% we will use the notation A(£2,H) for
the space of H-valued functions which are analytic in 2 (for the topology of
uniform convergence on compacts). One has the following results

Theorem 4.11 [1]
1) If » € L*(RY) the series (56) converges in L*(T*, L*(B)) and the following
identity holds (analog of Plancherel identity) )
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» 1 1

i) = i [, 0@ romk = s | 100zl somy:
(4.61)

where dk is Lebesgue measure on B and dz is Haar measure on T*.

2) For each 0 < a < 0o the map ¢ — U is a topological isomorphism between

L2(RY) and A(4, L*(W), where §2, is the strip z € C |Imz| < a. This is

the analogue of Paley-Wiener theorem.

3) The following inversion formula holds

1

P(x) = W

| wormn (4.62)

¢
If H=—-A+V(z),V periodic, the Bloch-Floquet transform reduces H

with respect to T*.

Denote by H (k) the reduction of the operator H to the function with fixed
quasi-momentum k € T™* (a self-adjoint operator with compact resolvent if
V € L*™) and denote by Ai(k) < Ao(k) < .... its eigenvalues in increasing
order one proves without difficulties
a) The functions Ay are continuous , I'™*-periodic and piece-wise analytic.

b) The spectrum of H is o(H) = U,,I,, where I, is the collection of the
Am (k).

A detailed description of the band functions A, and of the corresponding
Bloch waves ¥, (k,x) (solutions of Hiy, = Apthm,) can be found in [3]

We have noticed that the Bloch waves for V' periodic, are the analog of
the generalized eigenfunctions for potentials that decrease at infinity. If V' =0
the latter are plane waves and the dual basis (Fourier transformed) are Dirac
measures.

We will be mainly concerned with the case of the hamiltonian H = —A +
Vr(z) with Vi real and periodic of period I’

One has [H,T,] = 0 where T is the unitary operator implementing trans-
lations by vectors in the Bravais lattice.

Tyg(x) = p(z —7) (4.63)

The same analysis can be applied to the periodic Pauli hamiltonian

Hpouts = (<iVe + Ap(e).0)?0(a) + Vr(@)o(2)]  (464)

where Ar R? — R3 is I'—periodic and 0 = {01, 09,03 are the Pauli matrices.
We shall consider here only the Schrodinger equation.
The lattice translation form an abelian group and therefore

T,¢(z) =e* keT, keT;=RYT" (4.65)
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where I'" is the dual lattice of I The quantum numbers k € T; are called
Bloch momenta and the quotient R%/I™* is the Brillouin zone ( or Brillouin
torus).

Notice that the Bloch functions are written as

ok, z) = e u(k, ) (4.66)

where for each k the function u(k.z) is periodic in z and therefore an element
of the Hilbert space L?(T9).

Later we shall study the topological properties of the states (or rather
of the wave functions representing the states). For this it is convenient to
consider periodic functions, so that the topological properties (or rather ho-
mological properties) can be seen as obstructions to the continuation as a
smooth function in the interior of a periodic cell a function that is periodic
and smooth at the boundary.

We shall see that the phase of the function can be changed smoothly except
in a point (e.g.the center of the cell) . In dimension 2 the possible singularity
is a vorticity and in cohomology it correspond to a non trivial element of the
first Chern class.

We suppress the phase in (66) making use of the Bloch-Floquet-Zak trans-
formation defined for continuous functions by

1 2 ik
Uprzy(k,x) = 1B Z e FEY(x — g) (4.67)
Ner

B denotes the fundamental cell for I'* i.e.

d
k=Y kib; -
j=1

Notice that this implies that ¢ = Uppzv is I' periodic in y and I'*-
pseudoperiodic in k i.e.p(k + A\, x) = e"*¢(k,x). As a consequence of the
definition one has

B (4.68)

N =

Skj<

DN =

UsrzTyUgpy, /B dk(e™ I Uprpzf-Ugp, = /B dkf-(y) (4.69)

oA 0
UBFZ*Z%UB;*Z:/ dk((—=— + k;) (4.70)
B

j Dy,

4.8 Wannier functions

Analogous considerations lead for periodic potentials to the definition of Wan-
nier functions [1][2][3][4] ]
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Remark that, although Bloch waves are an important instrument in the
analysis of some electronic properties of a crystal, in particular conduction,
they are not a convenient tool for the analysis of other properties, especially
those that refer to chemical bonds and other local correlations [2][3][4][5],] -

For comparison, recall that in the case of potentials vanishing at infinity
in order to study scattering it is convenient to make use of the momentum
representation ( generalized plane waves) while to study local properties it is
convenient to use position coordinates, i.e. measures localized in a point. In a
similar way, to study local properties in a crystal it is convenient to make use
of a complete set of functions which are localized as much as possible. These
are the Wannier functions.

For example in the modern theory of polarization a fundamental role is
played by the modification under the action of an external electric field of
those Wannier functions which are localized at the surface of a crystal.

Since, as we shall see, the Wannier functions can be expressed as weighted
integrals over k of Bloch functions ¢,,(k, x), the possibility to be localized in
a region of the size of a Wigner-Satz cell depends both on the weight and on
the regularity in k of the Bloch functions.

Let ¢ (k, ) € L2(T*, L*(W)) be a Bloch function relative to the function
Am (k). Notice that, even when the eigenvalue A, (k) is simple the function
om (k, ) is defined for each value of x only modulo a phase factor that may
depend on k. This freedom of choice (of gauge) will be useful in determining
properties of the Wannier functions.

Definition 4.5
We say that the Wannier function w,, () is associated to the wave function
¢m(k, z) if the following relation holds

— 1 d

¢
(From the definition it follows that the Bloch function ¢,,(k,z) is the
Bloch-Floquet transform of w,,

Om(k, ) = 3, wn(@+7)e”H (4.72)
yerl’
Conversely
(e +9) = i /B £ (k, 2)dk (4.73)

It is easy to verify that the Wannier functions belong to L?(R?), that

2 _ 1 T 2 T
| fen(@Pde = s [ 16,0k (4.74)
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and that the Wannier functions w,,(z) and w,,(z + 7) are orthogonal iff the
functions ¢,,(k,z) are chosen so that their L?(W) norm does not depend on
k.

The most relevant property of the Wannier functions is their localizability
[1][5]. From Theorem 4.10 one sees that the dependence on k of ¢, (k,x)
determines the local properties of the corresponding Wannier function. In
particular
a) If 3 p [wm|z2(w)+) < 00 then ¢, (k, ) is a continuous function on 7™
with values in L2(W).

b) |Wm|L2(n44) decays when v — co more rapidly that any power of |[y|~! iff
bm(k,.) is C* as a function on T* with values in L2(W).

¢) |Wim|r2(w+~) decays exponentially iff ¢, (k,.) is analytic as a function on
T* with values in L2(W).

When two bands cross the eigenvalue A, (k) becomes degenerate for some
value of k and the corresponding eigenfunctions are not in general continuous
at the crossing [1][4][5] . In this case it more convenient to try to consider Wan-
nier functions that are associated to a band i.e. to a set of Bloch eigenvalues
that are isolated as a set from the rest of the spectrum.

A Wannier system {wq,...w,} associated to a band is by definition a
family of orthonormal functions which have the property that their translates
by the generators of the Wigner-Seitz cells are mutually orthogonal

(wiwvwi/,v’) = 6i,i’5'y,'y’ (475)

and the projection P, onto the band can be written as

m

P, = Z Z |wm >< Wi,y

i=1~yel’

(4.76)

Here m is the number of elements in the band.

A relevant question if m > 2 (the band contains m eigenvalues which
cannot be disentangled) is whether one can always find a Wannier system
which is composed of sharply localized functions, in particularly exponentially
localized.

For d = 1 it is always possible to choose analytic Bloch functions and
therefore exponentially decreasing Wannier functions [2]. For d > 2 and still
m = 1 existence of exponentially localized Wannier functions was proved by
Nenciu [ 7] (see also for an independent constructive proof [5]) under the
assumption of time-reversal symmetry.

This assumption allow the construction of regular Bloch functions by join-
ing smoothly a function constructed in the first half of the cell with the time-
reversed (conjugated and reversed with respect to the middle point) defined
on the second half of the cell.

A simplifying feature (also in the case m ;1) [9] is provided by the fact that
the existence of continuous Bloch functions implies the existence of analytic
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Bloch function (this is sometimes referred to as the Oka principle. Therefore
exponential decay follows from a variant of the Paley-Wiener theorem.

For m > 2 Thouless [10] proved that there are topological obstructions to
the existence of exponentially localized Wannier functions. It is not possible
to choose exponentially localized Wannier functions if the first Chern class ¢;
of the bundle given by the Bloch fibration does not vanish.

4.9 Chern class

We recall briefly few elements of the theory of the Chern classes [8], for a brief
introduction see [9].
Recall that a representative for the Chern classes of a hermitian bundle
V of rank m over a smooth manifold M are the characteristic polynomials of
the curvature form (2 of V which are defined as the coefficients in the formal
series expansion as power series in ¢ of
itf2

1
— k —
det(I — Zﬁ) = Ek (V)7 N=dw+ 3w A w (4.77)

where w is the connection one-form of M.

By construction this construction is invariant under addition of an exact
differential form, i.e. the Chern classes are cohomology classes. This implies
that that the Chern classes do not depend on the choice of a connection on
M.

If the bundle is trivial (diffeomorphic to M x V) then ¢; = 0 Vk > 0 but
the converse is not true in general. An important special case occurs when V
is a vector bundle (n = 1). In this case the only non trivial Chern class is ¢;.
Since the existence of exponentially localized Wannier functions is equivalent
to triviality of the Bloch bundle, the condition ¢; = 0 is necessary but in
general not sufficient for their existence.

Time reversal invariance implies triviality [2][4][7]. This provides [5] triv-
iality of the Bloch bundle in absence of magnetic fields for any m € N and
d < 3 (d is the dimension of space on which the lattice is defined). This cov-
ers the physical situation (d = 3 ) but not when a periodic external field is
present. In this case there is an additional parameter so one led to study Bloch
waves in four dimensions.

The limitation in the dimension comes from the classification theory of
vector bundles [6]; since for 2j > d one has ¢; = 0. The presence of a magnetic
field alters the topology of the Bloch bundle and makes it non trivial in general.
A very weak magnetic field does not change the triviality [7]: since ¢, are
integers, a small modification cannot change this numerical value. The results
for strong magnetic fields are scarse.

To prove triviality one must find an analytic (or sufficiently differentiable)
fibration of complex dimension one on R by solutions of (H (k) — A, (k))u =
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0 in L2(W). If such section exists, the fiber bundle is trivial (isomorphic to
the topological product T* @ W).

If the eigenvalue A, (k) remains isolated and simple for every k then regular
perturbation theory permits a local extension to a small neighborhood of T
in C? as an analytic function. Topological obstructions may occur to prevent
to obtain an analytic fiber bundle Ag%,

A% = U ker (Hy — \j(k), z=e™ |Imk|<al3.45 (4.78)

The following proposition shows if these obstructions occur, they are
present already at a differential level.

Proposition 13.12 [5]

By a theorem of H.Grauert [6] the fiber bundle A,, on T* is topologically
trivial iff it is trivial as analytically trivial (the transition functions can be
chosen to be analytic).

¢

The possible topological obstructions appear therefore at the continuous
level. We have seen that this implies the existence of Wannier functions that
are localized exponentially well on Wigner cells and these may be used to
describe local properties of the crystal.

Topological obstructions are frequent in analytic and differential geometry.
For example one cannot have an oriented segment on a Moebius strip or a
vector field without zeroes on a three-dimensional sphere.

In the case of the Bloch functions there is no topological obstruction to
the existence of exponentially localized Wannier functions in the case the
eigenvalue A, (k) remains simple and does not intersect other eigenvalues as
k varies.

One has indeed [7]

Theorem 13.13 (Nenciu)
Let A\ (k) be an analytic family of simple eigenvalues of H(k) that does not
intersect (as a family) other eigenvalues H (k).

Therefore for small values of Im k the fiber bundle Af is analytically
trivial. There exists therefore a complete orthonormal system of mormalized
Wannier functions wy, (x)which decay exponentially and such that for all v €
I the functions Wy, = Wy (x — ) and wy,(z) are mutually orthogonal.

¢

The theorem, with the same proof, holds for more general self-adjoint
strictly elliptic operators with real periodic coefficients (this excludes, e.g. the
presence of a magnetic field.

Remark that, if the coefficients are real, if ¢)(k,z) is an eigenfunction
H to the (real) eigenvalue \ with quasi-momentum & then ¢y (k,z) is an
eigenfunction of H to the same eigenvalue and with quasi-momentum —Fk
(this corresponds to invariance under time-reversal).
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Consider next the case m > 1, i.e. there is a collection S of m bands that
is separated from the rest of the spectrum but there exists no separated sub-
band . The entire Hilbert space decomposes in the direct sum Hg @Hfg‘ where
Hs is the union of the subspaces that correspond to bands in S.

A function ¥ € Hg corresponds, under the Bloch-Floquet transformation,
to a family of functions, parametrized by k € B, which for each value of k
belong to the spectral subspace Hs ;. of the Floquet operator corresponding
S. Correspondingly we define generalized Wannier function a function in R?
which can be represented as

1
w(z) = ool (T o o(k, x)dk (4.79)
where ¢(k,.) € HE.

The extension of the theorem of Nenciu to the case m > 1 presents new
difficulties. It seems natural to consider instead of the Bloch functions (or
their orthogonal projectors) the projection operators Ps(k) on the subspace
associate to the collection S

P(k) = - /C (I — Hy) e (4.80)

~ 2mi
where for each value of k ,C} is a close path that encircles the eigenvalues
which belong to S. In equation (80) we can now extend k to a small complex
neighborhood in C?. As in the case of separated bands, we can now construct
the fiber bundle (of dimension m) on a small complex neighborhood 2, of R¢

Ag = UzeQaPS(Z) (4.81)

We may ask whether there exists a family of N generalized Wannier func-
tions wj, j = 1,..N, with exponential decay which together with their trans-
lates by I" form a complete orthonormal system in Hg.

Theorem 13.14 [1]
Let the band be composed of N subspaces.

Necessary and sufficient condition for the existence of a family of N gen-
eralized Wannier functions that together with their translates under I' form a
complete orthonormal in Hg is that the fiber bundle Ag be topologically trivial.

¢

It is easy to prove that the condition is sufficient because then it is easy
to prove that triviality implies the existence of a family of m generalized
Wannier functions wy, (z) which, together with their translates, for a complete
orthonormal system and satisfy

Z \wn|Lz(W+7) < 00 (4.82)
yerl

In case the fiber bundle is not trivial, N such Wannier functions cannot
exist. P. Kuchment [1] has shown that if N is the number of bands contained
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in S there exists M > N such and M Wannier functions with exponential
decay which, together with their translates under I" are a complete (but not
orthonormal) system of functions in Hg (their linear span is dense in Kg.

This is due to a theorem of Whitney, according to which it is always
possible to provide an analytic immersion of a manifold of dimension N in
RM irrespectively of its topological degree, provided on chooses M sufficiently
large.
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5

Lecture 5

Connection with the properties of a crystal.
Born-Oppenheimer approximation. Edge states
and role of topology

We return now to the problem of the connection of the theory of Bloch-Floquet
with the properties of a finite, very large crystal. We take up again, form a
slightly different viewpoint , the problem of mathematical formalization of
problems in Solid State Physics.

Consider a model of crystal in the frame of the approximations we have
made in Lecture 4. This model is a one-electron model because we regard the
electrons as non-interacting with each other. In the limit of an infinite crystal
the atomic lattice fills R? and therefore the number of electrons in the system
is infinite.

It is convenient to introduce the density of states and keep into account
that the electrons satisfy the Fermi-Dirac statistics. This has lead to the def-
inition of the Fermi surface.

Let B be the Brillouin zone and for k& € B denote by E,, (k) the eigenvalues
of Hy, in increasing order.

The integrated density of states p is defined by

W(E) = p(—o0, E] = (2v(B)™' Y v({k €K, : En(k) < E}) (5.1)

n

where v is Lebesgue measure. Since limy,_,o. Fyn (k) = 0o uniformly in B one
has p((—o0, E]) < oo and p is absolutely continuous with respect to v. We
shall call density of states the Radon-Nikodym derivative j—g.

In nature the system to be described is a finite-size macroscopic crystal.
Since one is interested in properties that depend little on the specific size, the
role of the boundary is usually considered negligible. We shall see later the
role that can assume the boundary.

As we have seen in the preceding Lecture, if boundary properties are ne-
glected it is convenient to study a model in which the crystal is represented as
an infinite lattice. The mathematical treatment of this approximation requires
control of the limiting process.

Let W be the Wigner-Satz cell and let W,,,, m € Z be the cell of volume

m3v(W) which is obtained by dilating by a factor m the linear dimension
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(we consider a three-dimensional solid). Let H,, be the operator —Ap +V in
L?(W,,) and let P, be the spectral family of H,,. Define

pon(—00, B]) = 93 Em (00, F] (5.2)
m

The factor 2 keeps track of the fact that the electron has spin é but the

hamiltonian has no spin-orbit coupling term, therefore all level are doubly

degenerate.

The following theorem relates in special cases the density of states relative
to the Hamiltonians Hj, with a density of states for the infinite system. Notice
the strong similarity with the procedures used in defining the thermodynamic
limit
Theorem 5.1

¢

Outline of the proof

The main point consists in proving that each function on W,, with peri-
odic boundary condition when restricted to the elementary cells contained in
W, defines m? functions on the single cells with boundary conditions that
prescribe a phase difference multiple of el

Ifr= Zle tia;, 0 < t; <1 in this decomposition of the Hilbert space
the hamiltonian H,, takes the form

m—1
Hpy = Z H%a1+%a2+%a3 (53)
B1,82,63=0 ’

where we denoted by H(k) the fibers of the operator H that we have con-
structed in the finite volume case. Therefore

pm(—00, E] = %No{n : 3, €{0,1,.m—-1} : E, = Z@’Taj) < FE}
J

5.4)
Since the function E(k) is continuous this expression converges to p(oo, E|
when m — oo.
Q
In this macroscopic formulation when the crystal is in equilibrium a zero
temperature the Fermi level E(F) is the maximum value of the energy level
E(k) such that if E > E(F) then p(E) = 0.
Correspondingly the Fermi surface is the collection of k£ in the Brillouin
zone such that E(k) = E(F).
In this description a crystal is regarded as an insulating material if the
Fermi level is placed in between two occupied bands and is interpreted as a
conducting material if the Fermi level lies inside a band (called conducting

band).
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This interpretation fits the experimental data, but at present there are
suggestions (3) that its microscopic justification resides in the structure of
the eigenfunctions at the Fermi level and of their deformation in presence of
an external electric field (this deformation can be calculated to lowest order
in perturbation theory).

The corresponding structure has been studied in some detail by W.Kohn
[1 ]. More recent models and interpretations are discussed e.g. in [2] [3] [4].
The latter Authors attribute electric polarization and electric conduction to
the different structure of the ground state eigenfunctions for the insulating
and the conducting phases.

In the insulating case more states are available for the decomposition in
Bloch waves, and this gives the polarization. The deformation produced by
the electric field is in this case localized in a neighborhood of the boundary
while in the conducting case it is extended to the bulk of the material. In
the conducting case the modification gives rise to the flow of the electrical
current.

Analytically this is due to the fact that the localization tensor ( the mean
value in the ground state of the operator zpx},) diverges in the infinite volume
limit in the conducting case while it is bounded in the insulating case.

A similar analysis, based on the different structure of Wannier functions
can be done for electric polarizability and attempts have been made to study of
orbital magnetization in the insulating case (see e.g. [7]). This very interesting
analysis has not been developed yet from a mathematical point of view.

5.1 Crystal in a magnetic field

Consider now the case in which the crystal is placed in an external magnetic
field. Consider first the case in which the magnetic field M is constant. Under
the assumption that the interaction among electrons be negligible, the motion
of an electron in a crystal lattice I' € R? is given by the Hamiltonian, in units
h=2m=5=1

Hy=(—iVyo+Mxz)>+V(z) zeR (5.5)

where V(x) is a real v-periodic potential. We shall always assume that V' be
regular (e.g. of class C'°).

Denote by e1, e eg the generating base of the lattice I' and by {e}} the
dual basis (which generates the Brillouin cell (2). Therefore (e;,e}) = 27 ;.
The operator Hy is self-adjoint and commutes with the magnetic translations
T, defined by

(Ty)(x) = "M f(z — ) (5.6)

We shall assume for each choice of ¢, j (M.e; A e;) € 4w Z (the magnetic
flux across every face of the lattice is a multiple of the identity). Under this
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assumption G = {T,, ~ € I'} is an abelian group and we can reduce Hy over
the characters of G setting

Dy={pec H(R®), Typ=e""®V ~el keg? (5.7)

We can now use the decomposition of L?(R?) as direct integral over G*.
It is easy to see that the operator Hy(k) in this decomposition is self-adjoint
and has compact resolvent.

Denote E1(k) < E2(k) < .. its eigenvalues. The spectrum of Hy is therefore

Ukeg= Up=1 Em(k) (5.8)
Remark that for every m one has
v e G — En(k+") = En(k) (5.9)

It follows from regular perturbation theory that FE,, (k) is a continuous
function of k which can be continued to a function analytic in a neighborhood
of those k for which

Em_1(k) < Em(k) < Epia(k) (5.10)

The domain spanned by E,,(k) when k € G* is the m?" magnetic band. In
what follows it will be convenient to consider on each fiber instead of Hy (k)
the operator

Hi(k) = e ™ Hy(k) e = (—iV, + M Az + k)? (5.11)
(M is the constant magnetic field) with domain
D={p€ H.(R), T, 6=0, veTl} (5.12)

We shall regard D as a subspace of L?(R3).

5.2 Slowly varying electric field

Consider now the case in which to the crystal in the field B is applied also an
electric field W varying slowly in space. The hamiltonian H, of the system is

H = (—iV+puxz+Alezx)? +V(z)+W(ez) (5.13)

where W, Ay, Ay Az are smooth functions. The standard method to treat
slowly varying fields is to introduce a new independent variable y. At the end
we shall put y = € x. Accordingly, introduce a new Hamitonian

H.(z,y) = (=iVy + M Az + A(y)? + V(x) — eV, + W(y) (5.14)
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To a function ¢(z, y) on R? x R? we associate the function w(z) = ¢(x, ex).
We shall use the adiabatic method based on the following identity

(He) ¢l ex) = (How)(x) (5.15)

This identity permits to solve the Schroedinger equation for H, uniformly in
€ by solving the equation for H, uniformly in y, .

We shall make the following assumptions:
i) For each value of k The magnetic band we consider is is isolated and remains
isolated after application of the electric field.
ii) For each v* € I'* one has

Pk +77) =0 g(x, k) (5.16)

iii) The flux of the magnetic field M across any of the faces of the elementary
cell is an integer multiple of 4.

These hypotheses have the following consequences
- Under hypothesis i) we can choose the eigenfunctions ¢,,(z, k) associate to
the eigenvalue E,, (k) to be an analytic functions of k with values in D.
- Under hypothesis ii) the fiber bundle of complex dimension 1 on R3/I" given
by the Bloch function ¢(x, k) is trivial.

Remark that in general
o, k4 %) = D FTFOT R (1 k) (5.17)

where 6(v*, k) is a real valued function given by the structure of the fiber
bundle. Since the gauge group is abelian

O(k, Y mie;) =Y mib(k,e}) = c3 (5.18)

where the constant ¢y represents the second Chern class of the fiber bundle.

As we have seen in the discussion of the magnetic Weyl algebra in the first
Volume of these Lecture Notes, the presence of the magnetic field is equivalent
to a modification of the symplectic two-form. The appearance of ¢y in (18) is
therefore natural.

The role of assumption iii) is to set ca = 0 (the bundle is trivial). If this
term does not vanish the gradient with respect to k of the function ¢(z, k) is
not uniformly bounded in the elementary cell and the regularity assumptions
we make in the multi- scale method are not satisfied.

We remark that condition iii) can be replaced by
iv) The magnetic flux across any face of the elementary cell is a rational
multiple of 4.

To see this, recall that the analysis we do refer to the limit in which the
system covers the entire lattice, we can consider an elementary cell which is a
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multiple of the Wigner-Satz cell by an arbitrary factor N. If assumption iv)
is satisfied, we can choose N in such a way that the magnetic flux across the
faces of the new cell satisfies iii).

Under assumptions ), 7)), ¢4i) the multi-scale method can be used to pro-
vide an expansion of the hamiltonian in an asymptotic series in e.

Theorem 5.2

For each positive integer N there exist operators Py : L*(R®) — L?>(W x R®)
that are approzimately isometric (i.e. PX; Py = I + O(e¥ 1)) and can be
written as Py = Fy + €Fy + ... + €Y Fx where F,, is bounded for every n., and
exists an effective Hamiltonian

HYp=ho+ehi+€hg+ ..+ hy (5.19)
such that, for each u, € S(R3); x € 2
H(Py(x,y,eDy, e)uy — Py(x,y,eDye) HYY 1 (y, Dy)us(y) = O(V ) (5.20)

Moreover if we set Il = Py Py, the operator Iln is an approzimate projec-
tion I}, = Hy, I3 = Iy + O(eNTY) and for ¢ € S,

IxH.p= HIng+ O(eNH) (5.21)

¢
Remark that the effective Hamiltonian does not depend on z € W (though

the operators Py depend on x). The wave function of the electron is ¢(z) =
ug(€ex). To order zero

ho = Ep(k + A(y)) + W(y) (5.22)

Equation (22) is called Peierls substitution. The term E,,(k+ A(y)) which
substitutes the kinetic energy is a pseudo-differental operator (it is not the
Fourier transform of a polynomial).

Outline of the proof of Theorem 6.1

Define as before

H.(k) = e " H ™) = (iV, —ieV, + M x z + A(y) + k)> + V(z) + W(y)
(5.23)
and remark that

- 1
HePN(xaya GDy, e)u = (Tﬂ_e

)3 / e L (k) Py (2, by )u(z)dk (5.24)
Expanding in powers of € one obtains
H.(k) = Ho(k)FeH, (k) + 2 Ha(k) + ... (5.25)

Ho(k) = Ho(k +A(y) + W(y)  Ha(k) = -4, (5.26)
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Hy(k) = —2i[~iV, + M Az + k + A(y)].0, — i9,.A(y) (5.27)

The proof of (21) and (22) is now completed by iteration and this procedure
provides also the explicit determination of the symbols Fy, F7i,... and of the
Hamiltonians hg, hi ... In this process one uses the Fredholm alternative; the
arbitrary term in this process is chosen so as to satisfy (22).

We only give explicitly the first step. Set

hO(ya k) = Em(k + A(y)) + W(y)a FO(aj? Y, k) = ¢(x’ k+ A(y)) (528)

Keeping into account the terms up to first order in € we have

(Ho(k) — ho)F1 = —i%-% — (Hi(k) = 1) Fo (5.29)
For the Fredholm alternative, to obtain solutions a necessary condition
is that the right hand term of equation (27) be orthogonal to the kernel of
Hy(k) — ho.
This leads to a unique choice for hi(y, k) and gives Fi(z,y, k) modulo
addition of an element of the kernel. The result is

.0Fy Ohy

hi(y, k) = (FO(.,y,k),zWW(y,k;)) + Hy(k)Fo(.,y, k) (5.30)
Fi(z,y,k) = (ﬁo(k)—ho)_l[—i%%-ﬁ-tho—ﬁl(k)FoHal (y,k)Fo (5.31)

where aq (y, k) is an arbitrary function.
This function is then fixed by the requirement ITy IT3 = I + O(eV*1).
Here we give only the expression for hq

k) = £ 2P EAW,  f G a)—i < o k4 Aly), O kHAG) >

T 20y ok
N (5.32)
where Ei(k) =< Fy(.,y, k), Hi (k) Fo(.,y, k) >
L=Im[< M(y,k)gf,i, 57,1 >< M(M)?—i, g—]i >< M(y, k)%, STZ >
(5.33)
M(y, k) = Ho(k)—ho(y, k)  é(z, k+A(y)) = 9¢(z, l;y+ Aly) %asb(x, 1;]: Ay) ;
(5.34)
y = AEm)(k +af;(y)) W) g OEm(k gl;y) nLAC)) RN

The term @ < ¢(., k+ A(y), &(., k+ A(y) > is precisely the term that gives
rise to the geometrical Berry phase, which we have briefly treated in the first
Volume of these Lecture Notes.

Q
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5.3 Heisenberg representation

It is interesting this result in the Heisenberg representation. For an observable
B(y, e D,) the evolution is given by

dB
je— = [Herp, B 5.36
ie—— = [Heys, Bl (5.36)
(the coefficient € originates in the difference in time scale typical of the adia-
batic approximation). The symbol b(y, §) of the operator B in its dependence
on time follows the trajectories of the classical system

o OHepy
- 5,

: o aHeff
&= 3y (5.37)
with y € R?, ¢ € (2. Remark that one can still modify the operators ITy
with the addition of terms with norm O(eN*+!) in such a way as to obtain
a projection operator 7wy (since the operators are bounded the formal series
converges for € small enough).

In the same way the formal series that defines Hy can be modifies so that
for each value of k the group generated by H e]\} ¢ leaves IIy invariant; the
corresponding subspace is therefore an invariant subspace.

As always in the theory of regular perturbations the projection operator is
modified to first order but the energy is only modified to order two. Therefore
h1 has the form given in equation (32).

A detailed analysis of perturbation theory by small periodic electric and
magnetic fields can be found in Nenciu [8]. The adiabatic method can also be
used in case the small external electromagnetic varies slowly in time, e.g. is
time-periodic with a very long period.

5.4 Pseudifferential point of view

For a presentation of the adiabatic and multi-scale methods, with particular
reference to the Schroedinger equation in periodic potentials and in presence
of weak external electromagnetic fields, also in the case of slow variation both
in space and in time, a very useful reference is the book by S.Teufel [9].

The latter Author stresses the advantage of approaching adiabatic per-
turbation theory through the Weyl formalism. This procedure is useful in the
study of the dynamics of the atoms in crystals but also in the study of a sys-
tem composed of IV nuclei of mass my with charge Z and of VZ electrons of
mass me. In the latter case one chooses the ratio e = :%”N as small parameter
in a multi-scale approach.

Recall that to order zero in € the nuclei are regarded as fixed centers of
force which determine the dynamics of the electrons. This (very fast) dynamics
gives rise to a mean potential of strength proportional to € which acts on the
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nuclei. One then studies to first order in € the dynamics of the nuclei in this
mean field ( Born-Oppenheimer approximation).

A multiscale approach can be used to study the motion of the electrons
in the crystal acted upon by an electromagnetic field which varies slowly in
space and time as compared to the linear size of the crystal cell (of order &)
and to the momentum of the electrons in units of & ; the parameter € has the
role of Planck’s constant in the semiclassical limit.

If one neglects the interaction between electrons, the Hilbert space of the
system decomposes as tensor product of a Hilbert space for the slow degrees
of freedom and one for the fast (external) degrees of freedom.

H=L*R*) ®Hpast (5.38)

When the electron in a crystal are subject to an external electromagnetic
field one can use the magnetic Weyl algebra (Volume I); in this case and the
parameter € characterizes the speed of variation of the external field. In this
approach the hamiltonian Op™(H (z,€)) generating the time evolution of the
states is given by the Weyl quantization of a semiclassical symbol i.e.

Op"H(z€) ~ > Op“H,(z), z€C? (5.39)
k=0

with values in self-adjoint operators on H . The principal symbol Op™ (Hy(z)
describes the decoupled dynamics and therefore contains information on the
structure of the energy band.

For this system it is generally assumed that in the spectrum there is an
isolated band that remains isolated for small values of €. The Hamiltonian in
this smaller space takes a simpler form under a suitable change of variables
that can be chosen in such a way that the resulting error can be made of order
eV for any N.

A crucial point in this procedure is to be able to express the projection
operator into a band, or a collection of bands, as a pseudo-differential opera-
tor. Expressing the projection as a power series in the parameter ¢ by Weyl
quantization one obtains a bounded operator that is a quasi-projection i.e. it
satisfies

Op®(n?) = Op®(m)+0(e>), Op“(z*) = Op“(x), [Op“(H),Op"(m)] =0(e™)

where the O(€)™ terms are pseudo-differential operators of suitable class [9].
Notice that the estimate is generally not true in operator norm. Using the
definition of the projection on bands as a Riemann integral of the resolvent
on a well chosen path in the complex plane it possible then to construct a
true projection operator II that can be expressed as a sequence of pseudo-
differential operators wit an error 0(e>).

One can further simplify the problem by mapping the Hilbert space of
the band into a reference Hilbert space. The resulting hamiltonian Op™ (H.)
admits an expansion in powers of € and to any order
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Op“(H,) = ZOp“’(Hn)e" (5.40)

and each Op™(H,,) is a pseudofferential operator. The principal symbol is the
band eigenvalue E(q, p). This gives the transcription of Peierls substitution in
the Weyl formalism.

The next orders, in particular H; carry relevant information about the
polarizability and the conductivity of the crystal. We remark that although
the formulation of the Hamiltonin as pseudo-differential operator is optional,
it simplifies the analysis of the operators H,,.

The operators H,, are essentially self-adjoint on a natural domain but in
general unbounded. In order to give the estimates described above it is some-
times convenient to consider them as bounded operators between different
Hilbert spaces (for example d%% is bounded if regarded as an application from
H?(R) to L?(R)).

We do not enter here in the details on how this generalization can be
constructed. The difficult point is related mainly to the need, when solving by
iteration the corresponding dynamics, to have a control the domains uniformly
in the parameter €. For example one makes use of a result analogous to the
Theorem of Calderon-Vaillantcourt. If there exists a constant b, < oo such
that

a € C*H(R* B(K)) supgllag|| = ba (5.41)

then Op®(a) € B(H) with the bound

10p" (a3 < basupja|+|/<2n+15UPgpern |05 05a)(q,p)|lsuc) = ballall cznis
(5.42)

In the case of strong magnetic field it is convenient to make use of the mag-
netic Weyl calculus which we have briefly described in Volume I of the Lecture
Notes. This calculus is particularly useful if the magnetic field is constant plus
a small perturbation so that the Landau gauge is a good approximation.

Denote by Op™>M the pseudo-differential operators associated to the mag-
netic Weyl system. They are defined using the unitary group associated to the
canonical variables in the minimal coupling formalism for the vector potential
A (for this reason they are particularly useful when the magnetic field is large
and is approximatively constant). One has

Op™A(F) / AAOpU(F), Az, z) = g (5.43)

where [z, 2] is the oriented segment for = to z in configuration space.

For the magnetic pseudo-differential operators one has the same results as
for for the usual pseudo-differential operators; in particular a magnetic version
of the Calderon-Vaillantcourt theorem holds and conditions to be bounded or
in a specific Schatten class can be found. We don’t develop here this very
interesting line of research.
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5.5 Topology induced by a magnetic field

We shall give now a brief account of the way topology enters the description
of the states of an electron in a periodic two-dimensional potential V' defined
in a plane IT in presence of a uniform magnetic field B perpendicular to I1.
The stationary Schroedinger equation is

Hp = (2i(p—eA)2 +U(z))¢p = E¢ p= ,lv (5.44)
m h
where A is a vector potential such that rotA = B.
Consider for simplicity the case in which the two-dimenional lattice defined
by the potential V is generated by two vectors a, b € R? ( Bravais lattice A)
and consider a Bravais lattice vector A = na + mb, n,m € Z. Define a
magnetic translation operator [8].

T\(B) = Tye izn\B)e 4 e B2 (5.45)

where T) is the operator of translation by the Bravais lattice vector A, i.e.
T)\ — eﬁ,\.v.

Using the symmetric gauge ( A = B Az ) one has Ty H = HT); therefore
one can simultaneously diagonalize H and the operator of translation along
any Bravais vector. One has

T, = e*™PT, Ty (5.46)

where ¢ = %ab is the magnetic flux across the unit cell.

When @ is rational (say % where p and q are relative prime integers with
p < q) consider a new Bravais lattice A’ with R’ = n(ga) + b (with a new
elementary cell, the magnetic unit cell.

One can now diagonalize simultaneously the magnetic translations T along
the new lattice and the Hamiltonian. It is easy to see that the eigenvalues of
Tqa and of T} are respectively eF:9% and e**2® where k; are quasi-momenta
with range 0 < k; < ?TZ and with eigenfunctions which can be written (in
Bloch form)

¢k1,k2 (.’ﬁ, y) = ei(klz+k2y)ughk2 (‘x’ y) (547)

Here « is a band index and the ug, ;,(z,y) have the property

gy g (@ aay) = R (0y) g, g, (ey +0) = €T, g (2,y)
(5.48)
(the eigenvalues E(kq,ks) vary continuously and the set of values that they
take when ki, ko vary in a magnetic Brillouin zone for a magnetic sub-band).
Since by a gauge transformation A — A+ V¢ one has ¢ — i only the
change of phase of the wave function after a complete contour of the magnetic
unit cell is meaningful. This change of phase in 27p. Writing



134 5 Lecture 5Connection with the properties of a crystal. Born-Oppenheimer approximation. Edge states and role

ufly ey (@) = |uf, g, (2, y) e e 00 (5.49)

one has . » ( )
— = g kaka (T Y) 5.50
P=or / di (5.50)

where the integral is over a clock-wise contour of the unit magnetic cell. The
number p is a topological property of the Bloch wave function

There is another topological property of the wave-functions in the magnetic
(Brillouin) zone. It is related to the Hall conductance, but we shall not treat
this connection here.

We have considered the Bloch wave w1k, (z,y), but the waves are defined
by states only modulo a phase. Therefore it is convenient to consider a prin-
cipal U(1)-bundle over the magnetic zone which has the topology of a torus
T2,

A principal U(1) bundle over T2 is defined by the transition functions
between overlapping patches that are topologically trivial (contractible). The
two dimensional torus can be covered by four such patches, corresponding e.g.
to neighborhoods Wj, j = 1,...4 of the four quadrants in the representation
of the torus as a square (neglecting identifications at the boundary).

In each patch the Bloch functions can be chosen to be continuous (in fact
C*). We assume that the Bloch functions do not vanish in the overlap regions
(this can always be achieved, since the zeroes are isolated points). The prin-
cipal U(1) bundle is trivial (isomorphic to W; x U(1)) in each neighborhood.

Since the W; are contractible, it is possible to choose a phase convention
such that

il (k1 k2) — Uky, ko (7,y) (5.51)
|u7€1,/€2 (CL‘, y)'

is smooth in each W; (except possibly in the zeroes of ug1 k,(z,y)) . But in
general it is not possible to have global continuity for 6; , i.e. a global phase
convention that holds in all W;. We will have a transition function U; ; in the
overlap W; N W;

U',‘7 = ei(ej(kl,k2)79i(k1,k:2) = eiFj,i(k17k2) (552)
The principal bundle in completely characterized by these transition func-

tions. In order to connect with differential forms, recall that one can write the
connection one-form w (which gives the transition functions) as

_ _ . 0
w=4g 1Ag+g 1d9 = A+id{, A= a#(kla kQ)dk# a(klv k2) = (uk17k27 %ukl7k2)
"
(5.53)
with g = e € U(1).
It easy to prove that this choice gives a connection form. Indeed w is
invariant under the gauge transformation

if(k1,k2)

u;ﬁ,kz (.13, y) =e€ Uky ko (.13, y) (554)
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where f(ki,k2) is an arbitrary smooth function. The curvature of this con-
nection is

Oa,,
ok,

By definition ﬁF is the first Chern form and its integral over T2 is called
first Chern number

F=dA=

dk, A dk, (5.55)

i i da

1= — F=— —H dk, A dk 5.56

! 27 T2 27 /T2 8dl€l, v K ( )

This number is always an integer and depends only on the topology of

the principal bundle that we have constructed from the Bloch vectors in each

patch. It represents the obstruction to the construction of Bloch vectors which
are continuous (in fact C*°) over T2.

5.6 Algebraic-geometric formulation

We have so far considered the formulation of the geometrical aspects of phase
in the Quantum Mechanics for Solid State Physics (theory of cristalline bod-
ies) form the point of view of Schreodinger’s Quantum Mechanics. This de-
scription, as remarked before, makes use of the visual features of the wave
function and therefore describes the different phases as geometrical objects.

We have mentioned several times that the wave function (rather its modulo
square) represents a probability density and locally the phase has no physical
reality. We have however seen, when we have considered the Berry phase that
the modification to which is subjected the phase when the systems is periodic
and depends on a cyclic parameter (maybe time) are expressible by means of
observable quantities.

This berryology is at the base of most researches of different phases of mat-
ter (the meaning of phase is not the same as in the case of the wave functions).
From the analytic point of view that we have followed so far these researches
are aimed to analytic (and geometric) properties of the Bloch bundle.

For this purpose they employ methods of classical geometry, mainly con-
nections and curvature, that rely on the visual aspects of the wave function.
The geometric complexity of this visual bundle determine physical proper-
ties of the material considered, e.g. conductivity, polarizability (electric and
magnetic).

This analysis, by its very structure, depends on the regularity of the crystal
and regards the crystal as infinitely extended.

In case some (infinite) edges are present, it relies on the sharpness of the
edges and their periodicity in the transversal direction so the the edge currents
are defined within Bloch theory.

Slight deformations of this structure can be studied, relying on smooth
perturbation theory, but major perturbations are outside the scope of this
theory.
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Since there are two formulations of Quantum Mechanics, one may wonder
how the algebraic (Heisenberg) formulation is able to attack these problems.
The resulting theory should have the same relation with the topological aspect
of Bloch theory as modular theory has with K.M.S. (Gibb’s) theory.

The algebraic approach to Solid State theory was initiated by J.Bellissard
[10] and it has not been fully developed yet. It covers partially random struc-
ture, e.g. the relevant case of crystal with random defects.

The observables are described by a C* algebra on which there is an action
of a continuous group (or grupoid) taking the place of lattice translations.

The group acts ergodically and therefore there is an invariant regular mea-
sure. Other groups of transformations reflect other symmetries and properties
of the system, such as invariance under space and time reflection, gauge in-
variance if the material is electrically charged or has an intrinsic magnetism.

One can consider also deformations of the algebraic structure (correspond-
ing in case of a Weyl system to deformation of the Weyl structure) and the
corresponding Piezoelectricity (electric effect due to deformation). Currents
are defined relative to the continuous group.

The algebraic-geometrical structure that takes the place of the Chern num-
ber and of other topological quantum numbers (topological indices) is the
non-commutative index [12][13] and Kasparov classes and spectral triples in
algebraic topology [14][15]. As a consequence these systems have symmetries
and invariants, typically Zs invariants, that are protected by these symmetries.

They are protected because one cannot pass from one value to another
without violating the symmetry. In particular, in the models in which the
particles are not interaction among themselves (but only with an external
field) when there is a coupling between the spin and the angular momentum
and the sample is two-dimensional an occupies a half-space, there is a {0,1}
invariant which is interpreted as a current flowing along the edge of the sample
in the up or down direction.

The two points of view, that of Schrodinger with topological invariants
seen through the geometrical properties of the wave function and the alge-
braic (Heisenberg) in which the invariants are seen through the algebraic-
geometrical properties of the representation of the observable, are connected
through the Atiyah-Bott index theorem [16]. We will not expand here on the
algebro-geometrical point of view, and refer to [14] for a clear exposition.

5.7 Determination of a topological index

In the final part of this Lecture we treat concrete examples of determination
of a topological index. For the first we follow [21] using a model hamiltonian
suggested by Kane and Mele defined on a honeycomb lattice.

The substitution of the Scrhrédinger equation with a matrix equation on
a lattice (in the present case a honeycomb lattice) is an instance of a strategy,
frequently used, to substitute a P.D.E. problem with a problem with an O.D.E.
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one ( tight-binding model). The matrix equation is an integrated form of the
Schrodinger equation.

The matrix elements ( hopping terms) should be considered as a result of
two reductions: first the reduction of the system to the border of the cell (it is
the topology of the wave function at the border that determines the properties
of the system) and then substitution of the Schrodinger equation on the border
with is integrated version the hopping matriz elements at each vertex. This is
legitimate since the topological analysis should be model independent.

Our purpose is to relate the Chern number of the system to the Bott-
Singer index of the projection onto the Fermi sea and to the magnetic flux
operator (a non-commutative index according to [13][17].

Consider a tight-binding model of spin % fermions on the two-dimensional
square lattice Z2. We denote by + the spin indices. The wave function ¢
is an element of [?(Z2,4) and the action of the Hamiltonian H is given by
(017 B = :t)

(H)a(n) =) ne Z2® Yy 1yl of (5.57)

pBe+

Introduce an antiunitary time-reversal map @ under which
¢° = Us¢ (5.58)

where Upg is a unitary operator invariant under some finite (may be random)
translation of the lattice. We assume

0% = —¢ (5.59)
Let A be an operator on [2(Z,+) odd under time reversal:
O(Ag) = —A¢® Vo el*(Z,+) (5.60)

Introduce another unitary operator U, for a € (Z?)* where Z* is the dual
lattice

u1 + tug — (a1 + ta
(Uad))n,a:Ua(nM)(n,av Ua((u) = - 2 ( - 2 (561)

a |u1 + tug — (a1 + ia2)|

U is simultaneous rotation of the wave function on lattice and of the dual
lattice and therefore it does not chance the physical structure. We assume
now that the Fermi level Er lies in a spectral gap of the Hamiltonian H and
let Pr be the projection on energies below Ep.

We restrict now transformation U, to Prl?(Z,+). We choose A to be

A= Pp—U,PU? (5.62)

The operator A is the difference of two projections. One can verify that A3 is
of trace class and the relative index is
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Ind(Pp,U,PpU}) = dimKer(A — 1) —dim Ker(A+1) =TrA*  (5.63)

Recall that Ug is invariant under some finite (may be random) translation
in the lattice. The index written above is therefore finite but depends on these
finite translations.

We define the Z5 index for the Hamiltonian H as [19]

Indy(Pp,U — aPrU}) = dimker(Pp — U, PrU; — 1) mod2 (5.64)

Consider a lattice Hamiltonian H which is odd under time reversal sym-
metry.

Lemma 5.3

The Z5 index so defined is robust under any perturbation of H (in partic-
ular under any modification of the choice of the finite translations described
above), provided it has the same odd time-reversal symmetry as the unper-
turbed Hamiltonian.

¢
The proof is a standard supersymmetry argument. Write
B=1-P; —U,PrU; (5.65)
and then
AB+ BA =0, A?+B?=1 (5.66)

Note that the spectrum of A is discrete with finite multiplicity; we prove
that the non-zero eigenvalues come in pairs related by the operator B. Let
Apx = Ao A € (0,1] One has

AB¢y = —BApy = —Apa (5.67)
Moreover
B?gx = (1= A%)¢x = (1 — A9, (5.68)

It follows that B is invertible on the subspace spanned by the eigenvalues in
(0,1) and these eigenvalues come in pairs.

We remark now that the time-reversal transformation @ shares with B
this property. Let A¢ = A, A > 0. From the definition of the operator A one
has

O(Pp — Uy PrU} )¢ = Ao (5.69)

Choose now that the unitary operator Ug to satisfy
UgU,US = U, (5.70)
These relations can be written

(Pr — U PrU,)¢° = \p® (5.71)
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It follows
A(U,9%) = —Ag® (5.72)

Lemma 5.4
Let ¢ be an eigenvector of A with eigenvalue 0 < A < 1. Then

Ua(B$)® = B(Ua¢?) (5.73)

Proof
One has

O(B¢) = (1 — Pr — U!PrU,)¢° = U’ BU,$° (5.74)
Therefore in the localization regime
Ua(B9)® = B(Uad®) (5.75)

We now prove that the eigenvectors ¢ and U, (B¢)® are independent.

Lemma 5.5
Let ¢ be an eigenvector of A with eigenvalue 0 < A\ < 1 Then (¢, U,(B¢)®)

0
Proof
Set 1 = U,(B¢)®.
One has
(O, 00) = (¢, Ua(Bg)® (5.76)
By the previous Lemma, and using 82¢ =—¢
—(UiB¢,0¢) = (¢, Us(Bg)® (5.77)
. From this one derives
(6,Ua(B9)° =0 (5.78)
Q

It is now possible to prove that the Z5 index is invariant under pertur-
bations H of H that are odd under the same time-reversal transformation
under which H is odd. Assume that the range of hopping of OH is finite and
that [[0H|| < oo We assume that the Fermi level lies in the spectral gap of H.
Let H = H + 0H. Let

P = dz (5.79)
Consider the operator
A' = Pp —U,PRrU; (5.80)

We have
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A'— A= (Pp— Ps) —Uy(Pp — Pp)U; (5.81)

and ) ) )
P, — P = — H .82
F ! QWi%dzsz’a z—H (5.82)

The operator is continuous with respect to the norm of 9H By the min-
max principle the non zero eigenvalues of A are continuous with respect to
the norm of the perturbation dH. Notice that the proof we have presented is
valid in the localization regime.

It can be proven that the same is true when the Fermi level lies in the
regime in which invariance of the Hamiltonian under finite (may be random)
translation holds. When one assumes only that the Fermi level lies in the local-
1zation regime the result still holds but one must prove localization separately.
For this, one needs estimates on the resolvent ﬁ ze€(C—R.

5.8 Gauge transformation, relative index and Quantum
pumps

The algebraic analysis of the last part of the lecture has a counterpart in the
theory of quantum pumps, i.e. periodic structures that make one electron per
cycle pass over the Fermi level. One may say the in one cycle an index varies
by one unit.

The problem is again the determination of a relative index of two projec-
tions on infinite dimensional spaces, the projection operators on the Fermi
level of an infinitely extended crystal. We review briefly this issue [20].

Recall again that if P and @) are orthogonal such that Py is compact, then
by definition the relative index is defined as follows

Ind(P,Q) = dim(Ker(P—Q —1)—dim(Q — P —1) (5.83)
It is easy to verify
Ind(P,Q) = —Ind(Q, P) = —Ind(P,,Q.) (5.84)

and that the index is invariant under unitary transformations. Moreover of
(P — Q)**1 is trace class for some integer n then

Ind(P.Q) = Tr(P — Q)*"*! (5.85)
Indeed one verifies without difficulties that if (P — Q)?"*! trace class then
Tr(P — Q)" = TR(P — Q)*™™¥m > 0 (5.86)

and (84) follows by taking m — oo. If there exist a unitary U such that
Q@ = UPU* then
Ind(P,Q) = —Ind(PUP) (5.87)



5.8 Gauge transformation, relative index and Quantum pumps 141
and for any three projection operators P QQ R
Ind(P,Q) = Ind(P, R) + Ind(R, Q) (5.88)

Recall that the unitary U exists always in case P and @ are infinite di-
mensional projections (as in the case if they project onto the states below a
Fermi surface in an infinite-dimensional translation invariant system.

In [20] the unitary that relates the orthogonal projections P and @ is
associated to the (singular) gauge transformation which is obtained by pierc-
ing a two-dimensional quantum system with a flux tube carrying an integral
number of flux quanta ( Bohm-Aharanov effect) .

The unitary U is in this case a unitary multiplication of the wave function
by a phase corresponding to the number of flux quanta carried by the flux
tube.

This is called quantum pump because the change in phase is related to the
number of electrons passing in the tube while the system undergoes on cycle.
We will show that in order to have Ind(P.Q) # 0 time- reversal invariance
must be broken in the process.

To have a simple example, consider in R? the map

@

Ua(2) = —— z€RY/[0,00) Ua(2)=1 z¢€][0,00) (5.89)

2|

In this case the projection P has an integral kernel p(z,y) that satisfies

Ip(z,y) (5.90)

| <
1+ dist(z,y)

This assumption is used in the general case and it is precisely the as-
sumption of this bound restricts in the previous system to the case in which
translation invariance of the Hamiltonian under finite (may be random) trans-
lation holds.

In the remaining part of this analysis we will assume that the following is
true for the trace class operator K: the kernel K (z,y) of K is jointly contin-
uous away form a finite set of point so that K (z,z) € L. is

Under this assumption TrK = K(x,z)dz. One can see that if P — Q is
trace-class, Q = UPU™ in the previous example one has

Ind(P,Q)=Tr(P-Q)=0 (5.91)
Therefore to obtain a non trivial result one must have
dimP = dim@Q = +00 (5.92)

In the Aharanov-Bohm example above, (P — Q)? is trace class, Tr(P —
Q)? € Z and
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u(x) u(y) u(z)

Ind(PUP) = | dedydzp(o. y)pl, Dp(z.2)(1 - 2201 = 220 el

(5.93)

It can also be proved that the index is invariant under translations or

deformations of the provided one keeps the flux constant. Finally we notices

that Ind(PUP) = 0 if P is time reversal invariant. Indeed since the index is

real, Ind(PUP) is real and even under conjugation. On the other hand it is
odd under time-reversal.

To clarify the concept of charge transfer for the pair of projections P, )

in [21] one considers a canonical interpolation (time dependent hamiltonian)

H(t) = (=iV — ¢(t))V(argz) — Ag)* +V  te0,1] (5.94)

where ¢(t) interpolates smoothly between zero and one. Here V(argz) is re-
garded as a vector field in the plane. H(t) has a time-dependent domain and
therefore it is not equivalent to H. In addition to the magnetic field there
is an electric field, hence a charge experiences a Lorentz force and is pushed
radially ( Hall effect).

The force is quantized by the number of units of flux quanta ( quantum
Hall effect) [20].
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Lecture 6
Lie-Trotter Formula, Wiener Process,
Feynmann-Kac formula

We begin recalling the Lie-Trotter formula. Let A and B be N x N matrices.
Lie’s formula for product of exponentials asserts that

ATB = limy,_oe(em e )" (6.1)

e

This formula can be easily verified expanding the exponentials in power
series. A more elegant proof is obtained substituting A with tA and B with tB
and noticing that the identity holds for ¢t = 0 and the derivative with respect
to t of the two sides coincide.

The formula is attributed to S. Lie, who discussed it in the context of Lie
algebras; it had already used in implicit form by Euler in his treatment of the
symmetric top. The formula extends, with the same proof, for A and B closed
and bounded operators in a Hilbert space. We will see presently that it can
be extended without much difficulty to the case when A and B are selfadjoint
and the domain D(A + B) = D(A) N D(B).

Trotter has given an extension to the case in which A, B and the closure
of A+ B all are generators of C° semigroups. Here we consider two cases, in
increasing order of difficulty.

Theorem 6.1
Let A and B be self-adjoint operators on a Hilbert space H and suppose that
A+ B is self-adjoint with dense domain D(A+ B) = D(A) N D(B).
Then uniformly over compact sets,
i
)

e"HA+B) — 5 lim, (e~ R e ) teR (6.2)

Moreover if A and B are bounded below then, uniformly over compact sets in
RT,

—t( %6

s[5

e tAE) — 5 _lim, e " te R (6.3)
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¢

Proof

We give a proof of i); the proof of ii) follows the same lines keeping into
account that for ¢ € Rt the operators e *4, e tB | ¢ tA+B) are bounded
uniformly in ¢.

Since the operators e and e """ are bounded, it suffices to to prove (2)
on a dense set, which we choose to be D(A) N D(B). A simple computation
shows, for any s > 0 and ¢ € H

—itA itB

%(efisAefisB _ I)¢ _ é(efisA _ I)¢ + efisA§<€7isB _ I)¢] (64)

If ¢ € D(A) N D(B) the right hand side converges when s — 0 to —i(A +
B)¢. Moreover

1 )
lims_o—(e"{A+B)s _ [)¢ = —i(A + B)$2 (6.5)
s
Therefore 1
g(efisAefisB _ e*iS(A+B))¢ — 0 (66)

On the other hand one has

[e—iAt/ne—itB/n]n _ e—it(A+B)¢ —

Z '[e—iAt/ne—itB/n]k[e—iAt/ne—itB/n _ e—it(A-l—B)/n]e—it(n—k—1)(A+B)/n¢
k
(6.7)
;From this one derives

|[€7itA/n.67itB/n}nd) o efit(A+B)¢|2 <

|t] maxkzlw(n_l).tn_l|[e_itA/”e_itB/" —e At g ((n—k—1)s/n)|2 (6.8)

where ¢(r) = e~ (4+5) ¢ and we have denoted by |¢|2 the norm of ¢as element
of H.

Each term of the series converges to zero due to (2) and ¢(r) is continuous
in r. For fixed t the set {¢(r) : |r| < |t|} is closed in the closed set D(A+ B).
Since ¢(r) is continuous and the convergence is uniform over compact sets in
t by the Ascoli-Arzeld theorem and

lims o sup|r| < s (e _ o mis(AFB)) 4(p) ], = 0 (6.9)

Q

Remark that since the proof is given by compactness there is no estimate

of the error one makes in truncating the series to order N. In the proof of

theorem 6.1 we have made essential use of the assumption that D(A) N D(B)
is closed (as domain of a self-adjoint operator).
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In general if the operators are unbounded the set D(A) N D(B) is only a
open subset of D(A + B). Therefore {¢(r)||r| < |t|} is in general an open set
and the compactness argument cannot be used.

Still the conclusions of Theorem 6.1 hold also if the operator A + B is
essentially self-adjoint in D(A) N D(B) but the proof becomes less simple.

Theorem 6.2
Let A and B self-adjoint operators. Let A + B be essentially self-adjoint on
D(A)N D(B).
Then
i)

e~ HATE) — 5 _ lim(e_i%e_i%)" teR, (6.10)

uniformly over compact sets in R.
it) If moreover A and B are bounded below

e tA+TE) — g _ lim(e_%e_%)" te Rt (6.11)
uniformly over compact set in RT.
¢
Proof
Also in this case we will prove only i). The proof is completed in several
steps.
Step 1
Let {C1,C5,..C,,} be a sequence of bounded operators with Im C, =
GG <
2i

Let C be a self-adjoint operator such that lim, ...Ch¢ = C¢ if ¢ be-
longs to a domain D which is dense in D(C) in the graph norm. Under these
conditions

5 —liMpy—oo(Cp — 2) 71 = (C — 2)7* (6.12)

for Imz >0

¢

Proof

If Imz > 0 the operator C,, — z has an inverse bounded uniformly in n;
therefore it is sufficient to prove lim,, . (Cp,—2)"1¢ = (C—2)"1¢if pisina
dense subset of H. We shall choose it to be (C'—z)D(C). Setting 1 = (C'—2)¢
one has

(Cn=2)7' = (C = 2) 7' = |(Cn = 2)™H(Co — 2)¢ + (C = C)¥|

=(Cn = 2)7HC = Cp)¥| < (Im2) T (C = Cp)¥| —n—oc 0 (6.13)

Q
Step 2
Under the hypothesis of step 1 one has, uniformly on the compacts in RT
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5 — limy, spe” 10 = ¢71C¢ (6.14)

¢

Proof
Fix 9 € H. The subspace spanned by the action of bounded functions C,,

and by C' on 1 is separable. Hence we can assume that H be separable. One
has

) ) t ) ) )
% [e™" I = (€7, S(Ca—CR)e™ ") == |t] (™", Im(Cn)e™ ") <0

(6.15)

—itCn| < 1 for t > 0. It is then sufficient to prove step 2 when

and therefore |e
¢ € D.

We prove the thesis arguing by contradiction. Suppose that for some ¢ € D
the equality

limy, —ooe Cnp = 70 ¢ (6.16)

does not hold. There 3{n'}, t(n’) > 0 such that |e=#(")Cu ¢ — e=it(n)C | >
0 > 0. This implies 3,y € H, |I,,/| = 1 such that

(1L, e 0w gy — (11, e IC 3 > § (6.17)

Since the unit ball in H is weakly compact there exist a sub-sequence, still
named {n'} which converges to I, |I| < 1 and for n large enough

(L, e g) — (1,67 )| > § (6.18)

On the other hand the sequence {(I,,/, |e"""'¢)} is equibounded in ¢ > 0.
By the Ascoli-Arzeld lemma one can choose a sub-sequence such that

(In, "M %) — F(t) (6.19)

uniformly on the compact sets in R, where F'(¢) is a continuous function of
t. Therefore |F(t(n)) — (I, e~ ™ $)| > § Since the functions are continuous
the relation is true in a neighborhood of ¢(n’).

Consider now the Laplace transform of F'(t). From step 1 and Lebesgue
dominated convergence theorem

/ F(2)e™dt = limp 00 / Ly, e~ i) Crs P)etdz
0 0

= (=)imp o0 (lns, (Crr — 2)71p) = —i(1, (C — 2)¢) Imz>0 (6.20)

Therefore the Laplace transforms of F(t) and of (I,e""*“¢) coincide,
against the assumption made. Q

Step 3

Let T be a contraction operator (|T'| < 1). Then t — 7= is a contrac-
tion semigroup. Moreover
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(e T=D 1™ < n|(T-1)¢|, n>1 VoeH (6.21)

¢

Proof
Since T is bounded the function e!(T=1) is continuous operator. It is a
contraction because

T =) tn%| <e el <1 (6.22)
Moreover ™= — Tm = en $°0¢ 2k (Tk — Tm) Using the inequality
(T7 = D¢l = | Y THT ~ D¢l < jI(T — 19| (6.23)
one has -
(@D Ty < e ST - D8 (624)
0

On the other hand

5

k k
e " Z n—|n—k| < efn(z n—)% 67”/2(n26k—(2n—1)ne"—|—n26”)% =

k! k!
(6.25)
Q
With these steps we can complete the proof of theorem 6.2. Let
, : t t
F(t)y=e ™ B t>0 C, = i(g)_l(F(ﬁ)—I), C=A+B (6.26)
If € D(A) N D(B) one has then
A _jtA _;tB . g tA t._ ;B Lt _;tA
Cut = i(5) e e 1) = ie T [(5) T e Dl ) e~ D)o
n n n
(6.27)
limp—oo(A+B)p=C¢, n— o0 (6.28)
;From steps 1 e 2 one derives s—limy, oo™ F (=1 = s—lim,, e~ =
e "¢ ;From Step 3
¢ t t t
nFa=D _ p(=)"¢| < F(=)-1D)¢| = —=|C, 6.29
e ()16l S VRIF() = Dél = JolCudl - (629)

Combining these result

—it(A+B) ,  _—itA —itB o —itC, i bn —itC__—itCy, ot
le ¢—e e | = e o—F(-)"9| < |(e € )¢|+\/ﬁ\0n¢|
(6.30)
This expression tends to zero as n — oo. This concludes the proof of
Theorem 6.2
Q

Remark that since in Steps 1 and 2 we used compactness, we cannot esti-
mate of the error made if we terminate the expansion at the n'” order.
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6.1 The Feynmann-Kac formula

We shall now use the Trotter-Kato formula to obtain formally the Feynman
formula of integration over path space. This formula has only formal meaning
because there is no regular measure supported on those paths for which the
integrand is meaningful. We shall see later how to define a convenient measure
space and a measure on it.

Consider first bounded continuous potentials V(z) and set Hy = —1A.
Hy+V (z) is self-adjoint with domain D(Hj). Taking into account the explicit
form of the kernel of e~#Ho je.

—y|?

Golz — y;t) = (dint) =4 2e™ T (6.31)

It follows from theorem 6.2 that for each ¢ € L?(R%)

N Nd

(e_itH(b)( ) = 80N oo —) 2 /e_iSN(x’xl’“'wN’t)(ZS()(xN)dxl"'de (6.32)

it

where

Sy (z1, N Z |x’ i Z Vi) — (6.33)

4,J=1

In (32) the integral is understood in the following sense:
f(@)dNz =limp_oo / f(z)dNz (6.34)
Rd

and the limit is in the topology of L?(RY). We would like to interpret the
limit on the right hand side of (32) as integral over a space of paths. Let I'!
be the class of absolutely continuous functions of time with values in R%.
Following a well established tradition we call such function paths and we
call position of the path at time t the value of the function at the value t of
the parameter. We study first the case d = 1.
We identify the variable xj with the value that the coordinate takes at
tk

time %¥ on the path v, .., € I''. For each path v, .7 € I'" with v(T) =

x , v(0) = 2’ we have

A}im Sn (2’ 21, Tpy N1, T, t)dTydrgedr N 1 = S (Vazr 1)
— 00

Snata) = [ (56 + V(s ends (6:35)

Remark that S(vg,.¢) is the integral of the classical Action along the
trajectory vz z/;t-

If one takes formally the limit N — oo in the right hand side of the
equation, one writes the integral kernel (e!*#)(x,2') as formal integral over
absolutely continuous trajectories v in the interval [0, ¢]
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(e (z,2") = ( lim Cy)

1 / e SCar) [Tdy,  (6.36)
N—oo vEN Y (0)=a’, y(t)=x

where Cy is a normalization constant and [ IT;d7y; represents is (formally)
the integration over a continuous product of Lebesgue’s measures. But the
right hand side is only formal: the constant Cy = (%)’% in (36) diverges as
N — oo and the measure d7y remains undefined (Lebesgue measure is not a
probability measure and the classical construction of product measures does
not apply).

Remark that the same procedure can be followed if one considers the
Schroedinger equation in the domain |z;| < CVI =1...d (defining the Lapla-
cian with suitable boundary conditions). In this case the limit measure exists
( Lebesgue measure on [—C, +C] can be made with a suitable normalization
into a probability measure) but is can be seen, following a procedure similar to
the one which we shall outline for Gauss’s measure, that the set of absolutely
continuous functions is contained in a set of measure zero.

We conclude that, while the limit in (32) certainly exists as integral kernel,
its interpretation as integral over a class of trajectories is ill defined and, if not
taken with a suitable care, may be the source of error. It should be remarked
that for some class of potential;s e.g. if the potential is the Fourier transform
of a measure, it is possible to give meaning to the limit to the right in (35) as
limit of oscillating integrals and to interpret it in the framework of a stationary
phase analysis in an infinite dimensional space [1].

The approach in [1] is not within the framework of measure theory and
one cannot make use of standard tools, e.g. of Lebesgue comparison principle.
Therefore it is difficult to compare results for different choices of V' without
making reference to the expression in terms of integral kernels. We shall not
discuss further this very interesting and difficult problem.

6.2 Stationary Action; the Fujiwara’s approach
For completeness we reproduce here, with some further details, the remarks

we have made in Volume I of these Lecture Notes.
If t — s is sufficiently small (depending on x e y) the classical Action

S(t,s:,) = / L(rz(7),

is stationary on the classical orbits (absolutely continuous functions solutions
of Lagrange’s equations with end points 2 and y) and is the generating func-
tion of the family of canonical transformations that define motion in phase
space. One can expect , in the semiclassical limit, to be able to make use of the
fact that the Action is stationary on the trajectories of the system associated
to the Lagrangian L.
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In this case it may be reasonable to approximate the full propagator by
stationary point techniques with a careful estimate of the remainder terms
rather than by the Trotter formula. Introducing Planck’s constant 7 one con-
siders in the approximation finite time intervals of order A® with o < 1 and
seeks an approximation to order he.

One can prove in this way [2] [3] that if the potential V (¢, z) is sufficiently
regular the propagator ( fundamental solution) U(t, s) satisfies for any func-
tion ¢ € L?(RY)

Ul(t,s)p(x) = exp(i / , lims—ol(d;t, 852, y)p(y)dy) (6.37)
R

where the limit is understood in distributional sense.

We have denoted by {¢;} a partition of the interval [s,t] in equal intervals
of length § = 52, N = ii® and we have set
1 i

1(6;t, s; = I —eoo—
( 9 7551772/) j=2 [h 27T(tj _ tjfl))

ol

}

- i -
/ Hjl\izlaﬁ(tj,tj_l;xj,xj_l)exp{—ﬁS(tj,tj_l;xj,xj_l)}ﬂfv ldl‘j
Rd Rd

(6.38)
The function ay is defined by

1 t
ap(tj,tj—1;2;,x;-1) = exp _ﬁ/ (1 —8)Ayw(r, s;z(7),y)dr  (6.39)
S

where w is defined by S(¢t, s;z,y) = %% + (t — s)w(t,s;x,y) and S is the
classical Action for the Hamiltonian H.y,ss = p* + V(q), ¢,p € R? evaluated
on the classical trajectory that joins x to y in time ¢t — s.

This formula is derived for small values of ¢ — s using in the Stationary
Phase Theorem together with an estimate of the residual terms without using
a Trotter product formula. Remark that on each interval the Action S is the
integral of the Lagrangian over the classical trajectory but the trajectories we
have used over consecutive intervals do not join smoothly because we have
used Dirichlet boundary conditions at the extremal points.

Therefore we are considering trajectories which are continuous but not
everywhere differentiable. The set of point where they are not differentiable
becomes dense as N — oo (i.e. i — 0). At the same time the limit ” Lebesgue-
like” measure does not exist. Still for N finite (i.e. & # 0) this expression has
the advantage, as compared to (32), that on each interval one considers the
solution of the classical equation of motion with potential V' rather than free
motion as in (32).

For this reason, Fujiwara’s approach has been successfully used in the
study of the semiclassical approximation to Quantum Mechanics in particular
in the scattering regime where in a suitable sense the evolution of the wave
function in Quantum Mechanics has stricter links with evolution in Classical
Mechanics (resembles more the free evolution) at large times.
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6.3 Generalizations of Fresnel integral

In [4] the Authors have introduced a version of oscillatory integrals that can
be interpreted as Feynman integrals for a suitable class of potentials (those
which are the sum of a positive quadratic term and a function which is the
Fourier transform of a measure of bounded variation).

The integral introduced in [4] generalized Fresnel’s integral [ R e3%”dz.
Fresnel’s integral is an oscillatory integral that cannot be interpreted as a
Lebesgue integral with respect to a regular complex measure (the total vari-
ation of the measure would be infinite). It is rather interpreted as improper
Riemann integral, and the convergence is a result of the oscillatory behavior
of the integrand, with the result

/ 3 dz = /2 (6.40)
R

In [4] a generalization of this procedure is given for an infinite dimen-
sional separable Hilbert space providing, under suitable conditions, an infinite-
dimensional Fresnel integral. Let f be the Fourier transform of complex val-
ued regular measure of bounded variation on a separable Hilbert space H.
The definition of the integral of f is given in [4] by duality

ih

/ f(x)eﬁ“muzdx = / ez ”I”Qduf (6.41)
H H

The integral on the right is absolutely convergent and well defined as
Lebesgue integral. It is proved in [4] that this procedure that, for potential
which are the Fourier transform of a regular measure of bounded variation, the
Feynman integral can be interpreted as infinite-dimensional Fresnel integral
over the Hilbert space of trajectories ( Cameron space) with scalar product

< >= / (3n(s), 4a(s))ds (6.42)

where 4 is the distributional derivative of the trajectory ~. In [4] there also
an application of this formalism to the semiclassical limit.

We shall not discuss further this very interesting and difficult approach.
For more details we refer to [4] and [5].

6.4 Relation with stochastic processes

A study of scattering in the semiclassical limit can be done also through the
study of the representation of e ¢ through an integral over the trajectories
of Brownian motion. This requires a similar representation for the resolvent
Hiz, Imz # 0. This can be done ( Gutzwiller trace formula) but the subject
is outside of the scope of this Lecture.
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We will see that a formulation which introduces a bona-fide measure on a
space of trajectories (and that under suitable conditions can be extended to
the infinite dimensional case ) can be obtained for the Trotter-Kato formula
relative to semigroups.

This is due to the fact that the integral kernel of e *Ho is of positive
type, (maps positive functions to positive functions) and can be interpreted as
transition function for a stochastic process ( Brownian motion). Recall that
the solution u(t,z), € R? of the heat equation

Ju
i Au, Ug=0 = U (6.43)
is given by

(2—1)?

u(t,z) = (27Tt)_%/€_ = u(0,y)dy (6.44)

For positive initial data u(t,x) is strictly positive for ¢t > 0, and N.Wiener
has shown that it can be represented as the mean value of the initial datum
under a measure ( Wiener measure) defined on continuous trajectories which
start in y at time 0 and are in = a time ¢.

This measure characterizes Brownian motion, is a stochastic process that
we shall describe presently. Changing in a suitable way the process one can
equally well represent in a similar way the solutions of % = Au — Vu under
some hypothesis on V(z).

;From this representation in term of a stochastic process one can derive
regularity properties of the resolvent of —A + V. We remark that there ex-
ists a generalization of the integral that makes it possible, for a large class
of potentials, the construction of generalized Feynmann integrals. This gen-
eralization is sometimes called White Noise Process and in a suitable sense
the process which is obtained may be regarded as the (weak) derivative of
Brownian motion.

One proves that the measure p associated to white noise is a measure on
&S’ that is introduced by duality from the characteristic function

B(f)=c2E fes (6.45)

This means that 4 is a Gaussian measure for which &(f) = [, e Ndp(w).
For comparison recall that in the case of Brownian motion the characteristic
function is

Pp(f)=e 2% fes (6.46)

where || f]|_1 = [ ||f(p])?(1 + Ip|2)~2dp. Tt follows that the space of functions
that may be used to give a description of the White Noise Process is larger
then the space of continuous function.

For example one may use the space L?(S’,pu) for a suitable (Gaussian)
measure p. In this way one obtains a version of the White Noise Process as
weak derivative of Brownian motion (recall that continuous functions can be
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regarded as differentiable functions in the distributional sense) and therefore
also a realization of Brownian motion (different from the one introduced by
Wiener) .

A rigorous definition leads to the introduction of Hida distributions which
become the natural candidates for describing generalized Feynmann integrals.

It is in this way possible to study the possibility to write e*(=2+V) ag
Feynmann-like integral for a rather large class of potentials. We shall not
discuss further this approach. Further details can be found in [6][7][8].

We shall come back later to the problem of the construction of measures
on space of trajectories in R* (or on the space of trajectories in the space of
distributions if one considers Quantum Field Theory) associated to positivity
preserving semigroups.

Before discussing the Feynman-Kac formula we digress to make a brief
introduction to the theory of stochastic processes; we need some notions from
this theory to give a basic treatment of the Feynman-Kac formula.

In Lecture 7 we provide the reader with some elements of probability
theory, in particular some a-priori estimates that are frequently used. We will
also describe there two alternative derivations of Brownian motion. The first is
the original construction N.Wiener, the second is a construction of Brownian
motion as limit of a random walk, in the spirit of the analysis of Brownian
motion made by A.Einstein.

6.5 Random variables. Independence

Recall that a random variable is a measurable function f on a regular measure
space (£2, M, i) ( M are the measurable sets and p is the measure). We shall
call probability law (or distribution) of the random variable f the distribution
defined by

pr(B) =p{w : flw) € B)} (6.47)

for any Borel B set in R. We shall always identify two random variables
which have the same probability law, independently from the probability space
(£2, M, ) in which they are concretely realized.

A random variable is called gaussian if the (measurable) sets {w|f(w) < a}
are distributed according to a gaussian probability law, i.e. the distribution
density of f belongs to the class of gaussian distributions

C _a)2
p{f <C}p= / (\/ﬁ)_l/zeJz " da, a€R, b>0 (6.48)

— 00

The mean (expectation) and the variance of f are then

)2

E(f) = (\/%)_1/2/336_(17 dr=a Varf = E(f*) — E(f)* =b.
(6.49)
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Notice that the distribution density of a random gaussian variable, and there-
fore the random wvariable itself is completely determined by the two real pa-
rameters a and b.

Two measurable functions on a measure space ({2, M, u) represent inde-
pendent random variables if for every pair of measurable sets I and J one
has

pfflw)el, gw) e J} =p{f(w) € I}pfg(w) € J} (6.50)

In the same way, considering N-ples of measurable functions, one defines
the independence of N random variables. Two gaussian random variables f, g
with zero mean (on can always reduce to this case by subtraction a constant
function) are independent iff

E(fg) =0 (6.51)

6.6 Stochastic processes, Markov processes

We recall here briefly the definition of Stochastic Processes. .

Definition 6.1 (stochastic process in R?)

The family of random variables &, ¢t > 0 is called stochastic process with
values in R? living in the time interval [0, 7] if there exists a measure space
{2 with measurable sets M and measure p such that

a) for all t € [0,T] the function & : 2 — R? is p-measurable (i.e. it is a
random variable)

b) Vw € 2, Vt€[0,T] &(w) € RY (i.e. one can define the evaluation map)
¢) the map (t,w) — & (w) is jointly measurable in w and ¢ if ¢ € [0,7] with
the Borel sets as measurable sets.

Point b) defines the evaluation map (giving the value of the random vari-
able ¢ at time t). Remark that a stochastic process can be defined on any
topological space X, e.g. a space of distributions. This is important in treat-
ing systems with infinitely many degrees of freedom.

The natural o-algebra of measurable sets are the Borel sets of X. One
often requires the measure p to be a Radon measure i.e. to be locally finite
(for each z € X there exists a neighborhood U, with u(U,) < co) and tight
(for each Borel set B, u(B) = sup{u(K), K C B}, K compact. In particular
the Gauss measure in R? is a Radon measure.

The processes we shall analyze are Markov processes ( stochastic processes
which have no memory. The precise definition is as follows

Let the family & be defined for each ¢t < T. Denote by F<; the o-algebra
generated by the random variables &, s < t and with F>¢,, t1 > t, the
o-algebra generated by the random variables &, t; < s < T. We will call
this structure a filtration.

Recall that, given a o-algebra F of measurable functions in a probability
space (£2, M p), a sub-sigma algebra G and a function f on {2 which is
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measurable with respect to u, the conditioning of f with respect to G (denoted
Cg(f)) is the unique function fi; € G such that for all bounded g € G

/Qflgdu=/9fgdu (6.52)

Definition 7.2. Markov processes
The process {&}, t € [0,T]) is a Markov process iff for any pair ¢,7 < ¢ the
following relation holds

F<r (&) =Cr (&),  Cr (&) =£(1) (6.53)

In other words, the dependence of & from F<, can be expressed as dependence
only from the o-algebra generated by &, (the future depends on the past only
via the present)

If the family {&} is associated to an evolution in a Banach space has
the Markov property the expectations have a semigroup property, i.e. for any
measurable integrable real function f one has E(f(&;) = e *PE(f(£(0)) where
L is a positivity preserving operator on the space L'(§2, du). Remark that the
evolution described by a Hamiltonian system has the Markov property.

A stochastic process is fully described by the joint distributions of all
finite collections of the random variables in the process. Different realizations
differ only by the choice of the space {2 and of the measurable sets. A specific
choice may be dictated by the convenience of enlarging the set of measurable
functions to include also weak limits of measurable functions of the &;.

The possibility of this extension depends in general from the specific prob-
ability space chosen in the realization. For example in the case of Brownian
motion, the existence as measurable function of

ft _gs
It — s

(6.54)

. 1
llmt—w , p< 5

holds only in a representation in which the Holder-continuous functions of
order p are a set of full measure.

6.7 Construction of Markov processes

We shall now introduce a general procedure to construct Markov processes;
this links them to positivity preserving semigroups. For the moment our in-
terest lies in the connection between stochastic processes and Schroedinger
operators. We begin from a particular case, Brownian motion. Denote by

la—q’]?

K(q,q') = (4nt)~ e~ ¢, ¢ € R (6.55)

the integral kernel of the operator e*?. The solution of the heat equation
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du 1. du
k
—_— == == 6.56
ot 2 ; oq; (6.56)
is
wle) = [ Kadyuola')dd (6.57)

It is easy to verify that K; has the following properties

2)

K¢,d)>0 Vg, ¢ (6.58)

b)
[Eadrad =1 v (6.59)

)
K2(an) = [ K2a.n) K ) (6.60)

Property c) reflects the fact that the equation is autonomous and therefore
the solutions define a semigroup.

We shall now define a measure on continuous functions ( paths) x(t) t €
[0, T] such that (0) = ¢, z(T)=4¢', q,¢ € R%. We shall denote by W,
this measure and call it Wiener measure conditioned to (¢, q’, [0,T]). From this
measure we will construct Wiener measure on continuous paths in [0, 7] with
x(0) = 0 by translation and integration over the final point of the trajectory

Notice that since the points w of the measure space are R%-valued contin-
uous functions of time, we can define the evaluation map that for each value
of ¢ assigns to the point w the value of the corresponding function at time ¢.
The total mass of Wy o 1 is K%(q,q').

By definition a generating family of measurable sets are the cylinder sets
of continuous functions defined by

{z(s) : 2(0) = qo, z(T) =q, z(tx) € I,k =1,..N} = M({tx}, ) (6.61)

where t; are arbitrary in (0,T) with ¢ < txy1 and I; are measurable sets
in R3. The term cylindrical is used to stress that the indicator function of
M ({tx}, I) belongs to the o-algebra of measurable functions of the &, ...& .

This o-algebra depends only from a subset of the coordinates and therefore
has the structure of a cylinder. The measure of the set M ({tx}, I;) is by
definition

ww, (M ({t}, Ti) = / dg... / dan KO (0, a0) K2, (g1, 60) KO, (an>0)
I I
' " (6.62)
Theorem 6.3 (Wiener) [4]
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The measure we have defined is countably additive on the collection of cylin-
drical sets and has a unique extension to a completely additive measure on the
Borel sets of the space of continuous functions q(s), [0 < s < T] for which
q(0) = g0, ¢(T) =q.
¢

The proof of Wiener theorem has been given by Kolmogorov as a special
case of a general theorem. We will give in Lecture 7 the proof of Kolmogorov
theorem. Wiener’s own proof is more constructive; we shall sketch it in Lecture
7.

There we will also sketch the construction of Brownian motion given by
Einstein as limit of a random walk. Uniqueness in distribution follows from
uniqueness on cylindrical sets.

Theorem 6.4 (Kolmogorov) [4][10]

Let I be an infinite (may be not denumerable) collection of indices, and for
each a € I let X, be a separable locally compact metric space. Let F be a
finite subset of I and define

Xp = QacrXa (6.63)

with the product topology. Denote by Br the Borel sets of Xg and denote by
F the collection of finite subsets of I.

For F, G € F and F C G, consider the natural projection of Xg on Xp,
denoted with 7%. Then (7%)~! maps Borel sets in F to cylindrical Borel sets
i G and provides a conditional probability.

Suppose that on each Xp there exists a completely additive measure of
mass one ( probability measure), denoted by pp, that satisfies the following
compatibility property

pr(A) = pe((ng) ™' (4)) (6.64)

Under this hypothesis there exist a finite measure space {X,B,u}, with
completely additive finite measure pux and a natural projection mp of X on
Xr such that pp = u(w;l).

¢

In the specific case of Wiener measure, I is the interval [0, T]. We remark
that the space X with the properties we have described is not unique: differ-
ent choices of the maps 7'(';1 lead to different spaces. In the case of Brownian
motion, Wiener has shown that is possible to choose X as the space of con-
tinuous functions in [0, T'] with prescribed value at ¢ = 0 and ¢t = T. Another
choice may lead to a Sobolev space.

6.8 Measurability

According to Kolmogorov theorem, a given subset of X which is not in Xpg
need not be measurable. For example in the previous case the measurabil-
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ity of the set of functions orthogonal to a fixed continuous function is not
guaranteed.

In order to be sure that a pre-assigned set be measurable one must choose
W}l properly. If X, = R and I = [0, 7] one can e.g. make use of compactness
a and convergence results to prove the following criterion

Wiener’s criterion [4]

Let

2 ={C(0,T), R z(0) = xg, =(T)=x} (6.65)

The set {2 has p—measure one if for every denumerable collection of points
N € [0,T] the set of those functions whose evaluation in A is uniformly
continuous has measure one (but this set may depend on the choice of /).

¢

In particular a sufficient condition is given by the following theorem

Theorem 6.5
If a stochastic process £(s) with values in R satisfies for some o § > 0 and
0<C <o

E(&, — &%) < Clt — 5|+ (6.66)

for all 0 < s <t <1, then there is measure on C[0,1] with the same finite-
dimensional distributions for ;.

¢

Proof

The proof consists in constructing successive approximations of evaluation
processes at fixed times and then prove almost surely uniform convergence.
Notice that almost sure convergence means that the set of trajectories on
which one does not have uniform converges is a set of measure zero, while
convergence in measure means that the set of points for which one does not
have convergence has measure which tends to zero; but this set may depend
on n and the union over n of these sets may have finite measure.

At all times & (w) = x(t) € R? is defined for each w since the process is
defined on R%; the question is whether there is a realization of the process for
which z(t) can be chosen to be continuous in ¢ with probability one. At step
n for each w let x,(¢) be equal to z(t) for t = 2]7 At the other times define
x(t) by linear interpolation

j+1
on

n J
ralt) = 2°(t = )

j+1
om

)+ 27( D) (6.67)

for t € [;—n, j;nl). We can estimate the difference

supo<i<i|Tnt1(t) = on(t)| = supicjcon supitoyc o |Tnp1(t) — (1)

j—
ST

27 —1 27 —1
= sup1gjg2n|$n+1( on+1 ) — T on+1 )|
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j—1 2j — 1 2j — 1 j
< suprjcammarle =) = a( )l () w5 (6.68)

Therefore for any positive ~y

Cnt — om J J+1
Plsupo<i<i|Tni1(t) =z, ()] 2277 < 2 +1stuP[|x(2jT) —a 27+1 )
< Contlg=(n+1)(1+a)gny(1+6) (6.69)

In the last inequality we made use of the assumption on E(|¢;—&;|?). Choosing
v such that 1+ (1 + )y < 1 + « one obtains

S Plsupocicil@ns(t) — 2 ()] > 27 < oo (6.70)

We now make use of the Borel-Cantelli lemma (see next Lecture) to con-
clude that with probability one the limit

limp—ootn(t) = 2" (t) (6.71)

exists uniformly.

By the Ascoli-Arzeld compactness lemma z*(t) is a continuous function of
t. By construction x(t) = x*(t) with probability one at diadic points. Since
both processes £ and £* are continuous in probability it follows that they have
the same finite dimensional distributions and in fact P[£(t) = £*(¢)] = 1 for
all 0 <t <1.

Y%

Using Holder norms instead of the sup norm one can prove that there is
a realization of the process £* supported on functions that satisfy a Holder
condition with exponent ¢ if § < % In this way one can prove that v may be
any positive number smaller then 1.

Considering higher moments one can obtain realizations in spaces of func-
tions that satisfy higher order Holder conditions. For example in the case of
Brownian motion one has

Elle(t) — &(s)1P"] = eal(€(t) — £(5)*)" = ealt — 5" (6.72)

and by the procedure outlined above one can obtain any Holder exponent
smaller that "2—;1 . It follows that Brownian motion can be realized in spaces
of functions that are Holder continuous of exponent « for any v < % It is
worth remarking that v = % cannot be reached.

Suppose that there is a positive constant A such that for ant s,¢

Plz() : |z(t) —z(s)| < At —s|2 =0 (6.73)

But one has

A2 pozec "I 2 e —xy @

The constant A must therefore be larger that the maximum of the absolute
value of N independent gaussian variables. Since N is arbitrarily large and a
gaussian variable is unbounded, A must be infinite.
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6.9 Wiener measure

In the following we will consider only the realization of Brownian motion on
the space of continuous functions. We remark explicitly that for the construc-
tion of the process we could have use the positivity preserving contraction
semigroup associated to any operator A —V with V Kato-small with respect
to A.

In doing so we would construct a process in which & are not gaussian
random variables, and it would be more difficult to find the the joint distri-
butions. The only potentials that lead to gaussian random variables are zero
and the harmonic potential which we shall use presently.

It is of interest for us the find a measure on the continuous paths in the
time interval [0,T] with the only condition z(0) = 0 and no conditions on
x(T). We do this by distributing the location of the end point z(T') according
to a uniform distribution. Since Lebesgue measure is a limit form of gaus-
sian measures what we obtain is still a gaussian measure this time on the
continuous path in the interval [0, T] starting at zero.

To compute expectation and variance of this new measure one has to do
a further integration over the endpoint z(7"). One verifies by explicit compu-
tation that for the new gaussian measure

W OE(E) =0  B(E) = (2mt)32 / Pe$dg=t  (6.75)

B(&¢5) = (2mt) 2 /Q’ef%qe_ﬁdq’dq =s s<t (6.76)
E(&, &) =min(t,s)  E((&—&)?) =t—s (6.77)

E((§ —&-)(&e — &) =0, s<o<T<t (6.78)

E((&— &) (& — &) =t —T1)(0—s) s<o<T<t (6.79)

(From the last equation it follows that the random variables (§; — &) and
(&5 — &5) are independent gaussian random variables if the segments (a, , b)
and (¢, d) are disjoint. Therefore Wiener process has independent increments
over disjoint intervals.

For comparison, notice that the Wiener process conditioned by fixing the
starting and end points ( Brownian bridge) does not have independent in-
crements. Notice the following: Let Ag(z) k = 1,...N measurable functions.
Denote by Eg, .7 the expectation with respect to Wiener measure condi-
tioned to ¢(0) = xg, ¢(T) = x. Then if tx 1 > tx

Epy e (ITY Ag(&,)) = (e"81Ho Ay e=ta=t0Ho g, | ptn—tn-1)Ho g o= (T=tn)Hoy (5 g
(6.80)

where Ay is the operator that acts as multiplication by Ax(x) and Hy is

the generator of the heat semigroup. It will be convenient in what follows to

consider measures on paths defined in the interval [T, T] with z(-T) = ¢
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e z(T) = ¢'. In analogy with what we have done so far one has, denoting
Wy,q [-7,7) Wiener measure conditioned by x(—7') = ¢ and x(T) = ¢’

EWq,q’,[fT,T] (HkA(ftk )) =

— (6_(t1_T)HOAle_(tQ_tl)HoAg...e_(tNl —tN)HoANe—(T—tN)Ho)(%q/) (6.81)

If we choose Ay =1, Vk we obtain for every integer N
N _ Ag; .
eTHo(q)q/> _ (27)3/2/.“/6 1/22(Ati)2At’Hidqi (6.82)
T

Remark that if the function z(t) were absolutely continuous, the last sum
would converge to fOT e~ 3¢’ dt. But we have seen that Wiener measure gives
weight zero to the set of absolutely continuous trajectories.

We have considered up to now mainly processes in [0,7] with value in
R'. The same considerations and formulae are valid for processes which take
value in R? for arbitrary finite value of d. Since we have made extensive use of
compactness arguments, the case d = oo is not covered by the simple analysis
presented here.

6.10 The Feynman-Kac formula I: bounded continuous
potentials

According to the Trotter-Kato theorem, if A = Hy and B =V

e M HAY) — o (e~ m e )" teR (6.83)

The convergence is understood in the weak sense, as integral kernel of an
operator, and the limit is the nucleus of the operator e~27(Ho+V) Therefore,
if we choose A; = V(&) where V' (the potential) is suitably regular potential,
we have proved

(e 2T HAV)) (g o) = Jim /qu,q/;[—T,T]f Yo £ V(a(-T+5%) 0.q € R
—00
(6.84)
(we have chosen to divide the interval [-T,T] in 2(N — 1) disjoint intervals of
equal length).The limit is understood in distributional sense.
Choose now a realization of Brownian motion in which the measure is
supported by continuous functions w(.) with value in R? and such that

(1) (w) = w(t) (6.85)

If V() is Riemann integrable the exponent in (84) converges to fj; V(w(t))dt
for each path w point-wise as a function of q,q’, If V' is bounded below, the
integrand in (84) is bounded above by a constant C. Therefore the dominated
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convergence theorem of Lebesgue applies ( Wiener measure is finite and com-
pletely additive). The right hand side of (84) converges therefore to

+TV s))ds
/CI*T (&) qu,q/;[—T,T] (686)

Since V' (z) is bounded below the sequence of integral kernels is uniformly
bounded and therefore it converges in L} (R? x R?) and in distributional
sense. Since the limit is unique we have proved that, in the case of potential

which are bounded below and integrable

(G_QTH(b)(x) _ /dq/(b(q/)(/n/e_ f,T V(g(S))ddeql,z;[—T,T]) rc R?

(6.87)

This equation is known with the name Feynman-Kac formula. It has been

obtained formally by R.Feynmann in the case of the one -parameter group

e "H and proved rigorously, by the use of Wiener measure, by V.Kac for

the semigroup e *#, H = —%A + V under suitable assumptions on V| in
particular if V' is small with respect to the Laplacian.

6.11 The Feynman-Kac formula II: more general
potentials

We shall now prove the Feynman-Kac formula under less restrictive assump-
tions on V.

Theorem 14.5 (Feynman-Kac formula, general case)
Let

V=V,-V. V.,>0 VyelL. (RY, V_ €Sy (6.88)

loc

where Sy stands for Stummel class.
Let H=Hy+V, Hy = —A. For every ¢ € L*(R?), for every x € R* and
every t € RT

2 19)w) = [y [ oy 089
(]

(the second integral is over the paths are located in y at time —t).

¢

Proof
We have already seen that the formula holds if V € L*°(R?). Recall that
Ves§;if

d=3 : supreps / V()2 < o0 (6.90)
|z—y|<1
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d=4 lima_oSupgecrs / loglx —y| ™'V (y)*dy < oo (6.91)
lz—y|<a

425 limoosipeens [ fo-ym V@R <o (092
lz—y|<a

Let V,, = maxz(V,—n). Then V,, € L*> and V, () — V(x) Vz. By monotone

convergence

/OVM(W(S))dSH/O V(w(s))ds (6.93)

and therefore, again by monotone convergence, for each ¢ € L!(R?)

+tVnws ds +tV’ws ds
/ o(y)dy /Q el V) AWa,y[-1,1]) — / dy /Q / el vt (W) AW yi(—1.1]

(6.94)

Assume now that V satisfies the assumptions of the Theorem. Defining

Vi(z) = min(V(x),n) one has limy,_,ooVp(z) = V(z). Recall that C§° is a
core for H and therefore

e tHotVn) g, ety e L} (6.95)

The Feynman-Kac formula holds for Hy + V,,; passing to the limit m — oo
one proves it for ¢ € L' N L? using the dominated convergence theorem. One
makes use next of the regularity of W, , _; ;) to extend the result to ¢ € L2,

Y%

Remark that, strictly speaking, we have not proved that under our assump-
tions V' (w(t)) is measurable with respect to dW,, ,.._7 7). But it is certainly
measurable if V(z) is continuous since the integrand is limit of regular func-
tions on f2.

Since the measure dW, ,._7 77 is regular and the integral is equi-bounded
with respect to IV we can make use of Lebesgue criterion, substituting on a set
of measure zero V (w(t) with a measurable function V without modifying the
integral. After this rewriting, the integral [ V (w(t)dt is rigorously defined and
is measurable with respect to dW,, ,.._7 7]. Notice that from the Feynman-Kac
formula one sees that for every ¢ the operator e~ is positivity preserving. This
property plays an important role in the study of Markov processes.

We have associated to the Laplacian in R? the Wiener process on the
interval [0,7]. From the construction it is apparent that we can associate a
stochastic process with continuous trajectories to any positivity preserving
contraction markovian semigroup with a suitably regular generator, i.e. for
which the procedure we followed for the Laplacian can be repeated.

We will return in Lecture 14 to the problem of the properties that operators
and quadratic forms must have to define a stochastic process. In the Lecture 8
we will use the hamiltonian of the harmonic oscillator to construct a stochastic
process (the Ornstein-Uhlenbeck process).

As remarked above, to construct a Feyman-Kac formula we can use any
Schrédinger hamiltonian associated to a self-adjoint operator given by the
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Laplacian plus a potential of a suitable class, but only for the Laplacian and
the harmonic oscillator one has simple expression for the kernel of the associ-
ated semigroup. One may also use as generator the Laplacian in [0, K| with
Neumann boundary conditions, denoted Afg, K]

This would give a process with continuous trajectories with values in the

N
interval [0.K] but the kernel of e '40.%) has a complicated expression which
makes it inconvenient for explicit estimates.
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Lecture 7
Elements of probabiity theory. Construction of
Brownian motion. Diffusions

We return briefly in this Lecture to the realization of the Wiener process; we
study here its realization from the point of view of semigroup theory, using
transition functions. The same approach will be used in the next Lecture to
study the Ornstein-Uhlenbeck process.

We begin with some more elements of Probability Theory, giving in particular
some useful a-priori estimates.

Definition 7.1 (measure spaces)

A measure space is a triple {2, F, P} where {2 is a set, F is a c— algebra of
subsets C; (the measurable subsets) and P is a probability measure on F i.e.
a function on F with the following properties

HyvCeF PC)>0

2) P(£2)=1

3) C,eFi=1,2,.., C;n Cj =0,= P(Ug’ilCi) = 221 P(CZ)

The positive number P(C) is the probability of C.
¢

Definition 7.2. ( o-algebras)
A collection F of subsets of 2 is a o-algebra if Cy,Cs,..Ck.. € F implies
U;C; € F and 2 — C; € F. It is easy to see that if Cy,Cs,...C... € F then
N;C; € F.

Equivalent conditions on a o-algebra are as follows
a) If C; e F, C; C Ci41 then P(UZCQ) = lzml_,ooP(C’z)

Notice that without o-additivity one has only P(U;C;) < >, P(C;).
¢

Definition 7.3
Let A be a family of subsets of £2. The o-algebra generated by A is the smallest
o—algebra of subsets of {2 which contains A4; it is denoted by F(A).

¢
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Often in the applications {2 is a metric space. We will consider only this
case. We denote by w a generic point and we choose as oc—algebra the Borel
algebra (the o—algebra generated by the open sets in f2).

Definition 7.4 (probability distribution)

Let & be a random wvariable, i.e. a real valued function £(w) which is P-
measurable. If there exists a positive measurable function p(t) such that for
every interval [a, b]

b
P({a < fw) b)) = [ plo)as (7.1)

we say that the random variable £ has a probability distribution with density
p(t). More generally one can define a probability distribution in case the exists
a positive Borel measure p such that for each Borel set B and each continuous
function f one has P(f(w) € B) = u(B).
¢
Definition 7.5 (Expectation. Variance)
The mathematical expectation ( mean value) Ep(€) of the random variable

£ is
Eple) = / £(w)dP(w) (7.2)

where ( £(w) is the evaluation map, a measurable function.
The variance Var is defined as

Var(§) = E(§ - B(€))* = E(€%) - B*(¢) (7.3)

It is easy to see that if a < {(w) < b then Var(§) < (552)2.

Definition 7.6 (independence)
Two random variables £; and & defined on the same probability space are
said to be independent if

Pl (w) € Br,&(w) € Ba] = P(&1(w) € Br).P(§2(w) € B) (7.4)

In the same way one defines the independence of a finite collection of random
variables. In the case of an infinite collection, independence holds if it holds
for any finite subset.

¢
7.1 Inequalities

The following inequalities hold
Tchebychev inequality I
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If € > 0 and E(§) < oo then for each t > 0

Plw &) 20} < 2 (7.5
¢
Proof
§(w) 1
Plocewzgs [ Sdapwsipg (9
@
Tchebychev inequality 1T

If Var(¢) < oo then
P ¢ &) - BE) 2 1) < L) (77)
¢

Proof
(From Tchebychev inequality T applied to the random variable n = (£ —
E(£))? one has

{w: =B 2t} ={w : nw) >t} (7.8)

Therefore P(w||¢(w) — E(&)| >t} < Bl %

Q

An important result is described by the two limit theorems of De Moivre-
Laplace that we will state without proof. Consider the binomial distribution
with probabilities p, ¢ i.e. on N objects

N _
P =t (1-p)" (7.9)

We seek the asymptotic distribution in k for large values of V.

De Moivre-Laplace local limit theorem [1]
Let Np+avVN <k < Np+ byV/N. Then

1 (k—Np?

P.=—— ¢ 2Np(-0)2 (1 1
e 27er(1_p)€ (1+ Ry(k)) (7.10)

where the remaining term Ry (k) converges to zero N — oo uniformly in k in
bounded intervals

limy oo Maz o /<k<nproyw BN ()] =0 (7.11)
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%
De Moivre-Laplace integral limit theorem [1]
Let a < b be real numbers. Then
1 [ e
limy—oo Z =5 e T dx (7.12)
s
Np+ay/Np(1—p) <k < Np+by/Np(1—p) ¢
¢

7.2 Independent random variables
We now give some inequalities which refer to a sequences of independent
random variables.

Kolmogorov inequality
Let &1,&,,..&, be a sequence of independent random variables. Suppose that
E(&)=0, Var(§) <oo i=1,..n. Then

P{w : mazy nl&1+..+&| >¢}) < %Z (7.13)
k=1

Proof
Denote by Ay the set of points w for which

max{|&1], [&1+8&], &+ Ce—1l} <ce &+ &kl > 1<k<n (7.14)

Denote by 7 its indicator function, which is by construction measurable
with respect to &, 1 < j < n. The sets Ay, are pairwise disjoint and

P(max{|£1|, ‘£1+§2|, |§1+€k71|} < C) = P(A1UA2UUAn) = ZP(Ak)
k=1
(7.15)
JFrom E(&) =0 Vk and Y_;_, =% <1 it follows

n

Var (G + ..+ &) =E(& +.6)%) = Y Ema (& +.6)%)  (7.16)

k=1

Consider now the identity

EMa, (& + . +&)%) = EMa, (& + ..+ &)°)+

+2E(na, (&1 4+ -+ &)nay (Crgpr + -+ ) + E(ma, (S1k + 1+ ..+ &)%) (7.17)
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By definition the measure of Ay is not smaller than ¢?P(Ay,). The second term
is zero since it is the expectation of the product of two independent mean zero
random variables. The third term is positive. Therefore

n

Var (&4 ..+ &) > Y P(Ay) (7.18)
k=1

Since &, are independent variables the left hand side is >_,_, Var (&).
Q

Kolmogorov zero-one law
Let (£2,F, ) be a probability space and let &1, &,, ... a collection of indepen-
dent random variables equally distributed (permutable).

Suppose that a set A is measurable with respect to &, for all values of the
index n.

Then either p(A) = 0 or u(A) = 1 where p(A)is the measure of A (the
integral of its indicator function).

¢

Proof

By definition of product measure there exists an integer IV sufficiently large
and a set A, measurable with respect to the collection &1, .6 (a cylinder set)
such that |u(A) — u(Ae)| < e. By the substitution § — &;+n we construct
another measurable set A’ with the properties that p(A) = p(A’) and that A’
and A, are mutually independent.

Therefore, denoting by =(A) the indicator function of the set A and with
P(A) its expectation

P(A'NA,) = P(A")P(A,) = P(A)P(A.) (7.19)

But lim._oP(A’' N A.) = P(A’) and therefore P(A)? = P(A) i.e. either
P(A)=0or P(A) =1.
Q

7.3 Criteria of convergence

We turn now to convergence criteria for sequences of random variables.

Definition 7.7

Let & be a sequence of (real valued) random variables. We say that the
sequence converges to the random variable &
i) in probability (in measure) if

Ve >0 limp_ooP (| —&>¢€)=0 (7.20)

il) almost surely (a.s.) if for almost all w (i.e. except for a set of zero measure)
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limp_oc§(w) = &(w) (7.21)
¢

Notice that a.s. convergence implies convergence in probability but the
converse is not true. Let {£,} be a sequence of random variables with finite
mean. Denote by ¢, = 1(&; + .. 4 &,) its arithmetic mean.

We will use Kolmogorov zero-one law to prove the very useful Borel-
Cantelli lemma which states, roughly speaking, that if &1, &o, ..... S a sequence
of independent equally distributed random variables in a probability space {2,
then the sets of w’s such that the series ) &,(w) converges have measure
either zero or one. Similarly, under the same assumptions, the measure of a
set of w such that

limn_wo% z": &k(w) =0 (7.22)
k=1

is either zero or one.

Borel-Cantelli lemma I [2][3]
Let A,, be a sequence of measurable sets (a sequence of events ) in a probability
space {§2, F, P} and assume ) P(A,) < co.

Let 77(A) be the indicator function of the set A of those w’s for which there
is an infinite sequence {n;(w)} such that w € A; i =1,2,.... Then P(A) =0
(i.e.A occurs with zero probability).

¢
Proof
We can write A as A =Ug2, U, A,. Then
P(A) < P(UX,A,) Z P(A,) =0, k— oo (7.23)
Since >"7° P(Ag) < 0o one has lim, oo >, P(Ag) = 0. Therefore P(A) = 0.
Q@

Borel-Cantelli lemma II [2][3]

Let {A,} be a sequence of mutually independent events in a probability
space {£2, F, P} and suppose ) P(A,) = cc.

Let A be the collection of points w for which there exists an infinite se-
quence {n;(w)} such that w € Ay k € n;(w). Then the measure of A is one.

¢

Proof
Write A as A¢ = U2, N2, A¢ and therefore for each value of n one has

i PN, A (7.24)



7.4 Laws of large numbers; Kolmogorov theorems 173

We have denoted by B¢ the complement of B in {2. Since the A,, are mutually
independent also the A¢ are mutually independent

P(iAS) = (1~ P(A,)) = 0 (7.25)

JFrom > | P(A,) = oo it follows lim, o112, (1 — P(A,)) = 0 and
therefore P(A°) = 0.
@

7.4 Laws of large numbers; Kolmogorov theorems

We shall now briefly mention one of the theorems in probability theory which is
more frequently used in applications, the laws of large numbers ( Kolmogorov
theorems)

Definition 7.7
We say that the sequence of random variables &,
1) satisfies the weak law of large numbers if ,, — F((,) converges to zero in
probability as n — oo (i.e. for every € > 0 one has lim, o P(|¢, — F(.)| = 0.
2) satisfies the strong law of large numbers if ,, — E((,) converges to zero
almost surely (i.e. for almost all w one has lim, o ((n — E(¢,)) = 0). Remark
that in the weak form of the law the sets considered may depend on n.
¢
Kolmogorov theorem 1
A sequence of mutually independent random variables {,, } with >~ 7 #Var (&) <
oo satisfies the strong law of large numbers.
¢
Kolmogorov theorem I
A sequence {,} of mutually independent and identically distributed random
variables such that E(,)? < co satisfies the strong law of large numbers.
¢
Remark that both laws of large numbers imply that for a sequence of
random variables which satisfy the assumptions of Kolmogorov, for N large
enough the random variable arithmetic mean my = % ny:l &, differs little
from its expectation.
Therefore asymptotically the mean does not depend on w, i.e. it tends to
be not random. This property can be expressed in the following way: in a
long chain of random equally distributed variables there appear almost surely
regular sequences (which are not random). The statement that a gas occupies
almost surely the entire available space can be considered as an empirical
version of the the strong law of large numbers.
We shall give a proof of Kolmogorov theorem I. For the proof of Kol-
mogorov theorem II one must show that if one assumes that Zil i%Varfi <
00, then the & are equally distributed with finite mean of the squares.
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For this one uses the properties of product measures and Kolmogorov
inequality that we recall here

P({mazi<k<nl(é + &) — (B(&) + - E()) > t} < Z &) (7.26)

Proof of Kolmogorov theorem 1

Replacing the random variables fk with &k — E(&) we can assume E(&) =

0 Vk. We must show that {(y = N 1 fl converges to zero a.s. when N — oo.
Choose € > 0 and consider the event (measurable subset) B(e) of the points

w € 2 such that there exists N = N(w) such that for all n > N(w) one has

|¢n(w)] < €. By definition

B(e) = UX=1 N> N(w) {w] [Ga(w)] < €} (7.27)

Define By,(€) = {w : maxgm-1<p<om|Cn] > €}. jFrom Kolmogorov
inequality

n

P(B,(€)) = P(mazgm-1<p<om| Zgi\ > en) < matgm-1<p<om(P(] Z§i| > 627”_1)

i=1

1 . n n .
S ? 22 2 Z maajlgngngﬂ Z €1| Z €2 1) Z Var(gl) (728)
i=1 =1

Therefore

= 1 & 1 16 = Var(&
ZP S ?Z ar(fi) Z 22n 9 = ?Z arg

m=1 =1 n>m;, 2m'i*1§i§2?"

(7.29)
and this sum is finite by assumption. It follows from the Borel-Cantelli lemma
that for a.a. w there exists an integer M (w) such that for m > M

mamgm—lgnggm|cn| <€ (730)

Therefore P(B(e)) = 1 for each e > 0. In particular P(N,B(3)) = 1. If

w € ﬁkB( ) there exists N(w, k) such that for every n > N(w,k) one has
|Cal < £ It follows that for almost all w, limy—ooCn = 0.

Q

7.5 Central limit theorem
Using the law of large numbers one can derive the important Central Limit

Theorem. In its most commonly used version this theorem is about the sum of
independent identically distributed random variables. This theorem plays an
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important role in Statistical Mechanics and provides a link between Statistical
Mechanics and Thermodynamics.

According to the strong law of large numbers the difference between the
arithmetic mean of NV independent identically distributed random variables
and the arithmetic mean of their expectation values E(&) converges to zero
as N — oo. It is natural to enquire about the rate of convergence.

From Tchebychev inequality one derives that the order of magnitude of
the error is v/N. Therefore it is of interest to study the convergence of the
sequence

N

N
% N6 BG) =0 (7.31)
k=1

)

The Central Limit Theorem states that the random variables ( do not in
general converge strongly but, under suitable assumptions, their distributions
have a limit that does not depend on the details of the distribution of the &;.

Let is recall the definition of characteristic function of a random variable.

Definition 7.9 (characteristic function)
The characteristic function ¢¢ of the random variable & is by definition

¢e(N) = E(e™) A€ER (7.32)
¢

It is easy to see that the characteristic function determines the distribution
of the random variable £ and that convergence of a sequence of characteristic
functions is equivalent to convergence in distribution (not in probability) of
the corresponding sequence of random variables.

The use of the characteristic function simplifies the study of the sum of
independent random variables. Let (y = Zszl &, It is easy to see that
b (N) = ILL g, ().

We can now state the Central Limit Theorem.

Central Limit Theorem

Let {&1,..8n..} be a sequence of independent identically distributed random
variables and let their common distribution f(x) have finite second moment.
Denote by m the (common) expectation and with v the common variance v =
mg —m?2. Then for N — oo the distribution of their average

1 N
= e ;@n —m) (7.33)

22
z).

¢

converges weakly to a gaussian normal distribution with density \/%e

Proof
The characteristic function of the gaussian distribution is
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1
V2T

while the characteristic function of the random variables ny is

A2

d(N) = B(——e %) = e~ ¥ (7.34)

A 7Z'N>‘m

e (7.35)

where ¢ is the common characteristic function of the . It is sufficient there-
fore to prove that for each value of A

¢7]N = ¢(

A2

LimN —oobny (A) = €~ (7.36)

Because ms < oo the function ¢()) is twice differentiable with continuous
second derivative. Therefore for A small

2

d(N) =1+ imA — %mz +0(\?) (7.37)

It follows for each value of A

A2 PN a2
¢77N = (1 — ﬁ + O(N) —Nooo € 2 (738)

(remark that the linear terms vanish by symmetry).
Q
There are generalizations of the Central Limit Theorem, e.g. to the case
in which the random variables are not identically distributed or are only ap-
proximately independent or if one considers other averages. instead of the
mean. In particular it can be shown that if the random variables are iden-
tically distributed with distribution function p(z) such that p(x) = p(—z)
and p(z) ~ e fora € (0,2), then the distribution of the random variable

ny(a) = N—= (&1+...&n) converges when N — oo to a limit distribution with
characteristic function Ce %" b > 0.

7.6 Construction of probability spaces

We end this description of results about collections of identically distributed
random variables presenting theorems about the construction of probability
spaces in which one can realize collections of random variables (given through
their characteristic functions) preserving their joint distributions. These con-
structions are analogous to the construction of of product measures. It should
be stressed that the construction s not unique.

We begin with a theorem of Kolmogorov on the existence of a measure
space in which can be realized a collection (not necessarily denumerable) of
random variables preserving joint distributions.
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Theorem 7.4 (Kolmogorov)

Let I a set. Let F be the collection of the finite subsets of I and assume that
for each F € F there exists a completely additive measure pp of total mass
one on the Borel sets B(RNU)) (we have denoted by N(F) the number of ele-
ments in F). Assume that this collection of measures satisfies the compatibility
requirements for the inclusion of the subsets.

Then there exists a (not unique) probability space (X, M, u) and functions
{fas « € I} such that uy be the joint probability of {fo « € I}. Moreover if
F is the smallest o-algebra that contains all measurables f,, the measure i is
unique modulo homeomorphisms.

¢

Proof

Let R = RUoo be the one-point compactification of R and set X = (R)!.
Let C};p the set of function which depend only on a finite number ¢ of . If
f € Ctin define I(f) = [ f(z")du;(z") By construction X is compact in the
product topology.

By the Stone-Weierstrass theorem C'y;,, in dense in C'(X). Indeed the poly-
nomials in C;y, coincide with those in C'(X). Therefore the functional [ ex-
tends to C'(X). By the Riesz-Markov representation theorem, there exists a
Baire measure p on X such that I(f) = [ f(z)du(x).

Let f, be equal to &, if |z4| < 0o, 0 otherwise. Then, if the set J is finite
, duy is the joint probability of f,, « € J. This proves existence.

To prove uniqueness it is sufficient to prove that C's;,, is dense in L(X, dp).
Let H be the closure of Cf;,, in L?(X,dp). For any Borel set A C X the indi-
cator function 77(A) can be approximated in L?(X, du) by linear combinations
of n(A,), A, C By, ( the cylindrical Borel sets with finite dimensional
basis). Therefore the collection of A,, is closed for finite intersections.

Since the complement of a cylinder set is itself cylindrical it follows that
the collection of A,, is also closed under complementation and denumerable
union. Therefore

{A : n(A) e H} (7.39)

is a o-algebra. But by assumption F is the smallest o-algebra that contains
all Borel sets. Hence

{A : nA)eH}=H (7.40)
and therefore H = L?(X, dpu).
Q
Remark that one can use R as a model because pu{z : 3Ja, |7.] <
oo} =1 Va and, for every finite J
p{r |z =00 Yae J}=0 (7.41)

(From the o-additivity of the measure one derives then ,u(RI — RN =0.
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7.7 Construction of Brownian motion (Wiener measure)

We give now two constructions of Brownian motion. One is the original con-
struction of Wiener as measure on continuous functions [2][4]. The other is
the construction, due to Einstein, of Wiener measure as limit of measures on
random walks on a lattice. We also give a modification of Brownian motion
which is obtained through a modification of its paths.
Wiener construction

Using Kolmogorov estimates to bound the measure of the part of the measure
space in which a given random variable exceeds a prefixed value, and elemen-
tary probabilistic estimates , in particular on product measure, it is possible
to prove that if ¢, c1, co, ... are independent gaussian variables the series

N 2n

. V2senmkt
Xn(t) = cot + ; HZ e (7.42)

converges in distribution when N — oo uniformly over compact sets with
probability one. This means that, a part a set of measure zero, one has -
uniform convergence in L!(R) of the distribution of the sequence

N 2n
2 senmht
Xy(tw)=ct+> > cn(w)% (7.43)
n=1g=92n—1

The limit function is continuous and is zero for ¢ = 0 because each term is
zero. We have thus defined for each value of T € Rt a correspondence ®r
between a set of full measure Y of points w in the probability space (£2, M, u)
and continuous functions vanishing at the origin.

We define now a probability measure p’ on continuous functions X7 on
[0,T]) vanishing at the origin by setting

W@TNY)) = u(Y), W (Xr — 97N (Y)) =0 (7.44)

This is Wiener measure. Wiener has proved that Y is dense in X7 in the
C° topology.

For each value of ¢ the X,,(¢) are independent gaussian variables, (being
sum of independent gaussian random variables) and therefore also their limit
in distribution is a gaussian

§e(w) = limn oo XN (1) (7.45)

Due to the correspondence between a set of measure one in {2 and a dense
subset of continuous functions, the random variable & can be seen as an
element of the dual of continuous functions. It follows from the definitions
that &, assigns to the function z(¢) the number x (o).

(From the definition one verifies E(¢;) = 0.Using the trigonometric rela-
tions and the independence of ¢ (w) and performing the limit that defines &
one has
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B(6t,) = / €@ ())Ea(z( )y = min(t,s) (7.46)

Since the &; are random gaussian variables this determines completely their
distribution and we see that the random variables s and & are not mutually
independent. Remark that we have assumed that the random variables we
consider take value in R.

An identical construction can be made under the assumption that the
random variables ¢, take value in R and that the components are gaussian
independent random variables with mean zero and variance one. One obtains
in this way the Wiener process in R?.

We have used the fact that the class of continuous functions is closed
under uniform convergence (the convergence we have proved is in the uniform
topology outside a set of measure zero). This follows because closed sets in
R are compact.

This is not true for an infinite dimensional Banach space X. Still we shall
see, in Lecture 15, through the theory of Dirichlet forms, processes that play
the role of Wiener processes in infinite dimensional Banach spaces.

Remark that using Kolmogorov inequality one proves that the set of w
for which the limit is an absolutely continuous function has measure zero.
The representation we have given of Wiener process is particularly convenient
to determine the regularity of the trajectories making use of theorems about
Fourier transforms. Further analyses of this problem are e.g. in [4].

7.8 Brownian motion as limit of random walks.

We now construct the Wiener process as limit of random walks on a lattice.
Our exposition follows closely the construction given by Einstein. We will
consider only the case of one space dimension and we will study the motion
of a heavy particle which moves due to elastic collisions with very many light
particles which move independently from each other.

This is the model introduced by Einstein to give a mathematical treatment
the phenomenon described by R.Brown in 1927 [5] of the erratic movement of
pollen particles suspended in water. Einstein [6] described the motion of pollen
as due to the (random) collisions with the molecules of water. Einstein’s theory
was verified experimentally by J.Perrin [7] who used it to give a (precise)
estimate of Avogadro’s number. Perrin’s experiments constituted at that time
the best evidence for the existence of atoms and molecules.

Consider the motion in one space dimension. The light particles come at
random form the right or the left; in each unit of time the heavy particle is
hit by a light particles and moves to left or to the right of one unit of space.
Since the direction of the light particle is random, if at time 0 the heavy
particle is at the origin at (microscopic) time n it will be in position given by
Yo, & where &; are independent random variables with common distribution
P& =+1) = 5.
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On a macroscopic scale of space and time there are €2 collisions in each
unit of time, and the absolute displacement in each collision is €. Therefore af-
ter the macroscopic time ¢ the heavy particle will be in (macroscopic) position

X(t) = EZ:;? &;. We will construct Brownian motion as limit in distribu-
tion of the random variable X, (¢). More generally, consider a probability space
{R,B(R), u} such that

/Rx4d,u(x) < o0 /xdu(x) =0 /xQd,u(x) =1 (7.47)

and let £ a random variable.
Consider now a product space and for € > 0 define by linear interpolation
for each realization of £ a continuous path ¢t — v¥.(&;t) through

e 2t

]
Ve(&t) =€ Y & +e(e’t — [€ )21 (7.48)
=1

where [y] is the integer part of y. Define P.(A) = Py

—1(A) for any cylindrical
set of paths.

Theorem 7.5
When € — 0 the sequence P, converges weakly to Wiener measure.

Proof

We give the proof in three steps
i) At each time 0 < ¢t < T the distribution converges to the distribution of
Brownian motion.
ii) The finite dimensional distributions converge to those of Brownian motion
iii) The family P. is tight
Step i)
This is a consequence of the central limit theorem. Introduce the characteristic
function ¢ (), which is the Fourier transform of the distribution of & (¢) under
P.. Tt is easy to prove that convergence in distribution is equivalent to the
convergence of the characteristic function and that the characteristic function
of the sum of independent random variable is the product of the characteristic
functions

6e(N) = de(Ae)= =[1 - %W +4o(eR)]F — eI (7.49)

Step ii)
(From step i) one sees that adding the terms

(et — [e 1)) €2y (7.50)
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one obtains a continuous path. This term goes to zero uniformly as ¢ — 0.
The proof of step ii) follows then because P is a product measure.

Step iii)

To prove relative compactness we make use of Prohorov criterion (see e.g. [3];
this book is a basic reference for weak convergence and compactness criteria).

7.9 Relative compactness

Let S be a metric space and B(S) its Borel sets. Denote by C(S) the continuous
function on S.

Recall that a family of probability measures I, on (S,d) is relatively
compact iff for any bounded sequence P,it is possible to extract a weakly
convergent subsequence (i.e. there exists a probability measure P such that
limy—oo [ fdP, = [ fdP for every bounded f € C(S)).

We shall denote weak convergence by P, —,, P. In case S = R we can
characterize weak convergence by means of the characteristic function ¢(\) =
[ € u(dz) Weak convergence is equivalent to point-wise convergence of the
characteristic function.

A collection II, of probability measures is tight iff for each € > 0 there
exists a compact set K such that P(K) > 1 — € for each P € II. We now use
Prohorov criterion

Prohorov criterion [3]

If the collection I1,, is tight, then it is relatively compact. If S is complete
and separable, the condition is also necessary.

¢

This criterion is particularly useful if S is the set C' of continuous functions
on RNV, N < oo. In this case the compact sets are characterized by the
Ascoli-Arzeld theorem. Let the continuity modulus if x(t) € C be w,(d) =
supjy—s)<s|z(t) —(s). The Ascoli-Arzeld theorem states that a set A € C has
compact closure iff

supzealz(0)] < oo, limg—oSuprecaw,(0) =0 (7.51)

It follows from the definition that if A has compact closure, then its el-
ements are equi-bounded and equi-continuous. It is then easy to see that in
this case the sequence P, is tight iff
i) for each n > 0 there exists a > 0 such that P,(z : |2(0)] > a) < 4d Vn >
1.

ii) For every i n > 0, € > 0 there exist § € (0,1) and ng € N such that
P, (z: wy(6) >€e)<n  ¥Yn>ng (7.52)



182 7 Lecture 7TElements of probabiity theory. Construction of Brownian motion. Diffusions

Returning now to the construction of Wiener measure, notice that if s and
t,0 < s <t <T are such that €2t and ¢ 2s are integers one has

/dP£|a:(t) —aE)f =B Y &)

i=e~2s+1

e 2t
=Y BEhet Y B(EE) < O@(-s)+(t-s) < 20(-s)?
i=e 2s+1 e 254+1<i<j<e 2t
(7.53)
By interpolation this inequality is valid for 0 < s < ¢ < T. Remark now that
if 3a, B8 C < oo such that

E(|z(t) — 2(r)]°) < Clt — '+ (7.54)
then 3 ¢;, co < oo such that

|z(t) — z(s)|” 1
_1 > < cog— .
|t—8|1+a _Cl/\] _Cz)\ (7 55)

Plsupo<s<i<T
This inequality, a version of Tchebychev inequality called also Garcia’s
inequality, can be found in [2]. With the choice @ = 1 and 8 = 4 it follows

jz(t) — z(s)| 6"

P.(xz, —)=2n) < Pe((SBSUp\tfs\géW >n) < eae ?)4 (7.56)

5

and then lims_gsupesoPe(x : w,(d) > n) = 0. This implies relative compact-
ness.

7.10 Modification of Wiener paths. Martingales.

We consider now the process obtained modifying the Laplacian by a drift
b(x) (which need not be a gradient). We want to interpret the modification of
Brownian motion as modification of the Brownian trajectories. This will give
us a version of the modified process which has continuous trajectories defined
in any finite interval of time. The generator of the semigroup is now

1d? d
L=-— — .

5 2 + b(x) T (7.57)

We assume that the vector field b(z) is Lipshitz continuous. Consider the

modification of the Brownian trajectories under the following rule, for each

t>0

B — &(t) = Py(t), Et)=a+ (L) +/0 b(&(s))ds z(t) € R (7.58)
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where £(t) is the trajectory corresponding to the Brownian path §(t) is a
trajectory of Brownian motion (we make use of the evaluation map for all
trajectories in the support of Brownian motion).

Consider the dual action of this modification on the measures on contin-
uous trajectories in any finite interval of time, and call uy(t) the resulting
measure. Since we have assumed that b(z) is Lipshitz continuous one can use
the Picard iteration scheme to prove that the map po — pp(t) is well defined.
We recall some definitions

Definition 7.9 (martingale) [2][3][4]

Given a probability space {2, F, P} and a filtration F; € F (a family
of sub-sigma fields such that Fy C F; for s < t) a family M,;(w) of random
variables is called a martingale if
(1) For almost all w , M;(w) has left and right limits and is continuous to the
right.

(2) For each t > 0 M;(w) is measurable and integrable
(3) For 0 < s <t E(M;, Fs): = Ms almost surely, where E(X, Fs) denotes
conditional expectation of X with respect to the o algebra Fy ( a subalgebra
of fSt

¢

The role of this definition of martingale can be seen from the following
theorem

Theorem 7.7 ( Girsanov’s formula)
Denote by P° the measure that Brownian motion defines on the space 2 of
continuous trajectories starting from x at time 0. Let b(x) be a Lipshitz con-
tinuous vector field and by P? the measure of the stochastic process with drift
b(z). Then PY is absolutely continuous with respect to P.

The Radon-Nikodym derivative is given by

RY(w) = efo E@de3 [P (ENdsp2 _ §y2 (7.59)
k=1

The process defined by P is a Markov process because Ry is a martingale with
respect to {2, F, P,}. As usual we have denoted by £s(w) is the evaluation
map.

¢

Proof

We shall give the proof only in the case when the vector field is bounded.
The proof in the general case will follow by approximation and a limit proce-
dure.

Define a new measure Qm by

dQ.

T Rb (7.60)




184 7 Lecture 7TElements of probabiity theory. Construction of Brownian motion. Diffusions

where R? is given by equation (64). We prove first that R? is a martingale.

By inspection, this is true when b is a piecewise constant function b,.
Denote by Rff” the corresponding martingale. One can verify that (R?)? <
R3,e!C* where C(w) is chosen such that C(w) > |bs(w)| for 0 < s < ¢.

A bounded progressively measurable function b can be approximated by
piece-wise constant functions b,, which are uniformly bounded. Therefore when
b, — b the martingales RS” are uniformly bounded in L?(P,) and the limit
R? exists and is again a martingale.

Since the distributions are consistent for different times, it follows that

Ri(0,w) = edo O70@EN (=3 [ (o(w(s))—0)%ds (7.61)

is a martingale for every 6. This implies that

t

Si(0) = oo 0da(s) =15 =% 1 0b(a(s))ds

t L2
_ ) —a— [ b(a(s))ds) 4> (7.62)

is a martingale with respect to Qm Therefore
t
yit) = x(t) —x — / b(x(s))ds (7.63)
0

is distributed as the Brownian motion. Since &, (y(.)) = z(.) one has Q, = Q..
Q

We call attention to the second term in the exponential in Girsanov’s
formula, which has its origin in the fact that Brownian motion is a process
with increments in time which are independent for disjoint intervals of time.
For closed intervals which have a point in common the increment is not equal
to the sum of increments in the the two parts ( Wiener measure is not a
product measure)

The difference is encoded in the quadratic term b%(z(s)). Recall that
Wiener’s paths are nowhere differentiable and therefore this term is not related
to jumps in the deriative

So far we have studied Brownian motion, a Markov process that has the
Laplacian as generator. We have also studied modifications obtained by adding
a potential and/or a drift. The same analysis can be done for Markov processes
which have a generator of the form

Hyp=— Z %ak’h(x)aim+bk(x>8iu Ap k= Ak,h A>0 kh=1...d
(7.64)

provided the coefficients a r and b(x) are sufficiently regular. All these pro-

cesses are defined for 0 < ¢ < T (for some T > 0) , have continuous trajectories
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in RY, are recurrent for d < 3 and have a measure equivalent to Wiener mea-
sure on path in 0 <¢ <T.

They are a special class of diffusion processes (or for short diffusions),
stochastic processes that behave locally as a Brownian motion. We restrict
ourselves here to the one-dimensional case. The idea is to realize a process
with increments which satisfy

[x(t4€) — x(t)| 7y = €b(t,2(t)) +-o(e), Elx(t+e)— x(t)]%_-(t) = o(e) (7.65)

where the expectation FE is with respect to the (Markov) o-field F(t) generated
by x(t)

Let 2 be Wiener space on [0,T] i.e. the space of continuous trajectories
w(t), t €[0,T)) . Let £(t) be a function on this space on this space, continu-
ously progressively measurable. We are looking for a continuous progressively
measurable function x(¢,w) that satisfies for almost all Brownian paths,

2t +e,w) —z(t,w) = Valt, (@) [B(t + €) — B(1)] + eb(t, 2(t)) + o(e) (7.66)

Notice that now both the drift and the covariance depend on the path A
shorthand (formal) notation commonly used is

da(t) = alt, z(O)dB(t) + b(t, z(t))dt (7.67)

where (¢, z(t)) is Brownian motion.

7.11 Ito integral

More precisely we are looking for a progressively measurable (i.e. measurable
with respect the the the o-algebra generated in time by Brownian motion)
function x(t,w), t > s that satisfies for each w € {2 the integral relation

z(t,w) = B(w) —l—/o va(r,z(r,w))dB(T) —|—/0 b(r, z(1,w))dr 0<t<T

(7.68)

The first integral, Ito stochastic integral, is defined for a special class of
function F (that we describe now) by convergence in measure of the cor-
responding Riemann integral for approximating functions that are piecewise
constant on (almost all) paths. The class F is made of functions f mapping
[0,T] x 2 — R which satisfy
i) Vt > 0 the function f is jointly measurable with respect to the o-field of
the Brownian motion
ii)vt>0 FE fot |f(s,w)|ds < oo where E is expectation with respect to Wiener
measure fig.

One has then [1]]2][4]
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Theorem 7.7
For F € F one defines the stochastic Ito integral

X;(t) = /O F(s,w)da(s) (7.69)

with the following properties that characterize it completely
1) the map f — X¢(t) is linear
2) X ;(t) is progressibly measurable, continuous as a function of t and a mar-
tingale with respect to (2, Fy, Py where Py is Wiener measure on paths stating
at the origin.
3) X]% — fg(f(&w)st is a martingale with respect to 2, F;, Py.

¢

Recall that a process M (t) is a martingale with respect to (£2, Fy, Pp) if
the following are true
1) for almost all w, M(t,w) has right and left limits and is continuous from
the right
2) for each t > 0, M (t) is measurable and integrable
3) For 0 < s <t one has E[M(t)#(s)] = M(s) almost everywhere

Sketch of the proof of Theorem 7.7

One start as usual with simple functions (piece-wise constant for every (2) Let
0=ty(w) < t1(w)... < ty(w) < 0o be n times, let t,(w) be measurable and
let the function f(w,t) be constant in these intervals. For these function one
can define the integral as Riemann sums.

k—1
Xp(t) = Z fimrW)le(t:) — 2(ti)] + fra(W)[z(t) — 2(te—1)]  (7.70)

It is easy to check that properties 1) to 2) are satisfied. To verify 3) we
have to prove

EIX3(t) — X2(s) / f(rw)dr|z] =0 (7.71)

where E is the expectation with the probability measure of the Brownian
motion starting at the origin. This can be verified by using the properties

E[X;(8)[X;(t) = Xy (s)]]l 7)) = 0 (7.72)

Elfj-1(w)(@(t) = 2(s)’[|l7. = E[fj-1(w)(t — 5)]

which follow from the properties of Brownian motion. As a consequence of
Doob’s inequality for Brownian motion [1][2] one has also

7. (7.73)

Blsupos.ca(X; () 42 [ (a0 (7.74)
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These estimates lead to the definition of the Ito integral for a large class
F of functions. The class F is made of function f(s,w) € F which can be
approximated in measure with a sequence of simple functions such that

t
B[ 1a(s.) = f(s.)Pds] =0 (7.75)
0
Then the limit X, of X, exists in the sense that
Vi oo Elsupozaze| X, (5) = Xp(s)]2] = 0 (7.76)

It is easy to see that the approximation can be done if one shows [1][2][4]
that every bounded progressively measurable (i.e measurable with respect to
Fs for 0 < s < t) can be approximated by bounded progressively measurable
almost surely continuous functions.

Q

As a consequence of the definition of Ito integral one has the Ito formula, an
importat result in the theory of stochastic integrals. Let f(t,z) be a bounded
continuous function of ¢ and x with a bounded continuous derivatives in ¢ and
two bounded continuous derivatives in x. Then

t ¢
Fts2(0) = FO,000)+ [ oo w(6)ds+ 3 oo 26+ [ fulssal)dals) 05057
’ ’ (7.77)
One can verify that if g(s,z) = fs(s,%) + 5 fsz(s, ) is a bounded contin-
uous function , then

ft,a(t)) = f(0,2(0)) —/g(s,x(S)dS (7.78)

is a martingale.

In particular if a(z,w) = 1 and for almost all paths b(t,w) = b(w(t) this
procedure leads to the construction of the process which corresponds to the
Brownian motion with a drift b(x) (the process has generator %j—; +b(z) L)
If b(z,w) for almost all w is locally Lipschitz but depends on the path we still
have a Markov process with paths given by

2(t),w) = & + b(t, w) + /0 b(a(s), w)ds (7.79)

In this case Wiener measure on paths induces a distribution Q, on the
paths of this process on [0,7] starting in x at time zero. This measure is
absolutely continuous with respect to Wiener measure. The Radon-Nikodym
derivative on the o-field F; is given by

RDy(w) = exp /0 b(m(s))dm(s)—% /0 b2(s,o(s))ds]  (7.80)
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Lecture 8

Ornstein-Uhlenbeck process. Markov structure
. Semigroup property. Paths over function
spaces

The structures we have analyzed so far describe random processes in the
time interval [0, 7| with T arbitrary but finite. One can equivalently consider
processes in the time interval [—T, T.

We have associated to the Laplacian in R? the Wiener process on the
interval [0,T7]. It is easy to see that the procedure followed in the case of the
Laplacian A can be repeated for the generator £ of any positivity preserving
contraction markovian semigroup. Therefore we can associate to £ a stochastic
process on [-T,T] ..

We will return in Lecture 11 to the properties that operators and quadratic
forms must have to define a stochastic process. We want now to construct a
process for which the paths are defined for all times. Moreover we want that
the process has an invariant measure and that the group of time-translations
acts as measure-preserving transformations.

We can do this if the generator £ has a unique (positive) ground state.
For example we can take £L = Hy = —A + V(z) where V(z), = € Rlis a
potential of a suitable class and H a unique ground state with eigenfunction
¢o(x) which is strictly positive

Or one can choose £ = Afg,u , the Laplacian in [0,1] with Neumann
boundary conditons. The invariant measure would in this case have constant
density in [0, 1].

These choices would give a process with trajectories in —oco < ¢ < 400 but
the kernel of e ** has a complicated expression which makes it inconvenient
for explicit estimates. We choose the Hamiltonian of the harmonic oscillator

A 22

d d
— —— — 1
H() + r€R (8)

8.1 Mehler kernel

For the Hamiltonian of the harmonic oscillator the kernel of the associated
semigroup has a simple form. Moreover it possible in a simple way to extend
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the construction to the infinite-dimensiona case, and construct processes with
paths in Sobolev spaces. The integral kernel of the corresponding semigroup
is known explicitly ( Mehler kernel)

o (e7ty —x)?
K (w,y) = (1 — e )" Peap{—y* + 1_76_%} (8:2)
We briefly indicate a derivation of Mehler formula for d = 1. Using the

creation and destruction operators

. 1 d 1 d
a \/Q( —%), a ﬁ(ﬂcﬁ-@) (83)
one has 1 )
Ho(a™)" 20 =n(a")"20 2= ﬁe_% (8.4)
Therefore

e o By =" VB (Y (8.5)

(both sides are analytic in ¢ because a* (Ho + 1)~ 2 is a bounded operator).
From the commutation relations between a and a*

N

2 et ive @

/e_tHo (ar;,y)ei”ye_y7 =e¢ "V2°% e 7 (8.6)

JFrom this one derives Mehler’s formula. A similar construction can be
done for generators of the form

Hoo_N~ 09,0 i
Ab = Z({?jxk k,haixh—i- kTm r e R (8.7)

k,h=1

where A is a positive definite matrix. The Mehler kernel can be derived with
the same procedure as above by using a suitable representation of the canon-
ical commutation relations.

Formally the same is true in infinite dimensions but one must pay attention
to the fact that not all the representations are equivalent and the choice of A
and b fixes the representation in which the process is defined. Notice that

22 _ y?

. 1 a2 2
limyoo K (2,y) = —e™7 77 = Ry(,y) (8.8)

This is the kernel of the projection operator on the ground state of the har-
monic oscillator. The ground state is unique, because Hj is strictly positive
on the complement of the ground state.
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8.2 Ornstein-Uhlenbeck measure

Proceeding as in the case of the heat kernel, one can verify that K defines
for any finite 7' a process in [~7,T)] and fixed ¢, ¢’ € R? , called Ornstein-
Uhlenbeck bridge. The paths start in ¢ at time —7T and end in ¢’ at time
T.

There is a corresponding measure on these paths (the Ornstein- Uhlenbeck
bridge measure) Wq?qu;T . This measure is supported on continuous paths for
t € [T, T] conditioned to be in ¢’ at time —7 and in ¢ at time 7.

We want now to describe processes that are defined for all times. Time
translation will act as measure-preserving group of transformations and there
will be an invariant measure (state) . We start with the Ornstein-Uhlenbeck
bridge.

Let My be the space of continuous functions in the interval [—T,T]
with values in R%. Define a measure @4(T) on My as product measure of
d,u;)g,;[fT’T] times the measure on R x R? having for each factor as density

the (positive) eigenfunction 2y of the ground state of the harmonic oscillator
d®o(T) = duﬁ?};[_nﬂ Q0(y)dy$20(y')dy' (8.9)

Denote by Ay, the operator which act as multiplication by Ag(z), k=1,..n
(020, Aje~ (2t Ho 4, o=(n—tnato g ) :/HkAk(f(ti))ddio(t). (8.10)

JFrom the invariance of (25 under e?**0 (which implies e o2 = 2 ) it
follows that for S > T the measure @¢(T") can be regarded as the conditioning
of &y(S) to the paths in [T, T].

Moreover for |S| < T the random variables {7(s) have a the same distri-
bution as g for S > T and can be realized in the same probability space.
Therefore we are justified in identifying them.

This compatibility property allows, by Kolmogorov theorem, the construc-
tion (in several ways) a common probability space. But since Kolmogorov the-
orem is very general, in principle in a representation the measure is carried
by the continuous product of Ry, ¢ € R and a priori it is not obvious that
the process can be realized in a smaller function space, e.g. the continuous
functions of ¢ with values in R? (the space of continuous trajectories in R%.

It is therefore convenient to describe the limit Ornstein-Uhlenbeck measure
Lo as a measure on a set of measurable functions on R and of their expectations
instead of a measure on measurable sets of paths.

The measurable sets are then recovered using characteristic functions. No-
tice that the same procedure was followed by Wiener and the conclusion that
there is a realization in the space of continuous function was derived from the
smoothness properties of the covariance.

Therefore the process is indexed now by a set of functions of time. For any
continuous function f(¢) with values in R and support in [T, T] define the
function on path space
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¢m=/ﬂmwt (8.11)

which measurable with respect to tho measure dWyO ;J, Ay It is also measur-

able with respect to the measure dWyO,g/;[fs,s] with the same expectation.

Therefore we have defined a measure on continuous functions f(t) with
values in R and &, is the evaluation map for the Ornstein-Uhlenbeck process
defined in bounded time interval that contain the support of the function f.

Remark that since both the ground state of the harmonic oscillator and
the measure of the Ornstein-Uhlenbeck bridges are gaussian, also the the limit
measure po is gaussian (as limit in measure of gaussian measures).

The invariant measure of the Ornstein-Uhlenbeck process is gaussian and
therefore completely determined by its mean and its covariance. Formally the
limit measure can be written

d%:/ 20(0)20(¢) AU, (8.12)
RAx R4

and defined on continuous paths in any bounded interval. For any collection
fi of bounded function of ¢ € R? and for any polynomial P and for any value
of T' one has

/Hfidw = (o, fre” Bt o fo e tnriTtn g ) (8.13)

for |t;] < T,Vi. This measure is constructed by a weak limit procedure for
T — oo.

Therefore the support of the limit measure can in principle be any mea-
surable subset of the continuous product of R?. It is therefore advisable, as
we did, to consider first the measure on measurable functions and then, if
needed, enquire about a space of paths on which the measure can be realized.
This space will be not unique. We shall denote by {2 any of the measure space
we can choose and by w its ”points”.

The most natural functions in Euclidian space are the coordinates. By the
explicit form of the Mehler kernel one derives

/qk (t)dw = 0Vt (8.14)

/ @ (W) gn(T)dw = 7702, 202) = Oy pe 1t (8.15)

where C}, j, is a covariance matrix (the measure is a Gaussian measure) Denote
by ¢(f) the random variable associated to the function f. One has

E(@(f) =0 E(¢(f)o(9) = (f.9)-1 (f,g)lE/(f)*(k)é(k)(k2+l)’1dk
(8.16)
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Bo(f)") = @n=DUfE",  E(@(f*"") =0, B(e?D) =200

(8.17)
Notice that the process is defined for all times and has a positive invariant
measure. As a stochastic process it has a generator £ = —H, where Hj is the

Hamiltonian of the harmonic oscillator in R? and the invariant measure is the
ground state of the harmonic oscillator.
Consider now the hamiltonian

H = Hy+V(z) (8.18)

where the potential V' is such that H is self-adjoint, positive and has 0 as
isolated eigenvalue. Without loss of generality we the corresponding eigen-
function £2(x) to be positive.

Therefore [ 2(x)$2y(x)dz is positive and .

(02, 020)92 = lim;_ooe” 2 (8.19)

Define .
dur = Z;leffT V(g(s))dsduo (8.20)

where Z; is a numerical constant chosen so that du is a probability measure.
By construction

|2 Qo7 (em (0 =H Oy, fre~(emtIH f) o=t H gy — /kak(fk(tk))d/lt

(8.21)
It follows from our assumptions that the left hand side converges when
t — oo. Therefore also the right hand side converges and

(12, fle—(tg—tl)HfQ.“e—(tn_l—tn)HQ) - limtﬁm/ﬂkfk(gk)dut (8.22)

Recall that, before taking the limit, the measure pup is defined on con-
tinuous functions supported in (—7.7"). With a procedure similar to that we
used in the case of the Ornstein-Uhlenbeck process one can now define a mea-
sure on D’ (or even in a smaller space of distributions) But now this measure
is no longer gaussian and it is more difficult to compute the momenta and
correlations of the random variables ¢(f). .

This limit measure is defined by

p(ITy fre(€k)) = limy oo /kak(ﬁk)dut (8.23)

8.3 Markov processes on function spaces

We must prove that there is a Markov process over some function space as-
sociated to the semigroup with generator A — V' and that this process has
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an invariant measure (given by (40)). As remarked above, this abstract pro-
cedure does not guarantee a-priori that there is realization of this process in
a space of continuous paths, since the proof relies on convergence in distri-
bution: To find the support we must return to the meaning of convergence
for the measures pr. Define for f € D, supp(f) C [-T,T] the characteristic

function
Or(f) = / e*Ddup (8.24)
It is easy to verify:
1)
2)
N —
Z chiéT((fi — fj) >0 (826)
i,j=1

for every choice of functions f; and complex numbers c¢;.
3)
dr(0)=1 (8.27)

Notice that &7(f) = @g(f) if the support of f is contained in [-T,7T] N
[, S]. Setting D(f) = limp_.0cP7(f) one obtain in this way a functional on
D with the properties 1),2),3) above.

This properties are shared by the limit. We must take f € D since we are
dealing with functions which have arbitrary but finite support. We are now
in condition to apply the following theorem [2][3][7]

Theorem 8.1 (Minlos)

Let @(f) be a functional on D with the properties 1),2),3) described above.
Then there exists a unique probability measure p on D' such that @, (f) =

feig(f)du(f). We shall call @,, characteristic functional of the measure p.

o

Minlos’ theorem is a generalization of a theorem of Bochner that we will
now state and prove. Recall that a function f on R" is of positive type if it is
bounded, continuous and for any choice of A\1,..\, € R™ the matrix

is positive

Theorem 8.2 (Bochner)
The cone of functions of positive type coincides with the Fourier transforms
of the finite positive measures on R™.

&
Proof
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1) If p is a finite positive measure one has
St =M fi= [du@l YN AP =0 529
1,3 1

2) Let f be a continuous function of positive type. Let Hy be the pre-Hilbert
space of complex-valued functions that are different from zero only in finite
number of points (this is a vector space for point-wise addition) endowed with
the scalar product

(@)= D @) fl@—y)ly) = Ui, Un)y  VteR  (8.30)

z,yeRN

where Upp(z) = ¢(x — t). Let H be the closure of Hy under the topology of
the scalar product (47). Let = be the ideal of functions for which (¢, ¢); = 0.
Then Uy is well defined on the quotient H/=.

Since U, is strongly continuous (since f is continuous) one can use the
spectral theorem and Stone’s theorem to prove that there exists a family of
projection operators Py on R™ such that

(0.U); = [ (o, Pro);s (8.31)

Let now ¢y be the equivalence class in H /Z of the function ¢q defined by

r=0=¢y=1 xT#£0=¢p=0 (8.32)
so that R ~
c=t=Udo=1 a#t=Udy=0 (8.33)
Then
£(8) = (Uidn,do) = [ & (G, i) (8.34)

Therefore f(t) is the Fourier transform of a positive measure.
Q

The process can be realized with paths in a space smaller than D’(R)
(recall that Brownian motion in [0, 7] can realized on continuous paths).

As in the case of Brownian motion there is no optimal regularity, but
only an upper bound. This bound depends on the regularity properties of the
measure p(ITx fr(&k)) as a function of the fi for which the integral is defined
and this in turn depends on the regularity of the potential V. In general one
can find a Sobolev space on which the process is realized.
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8.4 Processes with (continuous) paths on space of
distributions. The free-field process

The construction we have given of a Markov process using the harmonic oscil-
lator semigroup can be repeated for any self-adjoint operator on L?(R) pro-
vided it has a positivity preserving kernel. If the kernel is positivity improving
there is a unique ground state.

When one seeks a generalization to paths in function spaces (e.g. the space
of distributions) one should require that the ground state measure be mean-
ingful on the space one considers.

By the theorem of Kolmorogov this is certainly the case if the ground state
can be represented as a product measure i.e. the state must be a (infinite)
product state in suitable coordinates.

This is the case for gaussian measures which are ground states for positive
Hamiltonians which are quadratic in the position-momentum variables. Since
we want to have a measure on continuous paths in some distribution space we
must require that in the dual space (the space of linear function on the paths)
be present also the functions f(£)d(t — T), where £ belong to some function
space, e .g. some Sobolev space on R?

The space X is conventionally called test function space; it is in duality
with path space.

If both the path space and the test function space are spaces of functions
that admit Fourier transform one can describe both spaces using Fourier trans-
form.

The Fourier transform in R%*! (with coordinates z¢g = t,x1,...74) of
the function f(z)8(t —7) is f(p)e™° in ”generalized” momentum space with
coordinates kg, ki,...kq-

Therefore we can take the covariance for the process (a positive bilinear
form over functions of space and time) can be taken to be

(F,G); = / (BY* (o, k)G (ko, ) dkodk (8.35)

kZ+k2+m
where the parameter m represents the "mass” of the particle associated to
the field. We have chosen capital letters to denote function on space-time.

Recalling that 6(t — 7) € H_; is continuous in 7 in this topology, we see
that the definition is consistent with the previous setting if we have £(§(¢)) =
&;. This infinite-dimensional Ornstein-Uhlenbeck process is gaussian and has
expectation and covariance given as follows

E(@(F) =0  E(o(F)o(G)) = (F,G) (8.36)

The Ornstein-Uhlenbeck on distributions can be constructed as an infinite
product of one-dimensional Ornstein-Uhlenbeck processes.
For N finite the generator is



8.4 Processes with (continuous) paths on space of distributions. The free-field process
1

2(:10,1435) -1 A>0 (8.37)

H=——a+
2m

Since A can be diagonalized, with eigenvalues a; the resulting process is
made of N independent copies of the Ornstein-Uhlenbeck process. Take now
N functions fi,...fx in S and a measure 1 on R% under which they are
orthonormal. Call Ky this Hilbert space.

Every element in f € Ky can be written as f(z) = > ¢ fr(z) where ¢, are
random variables which define a Markov process with continuous trajectories
in time (in R'.) We have therefore constructed a gaussian random process on
the space of function K.

By Kolmogorov’s theorem we have constructed a process on the infinite
tensor product of copies of L?(R') But the covariances of the component
processes decrease to zero (the eigenvalues of the harmonic oscillator increase
as N2) and therefore the densities tend to the function identically equal to
zero and the measure of any finite interval tends to zero.

The convergence is in measure and the limit measure of the process may
have support ”at infinity” [3][4]

We shall start with the constriction of a gaussian measure on the (nuclear)
space H™°(RY) (recall that H~™ is defined like the Sobolev space H™ but
using the hamiltonian of the harmonic oscillator instead of the Laplacian).

BEach f € S defines a linear functional (a coordinate) on H~>(R%)

0 — f(9) =0(f) =< f,0 > (8.38)

where the suffix 0 indicates that the duality is made with respect toL?(R?).
If T is measurable and B is a Borel in R? the subset of H_,(R?) defined by

where B is a (Borel) cylinder set and
0 — F(f1(0)... fa(0)) (5.40)

is a Borel cylinder function. In the usual way cylinder sets and functions define
the class of measurable sets and functions. For any measure du in H_ o (R?)
the bilinear form (f, Cg) on S(R?) defined by

Hoo 3 fog — (£,C.g) / F(0)g(0)dv(0) (8.41)

is called covariance of p.

We suppose that C' is not degenerate (i.e (f,Cf)) = 0 implies f = 0 a.e.
We will say that the measure v on Hoo(R?) is gaussian if the restriction to
every finite-dimensional space is gaussian.

Let C be a covariance defined on the nuclear space H, (R?). Kolmogorov
theorem implies that there is a unique gaussian measure having Cas covari-
ance.

197
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In the case d = 0 (processes over a finite dimensional space) we have seen
that one can chose the representation in such a way that the measure be
carried by continuous functions.

If C = (—A+1)"! acting on L?(R?) then the Ornstein-Uhlenbeck process
can be defined on D'(R?).

We seek conditions under which the process can be defined on a smaller
space. A first step in this direction is a generalization of Bochner theorem.
We shall state it without proof.

A distribution T € D/(R™) is of positive type if for each 1) € D(R™) such
that ¢ (—x) = 1(x) one has

T( ) > 0 (8.42)

Theorem 8.3 (Bochner-Schwartz)
A distribution T € D'(R"™) is of positive type if and only if T € S'(R™) and
moreover is the Fourier transform of a positive measure of at most exponential
growth.

¢

Notice that the nontrivial part of the theorem is the statement that if
the measure is of positive type then there is an equivalent measure which is
supported by the smaller set S'(R™).

Theorem 8.4 (Minlos)

Let d > 1 and let ¢ be a function on S(R?). . Necessary and sufficient con-
dition for the existence of a measure du on S'(RY) that satisfies ¢(f) =
e PN du(F) is that

1) 6(0) = 1

2) F — ¢(F) is continuous in the strong topology

3) For any {fi1,... fn €S} and {z1,...2, € C} one has

> zzmé(fi— £;) =0 (8.43)

ij=1

%

There is in general no canonical measure space. A refinement [7][11] of the
theorem of Minlos proves that if the covariance C' can be extended continu-
ously to a Sobolev space H¢ the gaussian measure with covariance C' can be
realized the space of continuous functions of t with values in a Sobolev space
HMmd=1) for a suitable (negative) function n(m, d)

8.5 Osterwalder path spaces

We introduce now, in the infinite dimensional setting, a Markov process which
has a relevant role in the Weyl quantization of classical fields. Recall that a
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Markov process is defined by a family of random variables that depend on a
parameter ¢ € R and take value in a (possibly infinite-dimensional) space X.
We start with a somewhat more abstract presentation [4] .

Definition 8.1
A (generalized) path space consists of
1) a probability space {Q, X, u},
2) a distinguished sub-c-algebra Xy
3) a one-parameter group U(t) of measure-preserving automorphisms of
Loo(Q, X, 1) which are strongly continuous in measure.
4) a measure-preserving automorphism R ( time-reflection) of Lo (Q, X, i)
such that
R*=1 RU(t)=U(-t)R RE, = EyR (8.44)

where Ej is the conditional expectation with respect to X
5) X is generated by Uic g X, where Xy = U(t) Xy
¢

We will denote with F; the conditional expectation with respect to Uy>¢2%

We have used the notation generalized because we will be interested in the
case in which the space in which the path occurs is a space of distributions.

We will later introduce the dual space, the space of fields at a fized time
(linear functionals on the generalized space) and see under which conditions
the semigroup structure of the Markov process is reflected in automorphisms
of the algebra generated by the fields. In order to prove this connection, we
restrict the class of Markov processes and the class of path spaces.

Definiton 8.2
A Markov path space is a space of paths which satisfies the further property
1) REy = Ey (called reflection invariance or also reflection positivity
2)
E.FE_=E.EyE_ (8.45)

&

We will be interested in path space that satisfy further conditions. We
call them Osterwalder-Schrader (O.S) path spaces. O.S. are the initials of
K.Osterwlder and R.Schrader that have established [5] the correspondence
between a class of Markov Fields (that were analyzed by Symanzik [6] and
Nelson [7]) and the relativistic local free field (Wightman) [8]

Definition 8.3
An O.S. path space in a path space satisfying the following (positivity)
condition : EgREy > 01i.e. (Rf,f) >0 Vf € Ly(Q, X, )
¢

The O.S. positivity condition plays a major role One proves [9] (Nelson)
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Proposition 8.5
Every Markov path space is a O.S. path space

The proof is as follows:

E,RE, = E,RE,E, = E,E_RE, = E,E)E_RE, = E,EyE_ = Ey >0
46)

Notice that the converse is not true.

8.6 Strong Markov property

We shall see that O.S.. path spaces have the strong Markov property i.e. the
Markov property with respect to all time (and not only with respect to time
zero). We begin by proving

Proposition 8.6
An O.S. path satisfies reflection positivity i.e. REg > 0

¢
Proof:
One has indeed
REy = EgREy = FoREy = EyELREEy >0 (8.47)
Q
We now prove that to every O.S. path space is associated a semigroup

structure.

Theorem 8.7 [7][10][12]
Let ({Q, X, u}, Xo,U(t), R) be an O.S. path space.

There is a Hilbert space H and a contraction K : L*(Q,0,) — H such
that
1) the range of K is dense in H
2) SHOK(F) = K(UHF), F € L*(Q,X,u) defines a strongly continuous
self-adjoint contraction semigroup on H
3) If we define 2 = K(I) then ||2|| = 1, P(t)£2 = £2¥t > 0.

¢

Proof

The proof is essentially a G.N.S. construction.

Define the scalar product < f,g >= (Rf,g) f,g9 € L?(Q,X,u). By O.S.
positivity this defined a positive semi-definite inner product. Let N be the
ideal defined by N = {f € L*(Q, X*, ) (< f, f >=0}.

The ideal A is invariant under U(t). This is seen as follows:



8.7 Positive semigroup structure 201
<UMLU@)f>) = (RUG)SU@)S) = (UEORU{)f) = (Rf,U2L)f)

=< fLURNf>< < f,f>2<UQRLUQRLS>2 (8.48)

Define H to be the Hilbert space completion of L?(Q,X*,u) A in <, >
and let K (f) be the canonical projection of f in H.The range of K is dense
in M and [K(F) I < [1f]122-

Define S;K(f) = K(U(t)f). Since U(t)N € N and the product < . > is
invariant under U(¢) one has

SeSK(f) = SiK(Usf) = K(UUs f) = K(Ugs f) = Sis K(f)  (8.49)

Therefore the S} form a semigroup which clearly strongly continuous contrac-
tion and therefore has a generator.

Q

8.7 Positive semigroup structure

Definition 8.4
A positive semigroup structure{H,T(t), A, 2} consist of
1) A Hilbert space H
2) A strongly continuous self-adjoint contraction semigroup 7'(t) on H with
generator H.
3) A commutative von Neumann algebra A € B(H) (the algebra generated
by the fields at time 0)
4) a privileged vector {2 € H such that T'(¢)2 = 2, Vt > 0 such that
a) The vector {2 is cyclic for the algebra generated by A U T(t),t > 0
b) for all fi,... f, € AT and ty,...t, > 0 one has

(2, T(0) T (t2) ... T(tn) fn82) 2 0 (8.50)

We have denoted by A7 the set of positive elements in A
Condition 1) means that the union of the subsets ¢
T(t:) f1T(t2) f2 ... T(tn) fn 12, t1...tp, >0, ficeA (8.51)

is dense in H. One can think of A as the algebra generated by e’® and
T, = e*flot where Hy is the Hamiltonian .

Condition a) and b) are certainly satisfied in a theory in which [Hy, z)] =
Cr.npr (on a suitable domain) and the representation of the Weyl algebra is
irreducible.

We begin with a Lemma

Lemma 8.8
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Let {2, X, u), Xo,U(t), R} be a R.P. path space and let H, K, T;{2 be as
in theorem 8.7. Then
1) if f € L>®(Q, Xy, p) define fK(F) = K(fF).Then f is a bounded operator
on H and ||f]| = |
2) {f} defines a commutative von Neumann algebra of operators on H with
2 cyclic and separating vector.
3) For any 0 < t; < ts..... <t, and for f; = U(t)f; one has

/ftlftZ cdp = (2, fo, Pty —ta) ... P((tn) — tn_1, fr, ) (8.52)

¢

Proof

Notice first that Vn, ||f]] < ||/™]lee. Point 1) follows because R is an au-
tomorphism of L (Q, X, 1) and F is the conditional expectation with respect
to EO .

Point 2) follows because the the restriction Ky of K to L?(Q, Xy, i) is
unitary onto its range since < f,g >= (f,g) for f,g € L*(Q), Xy, u) and
f = K3 Ko so that £ = | .

The restriction of A to the range of K is therefore a von Neumann algebra
with (2 as separating vector, and then 4 is a commutative von Neumann
algebra of operators on H.

To prove point 3) let for i = 1,...n

hiSte<...<te fr=Ult)fi fi€ L(Q Zo,p) (8.53)
It follows that
ftlftz e ftn - U(tl)flU(tQ - tl)fg P U(tn — tnfl)ftn (854)

Statement 3) follows then from the fact that
K(U(51)91U(t2 —t1)g2 ... gn1 = T, 91T, . .. gn {2 (8.55)

for g1,92...9n € L*(Q, Yo, 1) and 51,82...8, >0
Y%

In what follows the von Neumann algebra A is taken to be an algebra of
functions on path space and therefore we will use the symbol f instead of the
symbol a to indicate a generic element.

We prove now that a R.P. path corresponds to a positive semigroup struc-
tures We use the same strategy that we used in Book I to show that in Quan-
tum Mechanics conditioning of a one parameter group of unitary operators to
a sub- o algebra leads to a positivity preserving semigroup.

One can recover the group by the Stinespring construction ( reconstruction
formula). Let H, T}, A, 2 be the semigroup structure defined in Lemma 8.8

Theorem 8.9
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Let {02, %2, 1, X U(t), R} be an O.S. path space and let {H,T(t), A, 2} be the
associated semigroup structure.
Then {H, T}, A, 2} is a positive semi-group structure. .
¢

Proof

Let {Q, X, uXo,U(t), R} be an O.S. path space and H,T(t), A2 the as-
sociated semigroup structure. Conditions 1) to 5) of definition 8.4 are clearly
satisfied.

Condition 6) follows because 1 is a cyclic vector in Lo(Q, X, ) for
Loo(Q, o, ) U{U(t),t > 0} since o4 is generated by U;>oU (¢)Xp.

Condition 7) follows from (74)

@

Notice the role that the O.S. positivity condition has in the proof.

It can be proven that the converse of the statement of Theorem 8.7 also
holds. For this one remarks that A is isomorphic to C(Qo) where Qg is the
spectrum of A. Therefore the proof is similar to the proof of the same state-
ment for the Ornstein-Uhlenbeck process. Define Q = ®;crU(t)Qo and the
action of U(t) and R on @ by

U(t)a(s) = q(t —s)  Rq(s) = q(—s) (8.56)

Define F(q) = f(q(0) for f € C(Qo). The difficult point, which we don’t
discuss here, is to construct a measure on the o under which algebra generated
by C(Q) under which {£2, X, u, ¥ U(t), R} is a path space. We do not give
here the details.

Proposition 8.8

Let T(t) be a positivity preserving semigroup on L?(M, ) .

Then {L*(M,pn), T(t), Loo(M),I} form a positive semigroup structure
with I as cyclic vector. Conversely let {H, T'(t).A, 2} be a semigroup structure
, with £2 cyclic for A.

There exists a probability space {M, u} and a positivity preserving semi-
group T'(t) on L2(M, ;1) such that

{H,T(t), AR} ~ {L*(M, 1), T(t), Looc M, I} (8.57)

&

Proof

The first part follows form the definitions. We prove the converse. Let 2
be a cyclic vector for A. It follows that 4 is maximally abelian and therefore
there is a Baire measure v on the spectrum Qg of A such that

H~L3Qov),  A~Lu(Qor) 01 (8.58)
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Let T(t) correspond to T'(t) under this isomorphism. Then 7'(t) is a posi-
tivity preserving semigroup on L?(Q,v) The proof is the same as in the case
of the O.U. process

@

Theorem 8.11
Let {2, %, 1, U(t), R} a O.S.path space, and let {H, T;, A, £2} be the associated
semigroup structure. Then {2, X, n,U(t), R} is Markov if and only of §2 is
cyclic for A.

¢
Proof

One has Fy RE,; = Ej since the path space is Markov. Therefore forall
f€L?Q, X, u) one has (Rf, f) = (Eof, Eof). and therefore

H~ L*(Q)oo),n Ty~ FEoU(t)Ey, N~ (8.59)

Conversely if §2 is cyclic for A and T; is a positivity preserving semigroup, it
follows Ty AT 2 € AT for all t > 0 and then by polarization 7342 C A. The
Markov property follows then considering

F(Q) = fn(Q(tn>) ce fl(Q(tl))v fk € LOO(QZ : 07:“)7 ty <ta...< 1,
(8.60)
then FL E_F = EF and therefore it is measurable with respect to Xy. It
follows ELE_ = ELEyE_
Q
Remark that Theorems 8.10 and 8.11 imply that Markov path spaces cor-
respond to semigroup structures in which 2 is cyclic for A. As a consequence
for all f,g € AT and T > 0 one has (f£2,T(t)gf2) >0

Definition 8.8
Let M be a probability space. A strongly continuous self-adjoint contrac-
tion semigroup T'(t) on L?(M,dy) is positivity preserving if
HTHI=Ivt>0
2) f>0—T(t)f >0
¢

Theorem 8.12

Let {H,T(t),A,} be a semigroup structure, and §2 be a cyclic vector. There
exist a probability space M, and a positivity preserving semigroup T(t) on
L?(M, p) such that

{H,T(t)A, 2} = {Lo(M, )}, T(t), L (M, 1)} (8.61)

as positive semigroup structure.

o
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8.8 Markov Fields . Euclidian invariance. Local Markov
property

We have seen the construction of O.S. and Markov processes with trajectories
continuous in time with values in function spaces over R?. One may try to
have a structure that is more symmetric in space and time and construct
Markov fields over Rt

One may ask that for these fields the Markov property be valid in a gen-
eralized sense: given any domain {2 € RI*! with interior £2° and smooth
boundary 0f2 the random field in the complement 2¢ of (2 is completely
determined (in law) by a field on the boundary .

Recall that a stochastic process indexed by a set X is a function from
X to a probability space {£2,S,u} where S are the measurable sets and pu
is the measure. If X is a topological space, a linear process f — ¢(f) over
X is a stochastic process indexed by X and such that f, — f in X implies
&(frn) — o(f) in measure where defines the process.

Denote by S the o-algebra generated by {&(f), f € S} (S is Schwarz
space) If A is open in E9*! define ©(A) the sigma-algebra generated by func-
tions with support in A.

H? is the harmonic space of order —1 constructed similarly to the Sobolev
space but with the operator —A + 22 in place of A If A is a subset of E¢
define

o(A) = Nacar, A’open|9/1/ (8.62)

Denote by E{.;©(A) the conditional expectation. Then a Markov field over
E*1 is a linear process such that for every measurable f and regular A one
has

E(f10(A%) = E(f©(04) (8.63)

where 0/ is the border of A. In particular denote by D(R?) the space of C*
function on R™ with compact support. A linear process over D(R?) is called
random field.

In the case of the Ornstein-Uhlenbeck process, we have a random process
over H™1(RY).

Since the injection of D in H~! is continuous, a random process over
H~Y(R?) defines a random field over H~1(RI*1).

By construction functions (distributions) of the type f(x)d(t — to with
f € S are defined on the process (are test functions i.e random variables).

We now require that our random field euclidian invariant i.e. invariant
under the natural action of the inhomogeneous Euclidian group in R4+, This
implies that it has the Markov property with respect with respect to any
choice of a d-dimensional hyperplane.

Recall that the Euclidian group E4t! of R4t! is the inhomogeneous or-
thogonal group (including reflections) i.e the group of linear transformations
which preserve |z—y|. A representation of the Fuclidian group on a probability
space is a homeomorphism 1 — T;, of E4 into the group of measure preserving
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transformations 7;, which continuous in the sense that if 7,, — 1 € E implies
T, — T, in measure.

On R | d > 1 introduce coordinates (t,z), x € R% t € R and let Y,
the hyperplane t = . Let Y; be the half-space ¢t < s and let p(s) the reflection
with respect to Y;. We call 7(s) be the translation (z,t) — (z,t + )

An Euclidean field over H~'(R*! is by definition a Markov field over
H~Y(R¥*! and a representation T of the Euclidean group on the underlying
probability space of ¢ such that, for f € H~' and n € E¢ the following holds

Tyo(f) =o(f-n") (8.64)

This property is called Fuclidian covariance.

Any convex bounded domain in R?! with regular boundary can be seen
as the envelope of hyper-planes and therefore we require that the Markov field
has the local Markov property i..e for any convex bounded domain 2 C R*t!
with regular boundary 92 the field in the interior £2 and the field in the
exterior 2¢ is determined (as a probability space) by the restriction of the
field to 042.

We define therefore a local Markov field[6][7][9] as follows. If F is a set in
R*1 let O(E) be the sigma algebra generated by the ¢(f) with f € H~!(R?)
and support (f) C E.

Let U C R with smooth boundary OU and denote by U’ the comple-
ment of U. A Markov field over H~1(R*t1) is a random field over H~!(R+!
with the property that for all open sets U C R if u is a positive random
variable in O(U) then the following Markov property holds

E|OU")] = E[uO(dU)] (8.65)

A Markov field is real if ¢(f) = ¢*(f) Notice that if O = {z|z; = t} (the
first coordinate is time) this property corresponds to the Markov property of
diffusions.

This condition may be too restrictive; a weaker condition is

Ve>0 E[u|OU")] = Eu|0dU.)] (8.66)

where JU. is an e-neighborhood of 0U.

This allows to consider also derivatives of the random field; it allows to
describe the observable momentum and it implies that the random fields are
in the domain of the Hamiltionian.

8.9 Quantum Field

We associate a Fuclidean Quantum Field 6 to the Euclidean field ¢. The
quantum field leaves in a Hilbert space H = O(R?) N L?(R?) which is much
smaller than the Hilbert space X = O(R1) N L*(2,S, 1) in which the
Euclidian field is defined.
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Let Ey be the orthogonal projection of X onto H. Define T'(t)u, 0 <t < 0o
for u € calH as
T(t)u = EoT(n(t))u (8.67)

Then

Theorem 8.13 (Nelson) [7] [12][13]
Let ¢ be the Euclidian field over H™' and let T(t) and H defined as above.
There is a unique self-adjoint positive operator H on H such that

Pu=e¢ "M 0<t<oo (8.68)

¢

Proof
One has Yy = R4™!

PP, = E{T7)(S)Ptu|O(Y0)} =

E{T () [E{Ty ) ulO(Y0)]|O(Yo) } = E{[E{Ts+eulY5)]|O((Y:)}|O(Yo)} =
E{[E{Ts+u]Y)||O((Y5)}|O(Z0)} = E{[E{Ts11u|Y:)]|O((Zs) H|O(Z0)} =
B{T, (s + )Yu}|O(Zo) = E{T,(s + u}|O(Yo) = Psssu (8.69)

The first and second identities are the definition of the operators P; and
Py, the third is Euclidian covariance.The fourth is Markov property, the fifth
is inclusion, the sixth is again Markov property and the last is the definition
of the operator P;i4. Let uw € H . Then as t — 0 we have T'(n(t))u — v in
measure and since T'(7n(t)) are unitary, |T'(n(t))u| = |u|. Therefore Pu — u
as t — 0 and since || P|| < 1 the family P(¢) forms a continuous contraction
semigroup on H.

To conclude the proof we show that each P; is a self-adjoint operator on
H. Let p the reflection in the hyperplane R?~!. We will prove that T, is the
identity on H.

We call this property reflection property. Assuming the reflection property
we conclude the proof that P; is self-adjoint. For u,v € H one has

(v, Pu) = (v, BoT(n) (8))0) = (v, T(n(t))u) = B(o, T(t)u) = (Py, v,
(8.70)
Notice that T RT: = id Since n(t)'p(%) = p (the refection in R?) the
reflection property implies

Using euclidian covariance it follows

(v, Pu) = ET,1yv, Tywyu) = (Tyyv, u) = (EoTywv,u) = (Po,u)  (8.72)
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We prove now the reflection property i.e that T}, is the identity in H et f
have support in RY. Since the kernel of the operator —A + 1)1 is positive
the potential

(-A+1)"16(x) xeR? (8.73)

can be approximated arbitrary well by a positive element in H~*(R?). But this
positive element is a measure and therefore is invariant under 7. It follows
that T'(p) leaves ®(f) fixed and consequently T'(p) is the identity on H.

We remark that this procedure allows the construction of fields at any
time ¢t and the Hamiltonian, generator of the semigroup.

Notice that the hamiltonian is not a function of the fields at fized time .
Moreover e *# U Ay generate the algebra of fields at all times.

It follows also that in a field theory in R4*! in which field at a fixed time
cannot be defined (i.e. the distribution §(x¢ — a)f(z) = € R, f € Sis not a
test function) cannot be obtained from an Eucidian Markov field. This is the
case for the models of relativistic field theory that have so far been constructed
in space dimension d > 2.

Q

Let E%*! be the inhomogeneous euclidian group. A representation T'(¢), & €
Et1 is a homeomorphism of E? on the group of measure-preserving of
the measure algebra associated to {f2,5,u}. An Euclidean (random) field
is a Markov field together with a representation of E¢ such that for every
f € S(EY) and ¢ one has (covariance)

T(E)e(f) = o(fo&™) (8.74)

and moreover (reflection positivity)
TO)a=a,  «acOFE (8.75)

where ©(E?~1) is reflection with respect to a co-dimension one hyperplane.
We assume moreover

1) Vf € S(E™Y) o(f) € LP(2, )

2) the map Sy (f1,... fn) = E(@(f1)...¢(frn)) is continuous

Then one has

Theorem 8. 14
Let ¢(f) be an euclidian field. The the distributions S,
a) are tempered distributions i.e S, € S'(R?) with Sy = 1
b) are covariant under the Euclidean group S,(f) = Sp(fo&71)
¢)
> Suym(Offn) =0 Vf, € S¥(RM™) (8.76)

n,m

where
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SO (R = f € S(R™ | f((z1,... %) =0 unlessO < 21,4 < ... Tp.q < 00

(temporally well ordered)
d) Sp(f) = Su(I1(f) where II is a permutation.

We shall not give here the proof of this theorem [11]

8.10 Euclidian Free Field

We give now an example of euclidian field, the Euclidian free field in R Let
m > 0 and let H the Hilbert space completion of Sg(E?) in the scalar product
(g, (—A+m?)f). Denote by ¢ the real gaussian process on H . When restricted
to S this is a random process on S(E?)

Theorem 8. 15

¢ is an euclidian field that satisfies assumptions 1 and 2 above.

Proof

Let A be open in E? with regular boundary. Define
U={feH, suppf C A}

M={feH suppf C A°}

N ={f eH suppf € 0A}

L=MnM

Let f € U and let h the orthogonal projection of f on M We prove that
h € N Since A is a local operator we have

(9. (=A+m*)h) = (g, (A +m?)f) (8.77)

and this implies (—A + m?)h = (A +m?)f as distributions on A§. It follows
that h = f as distributions on A§. But f = 0 on A§ Therefore supph C
A — Af =04

Let K be a closed subspace of H and let K be the sigma-algebra generated
by ¢(f), f e K. If K, | K it follows that ,, | K.

Considering a sequence of open sets A,, such that A, | A¢ one derives that
O(A°) = tildeM . In the same way one establishes

@A) =N O =U (8.78)

Since U L L the sigma-algebras U and L are independent (as random
variables) and M is the sigma algebra generated by N and L. It follows that
for any function « positive, measurable and integrable in U one has

E(a|M) = E(a [N (8.79)
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Therefore ¢ is a Markov field. To verify Euclidian covariance, notice that defin-
ing an action of the euclidian group on H as U () f = f€~! and then an action
on (2,8, pas & — I'(U(&)) (here I' is the functor of second quantization) one
has

T(©)¢(f) = d(fo&™) (8.80)

The integrability conditions are satisfied because (¢(f))™ is integrable for
every n € N. It remains to prove that reflection with respect to the hyper-
plane £9~! is implemented by unitary operators that leave ©(E?~1!) invariant.

Let as before

Ho={f €H, suppfec B} (8.81)
If f € Hy its Fourier transform f is in L2(R41, in’jn2) and has the form

F(k) = fo(k) k=kq,...kq_1 It follows T(@)a = « for a € O(E41)
Q
The Markov field we have described corresponds to the solutions of the
Klein-Gordon equation for a scalar particle of mass m. Indeed the evolution
of this field is characterized in Fourier transform by

B(t,p) = —= [/ P+ g (p) 4 P HIGx ()] (8.82)

Sl

One has therefore
[ ottp160.p)an = [ 160,p) P dp (8.83)

Following the unitary evolution up to time 7" and conditioning to time zero

one obtains a semigroup which corresponds to a gaussian stochastic process
. . 1

with covariance P

8.11 Connection with a local field in Minkowski space

There is a connection () between a Markov field in E¢ which satisfies euclidian
covariance and reflection positivity and a local field in Minkowski space-time
R x R with positive energy. The connection is by analytic continuation
through a wedge in the product of the complexified euclidian space and the
complex euclidian group.

This wedge has as edges on one side the product of E% and the euclidian
group and on the other side the product of Minkowski space and the Lorenz
group. The euclidian correlation function of the Markov field are defined on
the Euclidian edge.

Using covariance, reflection positivity and regularity they can be continued
through the wedge and their image on the Minkowsk:i edge are the Wightman
functions of a relativistic field with energy-momentum spectrum contained in
the forward light cone.
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Positivity of the energy, space-like commutativity and analyticity of the
representation of the Poincaré group are sufficient to prove that this contin-
uation is reversible (edge-of -the-wedge Theorem) [6][8][11] . Notice that the
wedge has not in general a simple structure [11] and therefore the continuation
18 not stmply a rotation in the complex plane.

Things simplify in the case of the Euclidian free field. Since the underlying
process is gaussian the covariance (two-point function) determines completely
the process.

It is therefore sufficient to prove the strong Markov property for the covari-
ance. The claim now follows form the explicit form E(¢p, Co) = (&, ﬁ(ﬁ).

Notice that in this case the connection with the Minkowski free field (of
mass m) is particularly simple since the function has an analytic extension
to the full Minkowsky plane and therefore the continuation is made simply a
linear transformation (t —= it).

We stress that this is not the case when an euclidian invariant interaction is
introduced. In fact to the present time in a relativistic theory only two types of
interactions have been described that have a Markov counterpart, the positive
polynomial one and the quadratic negative exponential one ]11][12][13][14].

In both case the Markov process has the strong local Markov property (in
particular the fields at fixed time exists). Here we do not discuss this point.

8.12 Modifications of the O.U. process. Modification of
euclidian fields

For the O.U. measure one has
/eiq(f)d(bo = e 3(fifn (8.84)

(the full Gaussian property) where

(00 = [ 1R (5.85)

m is a positive parameter.

Also in this infinite dimensional setting one may try to modify the O.U.
process adding to the Hamiltonian a ”potential” ( a function of the fields)
and to obtain a corresponding ” Feynman-Kac formula”. This can be done
as in the finite-dimensional case , by adding to the measure a multiplicative
functional that plays the role of e V.

This procedure present difficulties if one insists that the functional be a
local function of the Markov field since the points of the measure space are
distributions and it is in general not possible to take their point-wise product
(the singular sets may overlap). Remark that the terminology: ®(x) is the field
at the point x is descriptive but incorrect.
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Only in two space-time dimensions the product of fields at the same point
can be reasonably defined an even then after an accurate procedure ( renor-
malization).

So far this attempt has had success for polynomial and exponential inter-
actions and only in the case of space dimension one. In the Lectures we shall
not describe this theory.

Definition 8.9

A real random variable is additive with respect to the euclidian field © if for
any open covering A; of E? there exist random variables a; € ©(4;) such
that o = ), &; A random variable is multiplicative with respect to @ if for
every open covering there exist random variables 3; such that g = II;3;. The
random variable « is additive if and only if § = e®.

Theorem 8.16
Let ¢ be a Markov field on S(E?) with probability space {£2,S,1u}. Let 3 a
multiplicative random variable with expectation one. Then ¢ is also a Markov
field on S(E®) with probability space {w, S, Bdu}.

¢

Proof

We prove the Markov property with respect to the new probability space. Re-
mark that if if A and B,, are complete measure sigma algebras on a probability
space, with B,, monotonically decreasing, the following relation holds

Nn(AUB, = AU (N, By) (8.86)

We notice also that if ¢ is a Markov field on S(E9), A is an open subset of
E?% ad A’ is a closed subset of A° which contains A then

E@AUA) | A)=06(AN) (8.87)
Define now a new measure 3 defining for every p-measurable function «
Bj(a) = Eu(8a) (3.38)

Let A be open in E4 and let a € ©(A) be positive and g-measurable. We
must prove
Eg{a | ©(A°} = Eo{a | ©(04)} (8.89)
Notice that by the Radon-Nikodym theorem there is a unique random variable
& in ©(A°) such that

Eg(ya) = Egya (8.90)
There exist random variables 81 € O(A) 5 : 2 € O(Ay), B3 € O(A§) such
that
E(ayp18283)E(&yB1523) (8.91)
of v € O(A§) . Since + is arbitrary
E(af1f2 | O(A%)) = aE(B1B2 | O(XY)) (8.92)

One has A’ = Ag N A° and therefore & € O(Ay) Since Ay is an arbitrary open
set which contains 04 we conclude & € O(9A)
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Lecture 9
Modular Operator. Tomita-Takesaki theory
Non-commutative integration

We review in this Lecture some basic elements of the modular theory and its
connections with the theory of Tomita- Takesaki which we treated very briefly
in Volume I of these Lecture Notes.

There the theory was discussed in the context of the theory of C* algebras
and its one-parameter groups of automorphisms.

In this Lecture we take a slightly different approach, which has some con-
nection with Friedrichs extension of a symmetric positive form on a separable
Hilbert space and in general with transforming a Hermitian matrix to diagonal
form.

Recall that a complex Hilbert space H with an involution J is said to be
in standard form if

Hreal N HIm =0 Hreal U Hlm =H

An example of a Hilbert space that is not in standard form is the domain
(with the graph norm) of a symmetric positive operator A which is not essen-
tially self-adjoint. In this case the missing space is the deficiency space of A.
The domain of the Friedrichs extension is in standard form. In this context,
the Tomita-Takesaki theorem says that is in standard form the Hilbert space
generated by a von Neumann factor with a cyclic and separating vector (2.

We shall give a presentation of this theory [4][5] which takes advantage
from this point of view. Notice that proving that a closed positive quadratic
form is associated to a self-adjoint operator (and therefore to its spectral
decomposition) is the infinite dimensional analogue of finding a base in which
the matrix which represents the quadratic form is diagonal.

We recall that modular theory, and the corresponding theory of the mod-
ular operator, has deep connections with the K.M.S. condition (at finite tem-
perature). It plays a major role in Quantum Statistical Mechanics and in
relativistic (algebraic) Quantum Field Theory. It has also relevance in the
theory of non-cummutative integration.
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We will recall later the basic facts about the K.M.S. condition. We shall
also give some elements of an extension to the non-commutative setting of the
classic Radon-Nikodym theorem about equivalence of measures.

In Quantum Mechanics and in Algebraic Field Theory the role of positive
(normalized) measures is taken by the states of a von Neumann algebra (or of
a C* algebra) and the problem will be the equivalence of the representations
associated to the states via the G.N.S. construction. If a von Neumann factor
M (MN M = {cI}) admits a tracial state (a normal state ¢ such that
d(ab) = ¢(ba) Ya, be M) then there exists a natural isomorphism between
M e M’ that can be put at the basis of non-commutative integration theory.

We have seen in Volume I that in a representation of on a von Neumann
algebra which satisfies the K.M.S condition with respect to a one-parameter
group of automorphisms o; there exists ¢y for which ¢(aay, (b)) = ¢(ba) for a
dense set M. If this relation holds with ¢ = 0, one has a tracial state invariant
for the dual action of the automorphism group. In this case the cone of positive
states corresponds to the cone of positive measures in the commutative case.

In this lecture we shall also mention briefly the theory of dual cones which
is strictly connected to the Tomita-Takesaki theory but has an independent
interest since it is an extension to the non-commutative setting of the classic
Radon-Nikodym theorem about equivalence of measures.

If for a von Neumann algebra M which is a factor (M N M’ = {cI})
admits a tracial state (a normal state o such that o(ab) = o¢(ba)) then there
exists a matural isomorphism between M and M’ that can be used to set up
a non-commutative integration theory.

For a von Neumann factor that admits a trace one can construct a non-
commutative version of the classical integration theory for spaces of finite
measure. The foundation of this theory was given by I. Segal [1] and E.Nelson
[3] with relevant contribution by D.Gross. [2]

9.1 The trace. Regular measure (gage) spaces

In this non-commutative case we define non-commutative space with finite
reqular gage a triple {H, M, u} where H is a complex Hilbert space,A s a von
Neumann algebra and p a non-negative function defined on the projections of
A and such that
(i) p is completely additive: if S is a collection of mutually orthogonal projec-
tion in A with upper bound P, then p(P) =3 5.5 Q).
(ii) p is invariant under unitary transformations
(iil) p is finite (u(I) < 00)
(iv) p is regular (if P is not zero p(P) is strictly positive).

Under these assumption one can extend linearly p to the entire M as a

norm-continuous function. The function so extended is called trace; we shall
use the symbol Tr(A), A € A.
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If A € A as operator on H has spectral decomposition A = [ AdE(\)
then Tr(A) = [Adu(X). If A > 0 then Tr(A) > 0. The trace is central if
(Tr(AB) = Tr(BA)).

If A€ Ais a closed operator we define [A| = (A*A)2. For 1 < p < o0
define ||A|l, = (Tr(\A|p)% and ||Allco = |A|. With this definition ||A]|, is a
norm for each p in [1, o0].

We denote by LP(A) the completion of A in B(H) in the ||.||, norm. It is
easy to see that L>°(A) = A as normed spaces. In [1] (see also [2] [3] ) one
proves that for 1 < p < co one can identify LP(A) with a suitable space of
bounded operators on H. In particular one can identify a positive element in
LP(A) with a self-adjoint operator.

Remark that if A is a type I factor, in particular if A = B(H) ,the space
L'(A) is the space of trace-class operators and LP(A) is the space of operators
of Schatten class p. With this notation the LP non-commutative theory is
developed in complete parallelism with that of Lebesgue integration spaces.

If A € L'(A) the function Tr(A) defines a linear continuous functional
on L'(A) and Holder’s inequalities hold as well as interpolation formulas. In
particular if {H, A, m} is a non-commutative measure space and a, b € A one
has

labllp < llallcollbll,  [lbally < llalloollbl, (9.1)

It follows that right and left multiplication by a € A extends to a bounded op-
erator on LP(A). We shall denote R, and L, these operators. By construction
Ry and L, commute for any choice of a, b.

The relevance for Physics of the regular measure spaces is due to the fact
that for these space one has theorems similar to the theorems of Frobenius
for matrices which give existence and uniqueness of the lowest eigenvalue
of a positive matrix. They are also relevant to establish a theory of non-
commutative Markov processes.

A bounded operator A on L?(A) is said to preserve positivity if AB is a
non-negative element of L?(.A) when B is non-negative. Let {H, A, u} be a
non commutative space with regular gage and let m be a projection in 4. We
shall call Pierce subspace associated to m the range of P, = L, R, as operator
on L?(A).

The role of the support of a function is now taken by the Pierce subpaces.

We shall not give here a treatment of the general aspects of this non
commutative integration theory. We only notice that it has an important role
in the theory of fields of spins and and of fermions on a lattice and elements
of this application are given in Lecture 16.

We quote an important theorem [1][2][3].

Theorem 9.1

Let H, A, be a space with a finite regular gage and let A be an hermitian
bounded operator on L*(A) which is positivity preserving. If || Al| is an eigen-
value of A and if A does not leave invariant any proper Pierce subspace, then
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the eigenvalue ||A|| has multiplicity one and one can choose the associated
eigenvalue to be non-negative and cyclic for A.

¢

The theory of Takesaki-Tomita extends this non-commutative integration
theory to normal states which do not define a trace but satisfy, for some
value tg # 0 of the parameter, the K.M.S. condition relative to a modular
group of automorphisms associated to the state. In a sense this represents
the non-commutative version of the integration theory in a compact 2 C R¢
with respect to a finite measure which is absolutely continuous with respect
to Lebesgue measure.

An important feature of the Tomita-Takesaki theory is that it connects
an analytic property (to be analytic in a strip with a suitable relation of the
values at the boundary) with a one-parameter group of automorphisms that
leave invariant the algebra of observables. The group of automorphisms may
be the group of time-translations, the sub-group of boosts in the Lorenz group,

We now recall some basic elements about the K.M.S. condition).

9.2 Brief review of the K-M-S. condition

As we saw in Volume one of these Lecture Notes, the K.M.S. condition is
a generalization of the Gibbs condition for the equilibrium of a system in
Classical Statistical Mechanics. In this theory a state of a classical hamiltonian
system with hamiltonian H > 0 at temperature T is represented by a Liouville
distribution in phase space that can be written modulo normalization as e T
so that at temperature 0 the system in phase space is localized on the minima
of H.

The same is assumed to be true in Quantum Statistical Mechanics but
the observables are operators and the integration over phase space is sub-
stituted with a non-commutative integration given by taking the trace. The
expectation value of the observable A at equilibrium at temperature 7" is now

Tr(Ae™T) (9.2)

If one considers the evolution of the correlations under the hamiltonian H
one must study the function

Do p(t)= Tr(AB(t)e™T) = Tr(Ae™ Be e~ 7)

Since the operators A and B in general do not commute with H this expression
is not invariant under interchange of A with B. But the right-hand side can
be written as

Tr(Ae'H Be~ilt+iT]H) (9.3)
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Since H is positive, the function @4 g(t) can be continued for T' > 0 as
analytic function in the strip 0 < Imt < % continuous at the boundary. The
same is true for the function ®p 4(t).

One verifies easily, by the cyclic property of the trace, that the analytic
function @4 p(2),0 < Imz < % can be continued as a continuous function to
the boundary of the strip and satisfies at the boundary

Bap(@ +i0) = Bpa(0+ i%)

In the case of an infinite-dimensional thermodynamic system the operation
trace is not defined in phase space, but in an algebraic formulation one may
have a function with the property of the trace. Therefore it is natural to state
the condition of being in equilibrium at temperature 7" as the condition that
for all element A, B (which are now elements of a C* algebra, the function
Trr(AB(t)) has the same property as in the finite-dimensional case.

This was the proposal of the physicists Kubo, Martin and Schwinger and
since than this condition is known under the acronym K-M-S.

Given a dynamical system {A, .} one says that the state pg satisfies
the K.M.S. condition for the group a; at the value  of the parameter (
0 < B < o) (in short, ¢ is a B-K.M.S. state) if for every = € A and every
y € A the following holds

pp(y agrip(z) = pplag(z) y), E€R (9.4)

We extend this definition to cover also the cases § = 0 and § = co. We will
say that pg satisfies the K.M.S. condition for the group oy at g = 0 if

po(y ac(z)) = polacg(z)y) Vee A yecA (9-5)

We will say that p., satisfies the K.M.S. condition for the group a; at
infinity if for any z € A% and every y € A the analytic function f(¢{) =
Poo(y ¢ (z)) satisfies

SOl < Nzl lyll 2f  Im¢ > 0. (9-6)

In this case the state po, is said to be ground state relative to the automor-
phisms group «a;. The origin of this name is clear from the finite -dimensional
case (in that case it is the state with minimum energy) and for the general
case it will be clearer later. An important result is the following, that we have
described in Volume I of these Lecture Notes

Let A, oy be a C* dynamical system and let 0 < 8 < oco. The following
conditions on a state p are equivalent
1) p is B-K.M.S. state
2) p satisfies the oy K.M.S. condition for a dense set of elements z € A%

3) For any pair z, y € A there exists a function f,(¢) bounded continuous in
the strip
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Qs ={CeC,0<Iml<pB} (9.7)

holomorphic in the interior of {2 and satisfying the boundary conditions

fo) = p(y cu(2)),  folt +1iB) = plaw(z) y) (9.8)
If 8 = oo the last condition takes the form
fot) =plyax (x) teR | fpll < =l [lyll (9.9)

For the proof we refer to Vol. I Lecture 9

9.3 The Tomita-Takesaki theory

We recall now briefly the main points of this theory . If the von Neumann
algebra M on a Hilbert H has a cyclic and separating vector {2, one can
associate to this vector a positive operator A (called modular operator) and
an anti-linear isometry j such that

iN=0, jA3aQ=a"02 MQCD(A?) (9.10)
JMj =M ATMATE=M Wt (9.11)

The modular group associated to the state (2 is the group of inner au-
tomorphisms with generator logA. The state satisfies the K.M.S. condition
with respect to this group. The case A = I corresponds to a tracial state
and in this case the existence of the anti-linear isometry j follows from
(£2,a*b02) = (2,ba*12))..

We begin with some preliminary result and the connection to the Friedrichs
extension of symmetric strictly positive operators.

Remark that the Friedrichs extension can be interpreted in the following
way: given a closed strictly positive quadratic form ¢ in a complex Hilbert
space H consider the subspace X for which (¢, 1)) takes real values for every
¢, Y € X. It is a real vector space closed in the topology induced by the
quadratic form.

On the other hand, every positive self-adjoint operator A determines a
real subspace Y, closed in the graph topology of A, which has the property
that for any pair of vectors ¢, ¢ € D(A) the number (¢, A7) is real. This
defines Y as a real subspace. The construction of the Friedrichs extension (an
operator) can be interpreted as construction of Y starting with the subspace
X i.e. as a natural closed map X — Y..

If H is finite dimensional, therefore isomorphic to C™ = R™ & R"™ the op-
erator A is represented by a strictly positive matrix with eigenvalues A1, ..\,.
In this case it is possible to transform A into diagonal form (in fact into the
identity) in the real Hilbert space R™ @ R™ by means of complex linear trans-
formation in C™ consisting in a rotation followed by a dilation by a factor
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VA in the direction of the eigenvectors. For compact operators there is a
similar procedure but the proof of closure is more demanding.

The construction of the Friedrichs extension can be seen as an extension of
this construction to the case of quadratic forms which correspond to operators
with (partly) continuous spectrum. This clarifies the important role of the
following structure.

Let H be a complex Hilbert space, and define

<¢,¢>=Re(,¢) ¢, peH (9.12)

With this definition H acquires the structure of a real Hilbert space, that we
denote by H,, with scalar product

(V,0) =<1, 0> +i<ith, ¢ > (9.13)

(in our notations, (¢, ¢) is linear in ¢ and anti-linear in v.).
Let us assume that there exists a closed real subspace K € H with the
following properties
a)
Knikt =0, (K+ikK): =0 (9.14)

If this is the case,we say that the space K is in standard form. A large part of
the Tomita-Takesaki theory is related to the fact that if a representation of a
von Neumann algebra A has a cyclic and separating vector (2, then A,.(2 and
A’ 2 compose a standard form [4][5].

The following construction defines uniquely a self-adjoint operator A
(called modular operator associated to the subspace K) and an anti-linear
isometry j. If K is the real subspace X associated to a strictly positive
quadratic form ¢ the operator we obtain is the Friedrichs extension of q.

The case of interest for us is that in which K is generated by the self-
adjoint elements of a von Neumann M acting on a cyclic and separating vector
(2. In this case we will prove that the modular operator has the properties
indicated above. Notice that in this case K is generated by the convex cone
which is obtained by applying to {2 the positive elements of M. This will
lead to the Tomita-Takesaki duality theory and to the equivalence theory for
representations of C* algebras.

We shall use later the following result

Lemma 0
Let p be a state of a von Neumann algebra M and let 7 be a linear positive
functional on M satisfying 7 < p. There exist h € MIL and A\, Re)\ > %such
that for any a € M

7(a) = X p(h a) + A p(a h) (9.15)

If the representation induced by p is irreducible, there is a unique operator h
with this property.
¢
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Proof

We could reduce ourselves to the case M C B(H), and p defined by a pro-
jection operator w4, |¢| =1, and a = b*b. In this case p(a) = Tr(ng a) =
(b, bg), and T(b*b) = Tr(cb*b) for a suitable density matrix o. Lemma 0
follows then the from elementary inequalities.

A more algebraic proof is as follows. Let = the convex compact set in
(M*)s.q defined by

1 _
T €5, 3\, Re\ > 2 dhe ML : 7(a) = Ap(ha) + Ap(ah) Va € M

(9.16)

We must prove that if 0 < 7 < p then 7 € 5,. Suppose this is false. By

the Hahn-Banach separation theorem there exist a € M, and t € RT such

that 7(a) > t, p(a) <t. Set a =ay —a_, h = [aq] (the projection on the

support of a4 ). Then

T(ag) > [t(ag) —7T(a_)] >t > 2Rerr(ay) > 7(ay) (9.17)
a contradiction.
Q@
Corollary
If T is faithful and
7(a) = Ap(k a) + Mpla k) k€ Mg, (9.18)
then k = [ay].
¢
Proof

It is easy to verify that (18) holds for [a4]. Suppose it be true for h. One
has

A+X)((h=[a+])?) = M(h=[as])+A(h=[ar ) h=Ala+ ] ((h=[a+]) = A(h=[a4])]a]

(9.19)
If (19) holds for h, then
2ReMp((h — [a4))?) = 7(h — [as]) — T(h —[as]) =0 (9.20)
Therefore h = [a].
Q

Let now M be a von Neumann algebra on H with a cyclic and separating
vector {2. It is easy to verify that {2 is cyclic and separating also for M’.
Remark that if p is a normal faithful state the representation associated to
p through the G.N.S. construction provides an isomorphism and therefore we
can identify M with II.(M). Let KC be the closure of M, 2. Define

< ¢,1p >=Re(p,¥) o, v eH (p,0) =<, >+i<ip,p> (9.21)
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With the scalar product < .,. > the space H becomes a real Hilbert space
H, and K can be regarded a subspace of H,..

Proposition 9.2
K is in standard form (i.e. has the properties in (14)).

¢

Proof

Property a) follows from the fact that (2 is cyclic. To prove b) notice that
ML . 2 is orthogonal in H, to M, 2. Indeed if o’ € M’ , 2 and a € M ,.
one has

(d'2,ia2) = —(ia2,d' Q) =< d' 2,ia >=0 (9.22)
It follows M’ , 2 C (iK)*; similarly iM’, , 2 C (K)*+. Therefore
M2 c (Knik)*t =K+ + (ik)* (9.23)

and from the density of M’(2 it follows K Nk = 0.
v

Before giving the general construction of the modular operator associated
to a subspace K in standard form, we give the proof [4] of a property that will
be useful in what follows.

Proposition 9.3

Let Ag be a closed symmetric operator with domain dense in H and sup-
pose (z, Apzx) > 0 for every x € D(Ag). Let Ay be affiliated to a von Neumann
algebra M € B(H) in the sense that for every b € M’ and for every x € D(Ag)

(bx, Agz) = (Aox, bx) (9.24)

holds (notice that Ag is only symmetric and we have not a spectral represen-
tation).
Let A the Friedrichs extension of Ag. Then A is affiliated to M.
¢

Proof

The statement is trivial if M’ consists only of multiples of the identity. Let
V be unitary in M’. Then VAV* is a positive extension of V AgV*. Denoting
by D’ the closure of D(Ag) with respect to the scalar product defined by

<u,v >= ((Ag + Iu,v)) (9.25)

From the construction of the Friedrichs extension the identity map on
D(Ap) has a unique self-adjoint extension ¢ which satisfies D(VAV*) C
V.(D'). Since Ay is affiliated to M one has VA V* = Ap. It remains to
prove that V(c(D’) C «(D").

Let z € «(D’) such that «(z') = z with 2z € D’. There exists a sequence
{zn} € D(Ap) which converges to z’. Since A, is affiliated to M one has
Vi, € D(Ap). The sequence {z,} converges in D’ and therefore
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limn,'rn—wo”V Tp — V -rnL”Q = limn,m—»oo((AO + I)V(xn - 377n), V(xn - xm))

= liMn,m—oo < Tn — Tm, Tn — Ty, >=0 (9.26)

It follows that {Vz,} converges in D’ to an element v’ and {Vz,} con-
verges in H to ¢(u’). Since {z,} converges to z in H one has that {Vz,}
converges to Vz. Therefore Vz = 1(u') € «(D’) and Vi(D') C o(D").

9.4 Modular structure, Modular operator, Modular
group

Given K in standard form we construct now an invertible anti-isometry j and
a self-adjoint operator A (modular operator ). In the case in which K is con-
structed from a von Neumann algebra that has a cyclic and separating vector
we shall see that the isometry intertwines the algebra and its commutant
(which are therefore equivalent) and the modular operator is the generator
of a group of inner automorphisms which satisfies the K.M.S. condition for
g =1
The construction we give shows that the modular operator is defined,
independently from the theory of von Neumann algebras, starting from a real
subspace of a complex Hilbert space with a procedure which is similar to the
one followed in the construction of the Friedrichs extension of a closed positive
quadratic form. Assume that the subspace K of the real Hilbert space H,
satisfies condition (14). Let P and @ the orthogonal projectors of H, on K
and i/C. Define
A=P+Q, jB=P-Q (9.27)

where jB is the polar decomposition of P — @ in H,..

Proposition 9.4 [4]

The operators A, B, P, Q, j satisfy
i) A and B are linear complex and 0 < A <2] 0< B <2J
ii) A, (2I- A) e B are injective and B = /A(2] — A) -
iii) j is an anti-linear isometry, j2 = I. If ¢, ¢ € H then (j¢, ) = (¢, jv)
iv) B commutes with A/P,Q , j
WiP=(I-Q)j, jQ=(-P)j jA=QI-A)j

Proof

¢

i) It is easy to show that iP = Qi. It follows that a = P + @ is linear over
the complex field and B = P — @Q is anti-linear. From B? = (P — Q)? one
derives that B? and therefore also B is linear. Therefore j is anti-linear. The
operators A and B are positive in H, and from (27) it follows that they are
self-adjoint and positive also in H. he bounds ||A|| < 2, ||B|| < 2 are obvious
from the definition.
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ii) If A¢p =0 one has
[PoII” + |Qo)* =< Po, ¢ > + < Qp, ¢ >=< Ap,¢p >=0 (9.28)

It follows ¢ € K+ N(iK)* and therefore ¢ = 0. This proves that A is injective.
Similarly one shows, analyzing I — P e I — @, that 2] — A is injective since P
e Q are idempotents and B* = A(A — 2I).

ii) 7 is self -adjoint in H,- and it is an injective isometry since B is injective.
Therefore j2 = I. One has

(J9, ¢) =< ¥, > +i < ijh, ¢ >=< P, jo > —i < ith,jb >= (w,jf) |
9.29

iv) B commutes with A, P, Q. Since P — @ is self-adjoint in H,. it follows
thaat it commutes with j.

v) We have BjP = (P~ Q)P = (I-Q)(P—Q) = (I-Q)Bj = B(-Q);j
Since j is injective, jP = (I — Q)j. Taking adjoints and summing one obtains
JA = (2 — A)j.

Q

We can now introduce the modular operator.

Definition 9.1 ( modular operator)
We call the operator A = % modular operator associated to the sub-
space K in standard form

¢

Proposition 9.5
The operator A is self-adjoint, positive, and A~! = jAj. Moreover K +
iK ¢ D(v/A) and for any pair ¢, 1 € K one has

VA + i) = ¢ —in) (9.30)

¢

Proof

Since 0 < A < 2I both A and 2I — A are injective and therefore A
is positive and injective. The equality A=! = jAj follows from point v) of
proposition 9.4.

If ¢ and 1 are in K one has

Q2U-P-Q)p=(P-Q)¢, (2I-P-Q)i)=—(P—-Q)(@) (9.31)
and therefore (21 — A)(¢ + i) = jB(¢ — 1) and for every & € D(A™1)

(p+ivh, AE) = ((2I-A)(p+iy), A1) = (jB(p—ip), A'¢) = (j(¢—i1(ﬁ)7 VAY)

9.32

In the last equality we have used point ii) of Proposition 3) and D(A) C
D(v/A). In particular one has

~—



226 9 Lecture 9Modular Operator. Tomita-Takesaki theory Non-commutative integration

(¢ + i, VA (VAE)) < [|¢ — iv|||[VAE| (9.33)

A density argument shows that ¢ + 40 € D(VA) and VA(¢ + irp) =
J(¢ —iy).
Q@

We have seen that if a von Neumann algebra M has a cyclic and separating
2, then the subspace generated by the action on (2 of the self-adjoint elements
of M satisfies the condition for the existence of a modular operator A, which
in general depends on the subspace and therefore on (2.

Definiton 9.2 ( modular group)
The unitary group generated by A is called modular group

Proposition 9.6
The unitary group t — A® (modular group associated to the subspace K
) commutes with j and leaves K invariant.

¢

Proof
Proposition 9.6 follows from Proposition 2, but can also be seen as follows.
From the definition of A one has

A = (2] — A)t AT (9.34)

It follows from proposition 3 that j A" = (2I — A)~%; (keeping into account
that j is anti-linear). From this one concludes jA® = A®j. Therefore A%
commutes with A, B, j and in particular

A'K = A"PH, = PA"H, = PH, =K (9.35)
Q

It is easy to see that the analytic vectors for the group of automorphisms
generated by A% are dense in K.

We return now to the case of a modular group associated to a cyclic and
separating vector state of a von Neumann algebra M.

Proposition 9.7

If the modular group is associated to a cyclic and separating vector {2 of
a von Neumann algebra M over a Hilbert space H (and therefore K is the
closure of M 4 82 ), then the closed operator jv/A extends the map

af2 —-a*2, aeM (9.36)

which is densely defined in H.
¢

Proof
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We have seen that the closure of (a + a*)§2; a € M has the properties
required for the space K. From proposition 4 applied to af2 one sees that for
all a € A one has jvVA af2 = a* 2.

Q

We remark that one can prove in a simpler way the existence of the modu-
lar operator , but not the property to generate a one-parameter group that in-
tertwines M with M’. Indeed the anti-linear operator So : af2 — a*f2, a €
M is densely defined (since {2 is cyclic for M) and closable since Sy C Fy
where Fj is defined by

Fy : b2 - b2, be M (9.37)

It is easy to verify that Sy C Fj and since Fj is densely defined Sy is
closable. Denote by S the closure of Sy; the polar decomposition gives S =
J Az where A = §*S is self-adjoint and J is anti-unitary. From J2A3 =
JA~z2J one derives J2 = | Az = JA 2.

As a further remark notice that in general if a , b are self-adjoint in M
the operator ba is not self-adjoint. Therefore in general a self-adjoint element
of M leaves K invariant but its action does not commute in general with
the conjugation. The role of the modular operator is to quantify this non-
commutativity. If the state {2 is tracial, the modular operator is the identity.

&

9.5 Intertwining properties

We now prove that the isometry j intertwines A and A’ ( jAj = A’). This
relation will also be at the basis of the duality theory for positive cones.

In view of its independent interest, we give first the proof when there is a
faithful tracial state (7(ab) = 7(ba))Va, b € M).

Denote by I, M the G.N.S. representation associated to 7; we shall iden-
tify it with M. Any normal state w of M can be written as w(a) = 7(p a) =
7(y/pay/p) where p € M is a positive operator.

Suppose p invertible. Then ,/p regarded as element of H is cyclic for the
algebra of left multiplication A

N={L,, ae M} (9.38)
It is easy to see that N is the algebra of right multiplication R,. One has
S :ayp—a\p, Ja=a" A=L,R, (9.39)
An easy calculation leads to

A"LaA™™ = Lyitg,-ub  a,beN AN CN (9.40)
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On the other hand JL,Jb = bat = R,~b and therefore jMj € M’. We
shall now treat the general case.

Proposition 9.8

One has
QR=PN=A0=BR=j=AN=j0=1 (9.41)
Moreover for every o’ € M , there exists a € M, ,. such that
jba' 2 = a2 (9.42)
¢

Proof
By definition 2 € K and since M’(2 € (iK)~ one has also 2 € K*. Therefore
PR =QS =1 and j2 = A = (.

To prove (42) assume first that b is a positive element of M’ which satisfies
0 < b < I. Then the functional ¥ € M, defined by

P(a) = (b£2,a02) (9.43)

is positive and dominated by ¢ (notice that b*a = (b*)2 a b*)2). Using this
property and restricting ¢ to the self-adjoint elements of M one can show
that there exists a positive ¢ € M such that (a) = (af2,cf2). Therefore
af2 = P(bf2). The identity (42) follows then from Q2 = 0.

@

We shall extend now Proposition 8 to obtain a relation between elements
M and those of M’. We shall do this viewing (42) as a relation between a
and a’ that contains the modular group A¥ and later use the invariance of
M under the modular group.

Proposition 9.9
For each ¢’ € M’ and complex number A\, Re A > 0 there exists a € M
such that
bja'jb = N(2I — A)aA + MAa(2] — A) (9.44)
¢

Proof

By linearity we can assume a’ positive and a < I The functional b —
(b£2,2'w), b € M is positive and dominated by ¢g; there exists therefore
a € eM such that

(b£2,a’2) = ((Aab + \baf2,2), ¥be M (9.45)
Substituting ¢*b for b , ¢ € M one obtains

(b£2,a'2) = M(b§2, caf?) + A(b af2,cf2) (9.46)
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Given b/, ¢/ € M’ choose b, ¢ € M satisfying Proposition 9.6. Substituting
b2 with jBbY (2 and cf2 with jBc {2 one has

(Bja'jBE 2,0/ 02) = \(jBb 2, caf2) + \(bas2, j B 2) (9.47)

Using af2 = jA2a* (2 which holds for every a € M (48) can be rewritten
as
(Bja'jB 2,V 2) = N(jBY 2, j A% ac2) + N(jA2bd 2, B 02)
= MajBcd 02, (21 — a)b'2) + (2] — A)d'2,a j BY 2) (9.48)
We now recall that A — jB = 2Q and QM2 = 0; it follows

(Bja'jBc 2,6 02) = (M2 — A)aA + NAa(2] — A)|c' 2,0 02) (9.49)

The elements b" and ¢ are generic elements in M’ and {2 is cyclic for M’. We
have therefore obtained the identity

bja'jb = N(2I — A)aA + NAa(2] — A) (9.50)
Q

We will now transform (51) in a relation that contains a, a’ j and the
modular group. We do so using the following lemma; the proof is obtained [4]
60z

e.g. considering the function g(z) = ﬂ#(m) f(2) and applying the formula
that gives the residue at z = 0 as an integral along a suitable boundary.

Lemma 9.10
If ReX > 0 and f(z) is bounded and analytic in the strip {z € C, |Rez| <
)
2

1} then setting A = €’2, |f] < 7 one has

£(0) = %/e’et;[/\f(it + 5y g - %)]dt (9.51)

cosh(mt) 2
¢
Using the previous Lemma we can prove
Proposition 9.11
If a, a’ X satisfy Proposition 6 and \ = e, || < 7 one has
L / Atjarja-i g (9.52)
a= — a .
2 Jd cosh (mt)
¢

Proof
Let ¢, 9 € K be analytic vectors of §*. Consider the analytic function
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f(2) = (BaB A~3¢, A*) (9.53)

It is bounded in every strip and therefore we can use Lemma 9.8. ;From
(51)

f(it+%) = (A(2I - A)aAA* 6, ): f(it—3) = (A~ Aa(2] ~ A) A%, 1)

2
(9.54)
Making use of proposition 9.7
1 - 1 . ,
A f(it + 5) + A f(it — §) = (A™"Bjad' jBA" ¢, 1)) (9.55)

An application of Lemma 8 provides

1 6—9 t ) ) 1 e—@t . .
(BzBé,v) = = / —__(A"BjdjBA, )dt = 5 / —__(A7ja'j A" B, b)dt

2 ) cosh(rmt) 2 ) cosh(rt)
(9.56)
Proposition 9.11 follows because K generates H and the range of B is dense.
Q
We prove now
Proposition 9.12
For everyt € R and o' € M’ one has Aja’jA~" € M.
¢
Proof
Let ¥ € M" and ¢, 1 € H. Define
g(t) = ([A™"ja' jA™ V' — b A™"ja'jA"] ), ) (9.57)

(From proposition 9.10 for |0| < 7

e—@t
/g(t)mdt —0 9.58)

The function h(z f g(t mgh(ﬂ dt is holomorphlc in the upper half plane
and is zero for z real Therefore [ g(t)e™*! COS}}(”)CZ = 0. Uniqueness of

Fourier transform implies g = 0. Hence A’“ja’jA“ e M'" =M.
Y%

Theorem 9.13

Let M be a von Neumann algebra on a Hilbert space 'H and let the vector
2 € H be cyclic and separating. There exists a positive self-adjoint operator
A (called modular operator with respect to §2) and an anti-linear isometry j
such that jMj = M’ and A*MA~* = M for every real t. One has j 2 =
2,  MQeDWA) and
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iVAaR=0a"2 YaeM (9.59)

¢

Proof

Equation (59 ) follows from the definition of j. To prove the remaining
part of the theorem, let KC be the closure of M, {2.

We have seen that this linear space satisfies the conditions which allow
the construction of the modular operator. From proposition 10 (for ¢ = 0) we
know that jM’'j € M. The thesis of theorem 9.13 could then be obtained
by proving that the modular operator A’ associated to the real subspace K’
which is the closure of M/, , (2 satisfies A" A = I ( the conjugations satisfy
i =)

This provides the inclusion jMj € M’. A direct proof is as follows. Let
a, b self-adjoint in M. Since j{2 = (2 one has

(bjaj2,2) = (2,ajbj ) (9.60)

This linear relation extends to all elements of M. Choose ¥ € M’ and
remark that e bjb’j € M. Substituting bjb’j in place of b one obtains

(b(jb'j (jaj) 2, £2) = (£2,aj(bjb)5)j 2) (9.61)

(From this one derives (ajbj2,b'2) = (jbjaf2,b'2). Since M'(2 is dense in
H it follows ajbjf2 = jbjaf2.This is a linear equation valid for every a € M.
Substituting a with ac a, ¢ € M one obtains

jbjac? = acjbj? = ajbje? (9.62)
and therefore jbja = ajbj because of the density of M2 in H. Hence jbj €

M.
Q

9.6 Modular condition. Non-commutative
Radon-Nikodym derivative

Given a Hilbert space H and a closed real subspace K of H,. we shall say that
the unitary group {U:}, t € R satisfies the modular condition with respect
to K if for any pair of vectors ¢, 1 € K there exists a bounded continuous
function f4 4 defined on the strip

S.1={z€C: -1<Imz<0} (9.63)
holomorphic in the interior and satisfying the boundary conditions

f) = U, v)  flt—1)= (¥, U¢) tER (9.64)
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¢

Proposition 9.14 [4] [5]
Let M be a von Neumann algebra with cyclic and separating vector (2.
The unitary group t — A¥ satisfies the modular condition with respect
to the closure of M2 and is the unique unitary representation with these
properties . &

We shall now give the the relation between the modular group and the
K.M.S. condition. Consider a C* dynamical system which we will denote by
{A, a:}. An element z € A is analytic for oy if the map ¢ — o4(x) has an
extension to an entire analytic function ¢ — a¢(x) ¢ € C.

If z € A define

—@ ap(z)e™™ !
T = ﬁ/ J(2)e="tdt (9.65)

For any integer n the element x,, is analytic for «; and that lim, |z, —
x| = 0. Therefore the set A® of analytic vectors in norm-dense in A and in
fact it is a *-subalgebra of A.

The same conclusions are reached if one considers a W*-dynamical system
or a dynamical system with values in a von Neumann algebra. An important
property of the K.M.S. condition the following that we have already noted in
Volume 1 of this Lecture notes.

Let {A, a;} be a C* dynamical system and let pg be a state which satisfies
the a;-K.M.S. condition for a value § of the parameter (0 < 8 < oc). Then
pg is invariant for the automorphisms group oy.

Proposition 9.15
Let A, R,{a:} be a C* dynamical system. Suppose that a state p satisfy
the K.M.S. condition at 3 = 1. Let (II,,Uf, H,(2,) the cyclic covariant rep-
resentation associated to p by the G.N.S. construction and let K the closure
of IT,(Ms.q £2,). Then U/ satisfies the modular condition with respect to K.
¢

Proof

Since the state is a— invariant, the representation is covariant. It is also
easy to see that Uf leaves for every ¢ invariant the subspace K. For every
Y € K we can choose a sequence a,, b, € M,, such that II,(a,)S2,
converges to ¢ and II,(by,){2, converges to .

By assumption, there exists functions f,, bounded and continuous in the
strip

S1={z:0<Imz<1} (9.66)

holomorphic in the interior and which satisfy the boundary conditions

fu(t) = (U I,(an)2,, 11, (bn)2,),  fu(t+1i) = (11,(b,)02,, U1, (a,)12,)
9.67
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Since the f,, are uniformly bounded and uniformly convergent by the
Phragmen-Lindelhof theorem the functions f,, converge to a function f which
is holomorphic in the interior of the strip and satisfies the boundary conditions

fO) = Ul )  ft+i) =, Uld) (9.68)

Setting g(z) = f(2) one sees that g satisfies the modular condition with
respect to .

In order to show that to K corresponds a modular structure we must show
that the conditions in (67) are satisfied. The second condition is trivially
satisfied since £2, is cyclic. Let us prove that N ik = 0.

Let ¢ € KNk and ¢ € K. Since U” satisfies the modular condition there
exist functions f; and f5 holomorphic in the strip {z : —1 < I'm z < 0} which
satisfy the boundary conditions

fut) = (UF6.w),  Fult—i) = W, UPS)  folt) = (Ufid, ) fu(t—i) = <(w,z'f§f¢>>
9.69
One has ifi(t) = fat), —ifi(t —1i) = fo(t — 7); this implies if1(z) =
f2(z), —if1(2) = f2(z) in the interior of the strip, and therefore f; = fo = 0.
This holds for every ¢ € K; since K generates H over the complex field, it
follows ¢ = 0.
Y%

As a consequence of Proposition 9.15 we can prove

Theorem 9.16

For every normal faithful state p of a von Neumann algebra M there exists
a unique W* dynamical system ( which will be denoted by (M, oy, p)) such
that p satisfies the K.M.S. condition with respect to a;. We shall call modular
group associated to p (denoted by of) the group of automorphisms of this
dynamical system.

¢

Proof

Consider the cyclic representation associated to p by the G.N.S. construc-
tion. Since p is normal and cyclic, we can identify M with its image in II,,.
Since {2, is separating we can construct the modular operator and define

oi(a) = A"aA—it aeM teR (9.70)

By construction the map t — A% satisfies the modular condition with respect
to the closure of M, §2,. It is easy to see that the modularity condition
implies the K.M.S. condition with respect to {0} at the value 1.

To prove the converse, let (M, R, a) satisfy the K.M.S. at the value one of
the parameter and let U(¢) be the family of unitary operators that implements
ay in the Hilbert space H,. Using proposition 9.15 for the dynamical system
(M, R, ) it is easy to see that for every t € nR and a € M one has
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ai(a) = UPaU?, = A"aA™" = 54(a) (9.71)
Q

As immediate consequence of theorem 9.16 one has

Lemma 9.17

If ¢f is the modular group associated to the normal faithful state p of a
von Neumann algebra M and « is an automorphism of M then {a~!.0f.a}
is the modular group associated to the state p.c.

¢

Proof

Choose a , b € M. Using condition K.M.S. for a(a) , a(b) one can
construct two function holomorphic in the interior of the strip S; which at
the boundary coincide with

p(a(b) of (a(2))) = (p.a)(b(a™".07.a(a))) (9.72)

and with
plof(ala) a(b)) = (p.a)(a~ " .0f .a(a))b) (9.73)

Lemma 9.17 follows then from Proposizion 9.16.

Q

We shall now briefly study the relation among faithful normal states in
term of their modular operators. We begin by constructing the analog of a
Radon-Nikodym derivative in the commutative case.

Proposizion 9.18
Let p be a normal faithful state of a von Neumann algebra M and let ot be
the corresponding modular group. If p' € M, satisfies 0 < p' < p and p' is
invariant under the dual action of {of} then there exists unique an element
h € Ms.q. such that p'(a) = p(ha) = p(ah). Moreover h is invariant under
of.

¢
Proof

Lemma 0 guarantees the existence of a unique h € M for which

/

§ = =o(h ) + p(. b) (9.74)

N | =

The element h is invariant because both p and p’ are invariant and h is unique.
We show that this implies p(a h) = p(h a) for all a € M (in fact one can
show that the two statement are equivalent). For each a h € M there exists
a function f holomorphic in {2, and such that

ft)=plah),  flt+i)=p(hb) (9.75)
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If h is invariant, f is a constant. Therefore o(a h) = f(0) = f(i) = o(h a).
From (74) one derives p(.) = p'(h .) = p(. h).
@

We study now the properties of states that have the same modular operator.
Proposition 9.19 ( non-commutative Radon-Nikodym derivative)

Let p and p’ be faithful normal states of the von Neumann algebra M. If
they have the same modular operator there exists a unique positive injective
operator h affiliated to M N M’ such that p'(a) = p(ha) for every a € M.
The element h plays therefore the role of non-commutative Radon-Nikodym
derivative of p’ with respect p.

o

Proof

Consider first the case p’ < p. From the previous lemma p'(.) = p(h .)
where h is invariant under o} .

Let u be unitary and a arbitrary in M. Using the K.M.S. condition for p
we obtain two functions f, g continuous in 2; and holomorphic in the interior
which satisfy

fO)=p(wol)hua),  flt+i)=p/(o])hua)u)
g(t) =p'(u" of(wa)  g(t+i)=p'(of (ua)u’) (9.76)

(From h € M, it follows f(t + i) = f(t + i) and therefore f = g.
Evaluating this function at zero

p(u* hua)=pha) (9.77)

From the uniqueness of h follows u*hu = h. This must be true for every
unitary in Mand therefore h € M N M'. In the general case, we remark
that o is also the modular group for p + p’; therefore there exist operators
h, i’ € M N M’ such that

pla) = (p+p)(ha),  p'(a)=(p+p)(Wa) (9.78)

Since p and p’ are faithful both h and h’ are injective. Hence k = h (')~ is
affiliated to M and satisfies p'(a) = p(ka).
@

We turn now to the case of two states p and p’ whose modular groups
commute.

Proposition 9.20

Let p and 7 be two normal faithful states of M and let of and o] be their
modular groups. The following conditions are equivalent
1) p is invariant under the action of o™
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2) 7 is invariant under the action of o
3) 0™ and of commute
4) there exists a unique positive injective operator h affiliated to MNM’ such
that 7(a) = o(ha) Va e M.
5) there exists a unique positive injective operator k affiliated to M N M’
such that o(a) = 7(k a) Va € M.

¢

Proof
1) < 3) and 2) < 3)

According to proposition 9.18 the modular group for p.o] is p[o”,..07.07].
If p is invariant under ¢ one has

p.ol ={0l,.0f.0] =af (9.79)

and therefore ¢” and o” commute.

Conversely if the modular groups commute one derives p.otau(a) = p(ha)
where h is a positive operator affiliated to a M N M’. Uniqueness of h implies
hns = hZ for every integer n and thus hg = I for every s and p is of invariant.
2) > 4)el) < 5)

Straightforward
1)~ 4)

Consider the state £ = %(p +7) and denote o¢ its modular group. Since ¢
is o7 invariant, from 1) < 2) follows that 7 is ¢ invariant.

JFrom 7 < 2¢ there exists 0 < k < 21, ¢¢ invariant, such that 7(a) = £(ha).

Uniqueness and invariance of p and 7 imply that also k is invariant.

Since p(a) = £((2] — k)a) and both k and 21 — k are injective (both p and
7 are faithful) one concludes that h = ﬁ is a positive injective operator
affiliated to M N M’. And p(a) = 7(ha).

Q@

Proposition 9.20 is a non-commutative Radom-Nykodim theorem and the
operator h plays the role of Radon-Nikodym derivative. To see this analogy
notice that, by a theorem of Gelfand e Neumark, every abelian von Neumann
algebra can be faithfully represented by the algebra A = L°°(X) of multipli-
cation by complex valued essentially bounded functions on a locally compact
space X. In this case A" = A.

If X = L>(T?) the normal states are represented by positive measur-
able functions f(z) on 7% with integral one (more precisely by the measures
f(z)dz). The cyclic and separating states are represented by strictly positive
functions. The state ¢ on L>°(T?) is defined by

Prla) = /a(x)f(x)da;, a€L>® (9.80)

In this case the operator j is complex conjugation and A is the identity.
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9.7 Positive cones

The positive cone Cy defined by f coincides the positive cone C} and is repre-
sented by the positive integrable functions. Given an element g € A the func-

tional ¢, is positive iff g is positive and is such that ¢g4(a) = [ a(x)%f(x)dx.

Therefore % is the Radon-Nikodym derivative of the state ¢, (i.e. of the
measure g(z)dz) with respect to the state ¢ (i.e. of the measure f(z)dx.

&

Remark that in the commutative case, if the total measure is one, the func-
tion one is a cyclic and separating vector, and equation (80) can be interpreted
as follows: given an element of L> = A’ the linear functional a — ¢p(a) is
positive iff b belongs to the positive cone of A.

There exists therefore a duality, originated by the state {2, between the
positive cone in A’ and the positive cone in A. This duality is elementary
in the commutative case and holds for any cyclic and separating state. The
formalism described here allows for an extension of this duality to the non-
commutative case ( Tomita duality)

Let be a von Neumann algebra M (on a Hilbert space H) with a cyclic and
separating vector (2. , with corresponding modular operator A and invertible
anti-linear isometry j. Denote by Sy € M2 the densely defined operator
So af2 = a*2 a € M and by Fy € M’'2 the densely defined operator
Foa2=a*2, aec M.

Denote by S and F' their closures. One has the polar decomposition S =
jVA con A = S5*S. If 2 € H denote by ¢, on M the linear functional defined
by

¢:(a) = (af2,z) (9.81)

Similarly denote by ¢! on M’ the linear functional

¢z(a") = (d'02,x) (9.82)

Definition 9.3
We will say that x is M -positive if the functional ¢, is positive.

&

Denote by Cq, the cone of Mg-positive vectors. Similarly denote by Cp,
the cone of M’ q-positive vectors.

Theorem 9.21 [4]
The functional ¢ on M’ is positive iff there exists a self-adjoint operator h
affiliated to M such that &' = hi2. This is also the condition under which the
G.N.S. representation IT, M of M generated by the state ¢, is equivalent to
to the representation ITo(M) = M.

Conwversely the functional ¢, on M is positive iff there exists a positive
self-adjoint operator h affiliated to M’ such that x = h{2.
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&

We remark that this theorem poses a duality between the cone Cy, and the
cone of positive elements in M’ and also between the cone Cf, and the cone
of positive elements in M. We do not give the proof of Theorem 21.

The results we have described must be placed in the context of the theory
of positive dual cones by Tomita and Takesaki. A rather detailed analysis can
be found e.g. in [5]
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Lecture 10
Scattering theory. Time-dependent formalism.
Wave Operators

Scattering theory, in Quantum as in Classical Mechanics, describes those ef-
fects of the interaction of a system of N particles which can be measured when
the components of the system have become spatially separated so that they
can be uniquely identified and the mutual interactions have become negligible.

In this Lecture we shall limit ourselves to a system of two quantum par-
ticles which interact through a potential force that is invariant under trans-
lation. In this case the problem can be reduced to that of one particle in
interaction with a potential force.

This problem is by far simpler than the corresponding N-body problem in
which several channels may be present and the final state may contain bound
states of some of the particles. In this Lecture we shall analyze the time-
dependent formalism in which the motion in time is explicitly considered.

In the next Lecture we shall study the same problem through a study
of the relation between the eigenfunction of the interacting system and of
a reference system, which we take to be free. The latter procedure is called
time independent scattering theory to stress that only the relation between
eigenfunction is considered.

In the time-dependent formulation scattering theory in the one-body prob-
lem with forces due a potential V' is essentially the comparison of the asymp-
totic behavior in time of the system under two dynamics given by two self-
adjoint operators Hy e Hs.

We shall treat in some detail the case in which the ambient space is R2,
both systems are described in cartesian coordinates, and the reference hamil-
tonian is the free hamiltonian; in this way the reference motion has a simple
description. We have

2 2
h A h

— Ho = ——— 10.1
H1 2 2mA+V(.’L') (0 )

2m

where m is the mass of the particle and V' (z) is the interaction potential. In the
formulation of the general results we leave open the choice of the reference
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hamiltonian so that the formalism can be applied more generally (e..g in
presence of an electromagnetic field we can use as reference the hamiltonian
1

2m

In general we shall choose units in which 2m = i = 1. We shall make
stringent assumptions on V(z), and in particular that the potential V(z) is

Hy = (V- A(x))? (10.2)

time-independent and Kato small so that —%A + V is (essentially) self-
adjoint. We will assume also that V(z) vanishes sufficiently fast at infinity ,
e.g. lim|z|—oo|z|? V(x) = 0 for a suitable value of p > 1).

The theory can also be applied when H; is periodic in space; this is the
case if one describes scattering of a particle by a crystal.

Notice that the same comparison problem can be posed when the potential
depends on time and in particular if it is periodic in time with period T' (and
sufficiently regular as a function of the space variables).

We shall not treat this case.

10.1 Scattering Theory

We shall formulate scattering theory as comparison between the asymptotic
behavior for t — 00 of a generic element ¢ € H that evolves according the
dynamics given Hy, i.e. ¢(t) = e 2% and the behavior of two elements
¢+ (t) which evolve according to H; and differ very little from ¢(¢) when
t — +00. In general we will consider only the case H = L?(R?), d = 3.

The cases d = 2 can be treated along the same lines with an extra care
due to the weaker decay in space-time of the solution of the free Schrodinger
equation.

We assume

limy o too|p(t) — o (B)| = limy . so0|e ™20 — e 7 H1itg ]y = 0 (10.3)

Remark that in this equation it is required only that the limit of the
difference exists, while in general the limit of each term does not exist in the
topology of ‘H. For example if

Hi=A, Hy=A+4+V(z), VeC V(z)>0 (10.4)

each of the two dynamics has a dispersive property in the following sense: for
t — 400 one has, for ¢ in the orthogonal complement of the discrete spectrum
of Hk, k= 17 2

Uiyt oo SUPL|O(x, )] = limy_+00 supe|(eHrpy)(x)| =0 (10.5)

and therefore we would compare functions which for ¢ — doo tend to be
infinitesimal everywhere. Of course the rate of vanishing will be in general
different in different directions, but the comparison would become difficult.
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One way to overcome this problem could be (and this is the approach
of Enss, that we shall discuss later) to use time-dependent scales in space
which increase suitably with time so that on the new scales the functions
have little dispersion. In this way one can compare the asymptotic effects of
the interaction in different directions.

Another method consists in noticing that both dynamics are unitary, and
therefore equation (4) is equivalent to

limy_pooe I etH2 g — ¢ | limy_pooe’™2 e7#H1p, — ¢ (10.6)
In the domain of existence we will define the wave operators
Wy (Hy, Hy) = limy . 1o0e™™2 e it H) (10.7)
Let us remark that, whenever defined, the wave operator satisfies
Wy (Hy, Hy)e™ = ™2\, (Hy, Hy) (10.8)

The wave operators on their domain of definition intertwine the two dy-
namics. In particular the domain of Wy (Hs, Hy) is invariant under the flow
of Hl.

Let us exemplify (3) e (4) in the case of main interest for us, namely H; =
—A e Hy = —A+V where V has suitable regularity and decay properties.

The existence of Wi (—A + V,—A) answers the question whether a state
which evolves almost freely at ¢t ~ —oo after the interaction with the potential
V(x) will have an almost free evolution at ¢ — +oo.

The existence of Wi (—A, —A + V) answers the question whether for a
given initial datum the evolution —A 4 V' is asymptotic for ¢ — +oo or
t — —oo to free evolution.

It is evident that if the initial datum corresponds to a bound state the
answer to this second question will be negative. Therefore the domain of the
operator Wy (—A, —A+V) is contained in the orthogonal complement of the
bound states of the hamiltonian —A + V. The purpose of the analysis in this
Lecture is find conditions under which this is the only subspace excluded, and
any free asymptotic behavior can be approximated by choosing the initial
datum in the complementary subspace.

This implies that the range of Wy (—A+V, —A) is the entire Hilbert space.
[1][2] Notice, for comparison, that in Classical Dynamics there are bounded
regular potentials which have no bound states and for which the limit does
not exists for some initial datum, or it exists only in one direction of time.

10.2 Wave operator, Scattering operator

Definition 10.1 (Wave Operator)
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If the spectrum of the operator Hj is absolutely continuous (as is for
Hy; = —A) we shall define Wave Operator relative to the pair Hy, H; the
operator

Wy (Hy, Hy) = 5 — limy_ o€ H2 71 (10.9)

If the spectrum of H; is not absolutely continuous the definition of wave
operator is suitably generalized. Denote by H1 4. C H the (closed) subspace
of absolute continuity for H; defined by

Hige={o €M : (E1(N)o,0) € Coc} (10.10)

where E;(A) is the spectral family of Hy and C, .. is the space of absolutely
continuous functions. We define Generalized Wave Operators the limit (if it
exists)

Wi (Ha, Hy) = 5 — limy_,+o0eH2 e [T (10.11)

where II; is the orthogonal projection on H;j 4.

&

Remark that if H; = A the spectrum is absolutely continuous; in this case
IT; = I and definition coincides with that in (11).

If HH = —A 4+ V the spectrum of the operator H; can have a singular
continuous part as well as a discrete one; in this case we must refer to (13)
for the definition of wave operator. It follows from the definition that

Wi (Ho, Hi)W (Hs, Hi) = II1 (10.12)

where II; is the orthogonal projection on the absolutely continuous part of
the spectrum of H;.

Definition 10.2 Scattering Operator
On the elements in ¢_ € D(W_(Hy, Hy)) such that W_(Hy, Hy)p_ €
D(W_,(Hy, Hz)) we define the Scattering Operator the map (Ha, Hy) defined
by
b =S¢ (10.13)
Hy = —% +V the operator S(Hs, Hy) is usually

2
In the case H; = —Qh—m,

called Scattering Matriz .

JFrom the definition one has e?*f2.§ = Se?H2 Notice that the operator S is
the map ¢_ — ¢4 and represents the probability amplitude that a given free
motion at ¢ = —oo gives to a definite free motion at +o00. The adjoint S* is
defined on the domain of W, (H;, H2) and on suitable domains the following
identities hold

S=WiW_ S*=W> W, (10.14)

For the physical interpretation (which we will give later by the introduction
of a flux across surfaces) the operatos S must be unitary. This implies that it
must have as domain and range the entire Hilbert space
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RangeW, (Hy, Hy) = H = RangeW_(H,, Hs) (10.15)

In the case of scattering by a potential the assumptions we shall make on
V(z) have the purpose to guarantee the existence of the Wave Operators and
the validity of (17). Notice that it is convenient to formulate the scattering
problem with reference to two Hamiltonians H; and Hs rather than to a free
and interacting ones.

This underlines the symmetric role of the two Hamiltonians and allows
the formulation of the chain rule which permits to deduce the existence
of the wave operator Wy (Hs, Hy) from the existence of Wi (Hs, Hs) and
Wi (Hs, Hy).

We have now formulated the two fundamental problem of scattering theory
in Quantum Mechanics:

i) Existence of the Wave Operator
il) Asymptotic completeness : RangeW_ = RangeW

Another interesting question refers to the inverse scattering problem.
Given the unitary operator S and the operator H; prove existence and unique-
ness of an operator Hs which satisfies (8). For a general introduction to this
class of problems one can consult [3] .

A simple example, due to G.Schmidt, show that the dispersive properties
of the dynamics are important for uniqueness. Let

_.d _.d 12
H, =i H, =i +V(x), H = L*(—o00, +00) (10.16)

Then

x

(eiitHld))(:Z?) _ (;5(:17 _ t) Hy = U1t H, U U= 6if0 V(y)dy (10'17)
It follows
. . . i [
(ethz e—th1)¢(x) _ ez[V(I+t)—V(1)]¢($) = ¢ fl V(y)dygﬁ(.r) (10.18)

In this example W are multiplication operators

. [too
Wy (Hy, Hy) = ' Jo V@ (10.19)

(they exist if V € L) and S is the operator of multiplication by the phase

i [ V(z)d . . .
if —oo V@ this case the inverse scattering problem does not

factor S =e
have a unique solution.

On the contrary for the Schrodinger equation (a dispersive one) one can
prove that for short range potentials the potential is uniquely determined by
the S matrix. We shall give an outline of the proof of this statement in the

next lecture.
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10.3 Cook- Kuroda theorem

A first result in scattering theory is the following theorem, first proved by
Cook and then improved by Kuroda [4]

Theorem 10.1 (Cook, Kuroda)

Suppose that there exists a dense set D € Hy 4. on which the following prop-
erties are satisfied

a) for ¢ € D there exists ty (which may depend on ¢) such that

e~y ¢ D(H,) N D(H,), to <t < +oo (10.20)

b) (Hy — Hy)e ¢ is continuous in as a function of t for t € (ty,o0)
¢)
0 .
/ |(H2 — Hl)e_Ztqu“)bdt < o0 (1021)

to

Under these assumptions W (Ha, Hy) exists. The same is true for W_(Hs, Hy).

%
Proof
ForpeD t, s >ty
d . . A .
%(e”Hz e~ gy — jeitH2 (H, — H)) e'tH2 (10.22)

Therefore for t > tg

t
eitngfitHld) _ 6it0H267it0H1¢ + Z/ 6iTH2 (H2 o Hl) 67iTH1¢dT (1023)

to

If $ € D under assumptions b), c¢) the integral on the right hand side
converges when ¢t — co. Therefore the limit lim;_, ™2 e~ 14 exists for
¢ € Hl,ac-

Q
IfH=L*R? Hi=-A Hy=-A+V (17.8) reads
/ |V (2)e" 2 p|adt < oo (10.24)
to

In this case D can be chosen to be the collection of functions with Fourier
transform in C§°. For sufficiently regular potentials equation (26) follows from
dispersive estimates for the functions e““thb(k‘). For t # 0 the integral kernel

of e~ jg .

4mit

leo

(e 6) () = (

[ o) ay (10.25)
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Therefore

e o)) < () [ lowldyo (10.26)

and then

/ |(H2—H1)e—“H1¢|2dt§/ (‘E” ||VH2dt = C/ — <oo (10.27)
1 1

Therefore condition c) is satisfied if V' € L?(R?) by taking as dense domain
L2(R3)NLY(R3). 1t is easy to show that also conditions i) and ii) are satisfied
if V € L?(R3) and therefore in this case the wave operators exist. Making
use of Holder inequality in (29) instead of Schwartz inequality and because
t~* € L'(1,00) one verifies that if & > 1 the condition on V can be weakened
to

/ Lfﬂ_dw < oo e>0 (10.28)
re (1+|z)t—

Remark that from (27) one derives that, as a function of z, (e®*“¢)(z) goes
to zero when t — oco. One refers to this fact by saying that the Schroedinger
equation with hamiltonian Hy has a dispersive property (contrary e.g. to the
wave equation). Under very mild assumption on V(z) one can prove that
also the solutions of the Schroedinger equation with potential V(x) have a
dispersive property.

From the proof of the Cook-Kuroda theorem one sees that the dispersive
property plays an important role in the proof of the existence of the scattering
operator. For scattering theory in dimension 3 it is also important to prove
that, a part from the common factor t_%, the rate of decay to zero is not
uniform in different spacial directions so that a trace remains of the initial
datum.

In particular one can show that if ¢ € L?(R?) is sufficiently regular one
has

limy—oot? €3¢ — ¢*™ ()], = 0 (10.29)
where m 2 m
¢TI (t) = ——eH g(—-) (10.30)
(it)2 t

(¢ is the Fourier transform of ¢).

If (;3 has support in a very small neighborhood of kj and one multiplies
e~ "Hop by a factor % one obtains a function which has essential support in
a very narrow cone with vertex in the origin and axis I;:O = KZ—S‘ Therefore at
this scale the asymptotic state describes a particle which moves freely in the
direction kg.

We shall come back to this point when we shall discuss the method of
V.Enss [5]
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10.4 Existence of the Wave operators. Chain rule

In what follows we shall use the symbol W for the operator W (Hs, Hy).

Lemma 10.2
Set Hy — Hy = A € B(H) and W (t) = e'tH2e=itH1,
If W, exists one has, for every ¢ € Hi 4c

Wio—W(t)o|> = -2 Im /too(eisHl Wi Ae *Hi¢ ¢)ds (10.31)

&

Proof
By definition

(W, —W(t)p = i/m et A emisHig s (10.32)
t

By unitarity |(W3 — W(t))¢]? = 2Re (W — W(t)) ¢, Wi9¢). Eq (33)
follows from this together with (34) .
Q

From the existence of the wave operators one derives some unitary equiv-
alences. In particular

Theorem 10.3 (Dollard, Kato) [6]
If the operator W (Hg, Hy) ewists, it is a partial isometry with domain Hi qc
and range My = Wi H C Haqe-

The orthogonal projection EL on Wi H commutes with Ha. The restriction
of Hy to Hi q4c is unitary equivalent to the restriction of Hy to W 'H.

In particular the absolutely continuous spectrum of Hy is contained in the
absolutely continuous spectrum Ha. Analogous results hold for W_.

If both W, and W_ exist, then S = W} W_ commutes with H;.

¢
Proof
(From the definition one has Wi W, = II; amd W, W} =¢&,.
On the other hand
e W =5 —limy_ oo W (t + s)e™ Tt = W e (10.33)

Multiplying both terms by e~%**, Imz < 0 and integrating over s from 0 to
+oo (i.e. taking Laplace transform) one obtains

(Hy—2)"' Wy =W, (H, —2)~* (10.34)

(From this follows W H, C H, W and by duality Wi Hy C H; W3
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£+ Hy = W+ Wi Hs C W+ H, Wj; = H, 5+ (1035)

This proves that £ commutes with Hs and therefore M reduces H.And
also that £, Hy &4 = Hy &;. Therefore equality holds in (37).
Multiplying with £, on the right

H2 W+ = g+ H2 5+W+ = W+ H] H115 (1036)

(From (38) one sees that Hy 4. is unitarily equivalent to the part Ha q4 .
that acts on M, and in particular that o, . (H1) C 04.c.(H2).
Analogous results hold for W_ when this operator exists..

Q

Corollary
If W, (Hay, Hy) exists, one has the following strong convergence properties
when t £ oo

e'tHz o=itthr — W, et emitihg, — Wr (10.37)
e A N | RO TN | (A (10.38)
(W4 — e 0 1) - 0, (Wi —1e ™ 1T —,0 (10.39)

UELE (LR ) SR | e L (10.40)

(1—&)e ™ —,0, (1-1I)e ™ 1 —,0 (10.41)

We now prove the chain rule.

Theorem 10.4 (chain rule)
If both W, (Ha, Hy) and W (Hs, Ha) exist then the operator W (Hs, Hy) exists
and one has the chain rule

W, (Hs, Hy) = W, (Hs, Hy).W, (Ha, Hy) (10.42)

¢

Proof
The strong limit of a sequence of products of bounded closed operators
coincides with the strong limit of the sequence of the factors. Therefore

W (Hs, Hy). W, (Hy, Hy) = 5 — limy_ooe' 2 e™1H2 [T,¢1H2o=itH 1)
(10.43)
Since IT, commutes with Hs it follows from (45) that

W (Hs, Hy). W (Hy, Hy) = 5 — limy_ooe™? ITye T, (10.44)
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On the other hand
W (Ha, Hy) = s — limy_ soe et (10.45)

It is therefore sufficient to prove

s — limy_ooe™ (I — ITIy) e "1 1) =0 (10.46)
Due to unitarity of e**2e~®Hz it is equivalent to prove (Hs and IT, com-
mute) _ _
5 — limy_oo(I — II5) €12 ¢=1HL T — (10.47)
But RangeWy (Hs, H1) C Ha qc. Therefore (I — IIo)Wy(Hy, Hi) =0
@
10.5 Completeness
Definition 10.5
The wave operator Wy (Ha, Hy) is complete if
range Wi (Hs, H1) = Ha qc (10.48)
¢
If both W, and W~ exist and are complete, then
Range W, (Hy, H1) = Range W_(Hs, H1) = Ha qc (10.49)
Therefore
S(H27H1) EW_T_(HQ,Hl) W_(HQ,Hl) (1050)

is a unitary operator from Hi 4. to Hi 4 A simple corollary of the chain rule
is the following

Proposition 10.6
If both Wy (Ha, Hy) and W, (H;, Hs) exist, then they are complete. The
same is true for W_.

¢

Notice that in the analysis of the example we have given we have used the
explicit form of the integral kernel of e’ or equivalently of the generalized
etgenfunctions of Hy i.e the solution of Hiyp = Evg which do not belong
the the Hilbert space H. To prove the existence of Wy (Hy, Hs) it is therefore
convenient to have a good control of the generalized eigenfunctions of H =
—A+V.
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A result which can be proved without a detailed analysis of the generalized
functions, and at the same time is general enough to cover many physically
interesting cases is the following

Theorem 10.6 (Birman, de Branges, Kato) [1][7]
The generalized wave operators Wy (Hs, Hy) exists and are complete if (Hy —
2)7t — (Hy — 2)71 = A is of trace class for Imz # 0.

¢
Proof
Let us recall that a trace class operator A con be written as
A6 = calfn, @) fn, Y lenl <o (10.51)
n=1 n

where {f,} is an orthonormal complete basis. Denote by Ay the sum of the
first N terms and let HY = Hy + Ay so that HY — HV-! is a rank one
projection. The chain rule suggests to give first the proof when A is a rank
N operator and then consider the limit N — oo.

In Proposition 10.8 we shall give the proof for the case of rank one. The
chain rule shows then that operator Wy + = Wi (H N Hy) exists for every N.

Recall that by Weyl theorem the absolutely continuous spectrum of HV
does not depend on N. From (47) one derives

(Wn,i _ 6itH1Le_itH”71)¢ — Z/ eisH"*1 (Hn _ Hn—l)e—isH"’lqj) ds (10_52)
t

where H" — H" ! = |f, >< fo|, fn € H.
Therefore, with g, = (er)* fn

[(Wat = W (1)) S/t \(e’“Hn_lsbyfn)\QdS]”z/t (e, )| ds]/?

(10.53)
By iteration one has

Wy (Ha, Hy) — "2e )¢

s > _opmn—1 > > iogn—1
<2 Jel / (", f)2ds)2(S el / (&5, g, ds] /2
n=1 k=1

(10.54)
For ¢ in a dense subset of II;H the right-hand side of (56) is bounded;
indeed for any self-adjoint operator H

[, ppas < 2 63 17 (10.55)
where ||¢]||? = ess.sup) W This follows Parseval’s theorem because
25 e ™A (d(E(N)g, f)dt is the Fourier transform of & (E(X)¢, f). If |¢|2 < oo
it follows from (57)
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1/2
((Way = W)l < |ol5 (ST All)Y* n(t, ¢)'/223 (10.56)

where we have set
n(t,¢) = |Ck|/ [(e7*MM g, fir)ds < 2x||9]| || Allx (10.57)
k=1 t

(From (58) and the triangular inequality it follows
(Wi (7) = W (#))él2 < (|02 2r [ AN In(t', )% + n(7¢)'/*]  (10.58)

We can now to the limit N — oo. Since |4 — A,| — 0 one has norm
convergence of e*#" to M2 and from (60) it follows

(W () = W(T)dla < |6]2 (87| Al [n(t, ¢)/% +n(r,0)V?]  (10.59)

This inequality proves that the lim; o exists if ||¢|| < co. Notice now that
the set of ¢ € IIyH; for which ||¢|| < co is dense in Hi.q.c..

Since the collection W (t) is uniformly bounded it follows that the limit
exists for ¢ € Hy 4. We conclude that the limit limy W (t) II; = W exists.
In the same way one proves the existence of W_(Hs, Hy). Exchanging the role
of Hy e Hy one proves the existence of Wy (Hq, Hs).

This concludes the proof of Theorem 10.6 wunder the condition that the
following Proposition 10.7 holds.

Q@

Proposition 10.7
The generalized wave operators Wy (Ha, H1) and Wy (Hy, Ha) exists and are
complete if (Hy —2)~' — (Hy — 2) =t = A is a rank-one operator for Imz # 0.

¢

Proof

We shall give the proof in several steps.

Step a)
As first step we shall give the proof in the case H is identified with L?(R, dx),
H; is multiplication by = and the operator A = Hs — H; is the rank-one
operator (A u)(z) = (u, f) f(z) where f(z) is regular and fast decreasing at
Fo0. In this case one has

Ay = if1] [~ e o) s (10:60)

If u(z) is regular and decreases fast enough the integral in (62) is finite. Since
the functions with the required properties are dense in L?(R, dx), the sufficient
conditions in Theorem 10.1 are satisfied. This proves existence.

Step b)
To extend the proof to the case f € L?(R,dz) remark that by (62) and
Schwartz’s inequality one has
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Wow =W uf <2 (e NP ([ W f) s
t t

(10.61)
This integrals are finite, as one sees using Parseval’s inequality
| e ffs < 2Pl (10.62)

(by assumption |u|s is finite). Since W7 is an isometry we can bound by this

term by C'|u]so. {From (63) we obtain

o0

W (r)u—T (£)u] < (8m) M Jul2(] / e, p)[2ds) A / (e, £)[2ds] /)

(10.63)

Inequality (65) depends only on the L? norm of f and therefore extends to
all functions in L?(R, dx).

Step ¢)
Proposition 10.7 holds true if H; is a self-adjoint operator in a Hilbert space H
and Hy = Hi+(., f)f with f € H. To see this, IT; be the orthogonal projection
on the absolutely continuous part of the spectrum of Hy. Set f = g + h,
g = II, f. By assumption g € Hi 4... and therefore g can be represented by a
function g(x) on the spectrum.

Consider first the case in which g(z) is regular and rapidly decreasing
at infinity. In this case, we can proceed as in case a), substituting g to f.
If g(x) is not regular and/or does not have fast decrease one can proceed
by approximation , as in case b) above since the convergence extends by
continuity to Hy q...

Step d)
Consider next the case Hy, = H; + A with A of rank one. We treat first the
case H = L?(S,dx) where S is a Borel set in R' and H; is multiplication by
x.

Let H{ be the maximal extension of the operator defined as multiplication
by z. Then the subspace H reduces H' and this reduction coincides H.

Let HY = H{ + (., f)f. Also H) is reduced by H and the reductions of
e~"Hs and of e~"H1 coincide respectively e~z and e~ iH1

JFrom the existence of W, = s — limy_ooe~tH2¢H1 the existence of
Wy (Hs, Hy) follows by reduction. In the case in which the spectrum of H;
is not absolutely, consider as before the projection of f on the absolutely
continuous part of the spectrum of Hi.

Step e)
Let us consider the general case, without assumptions on the structure of H.
Let Hy be self-adjoint and let

Hy=H,+(.f)f, feH (10.64)
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Denote by Hg the smallest subspace of H which contains f and reduces H;.
Let Iy be the orthogonal projection on Hy.
The subspace Hy can be characterized as the closure of the set of elements
in H that have the form E;(A)f for all real A (E4 () is the spectral set of Hy).
It follows that also Hs is reduced by Hy and

Ho Ilguw= Hy Ily u+ (Hou,f), f € Hy (1065)

Denote by Hg the subspace of H which is orthogonal to Hg. The subspace
Hé reduces both Hy and Hs; if u € HOL one has Hy v = H; u. To prove
existence of W (Ho, Hy) it is therefore sufficient to consider only vectors in
‘Ho and therefore to the case in which Hg = H.

Let

f=g+h g=ILf h=(-I)f (10.66)

where as before 11 is the projection on the absolutely continuous part of the
spectrumé of H;. From the construction we have made we deduce that Hy 4.
is spanned by vectors of the form E(\) g.

Therefore H; 4. is the closure of vectors of the form

oty =1 T 6N dEO)] g (10.67)
But
(61 (HL), o (Hy)) = /S (161 (N, ()X (10.68)
where k =1, 2
B =0 o2 () = AEL) 9:9) (10.69)

and we have denoted with S the Borel set of all A for which W exists
and is positive (recall that g € Hi q.c.). If ¢ spans all measurable bounded
functions, then 1(\) spans a dense subset of L?(S).

Therefore we can identify Hj q.. with L?(S) through the map ¢(H)
g — . In this representation of H; , . the operator H; is multiplication by
x.

We have therefore reduced the problem to the particular cases which we
have considered before. This concludes the proof of Proposition 10.7.

Q

Theorem 10.6 is important because can be used also in the case of potential
scattering with localized impurities. It is enough to choose

H1 =_—A + ‘/perv H2 = H1 + W(J?) (1070)

with Vpe, € L?  and W such that [W(z)|*/2(1 — A)~! is of trace class.

loc
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The spectrum of H; is absolutely continuous (and composed in general
by bands). Therefore the wave operators Wi (Ha, Hy) exist and are complete.
Their domain is the entire Hilbert space and the range is the subspace of
absolute continuity of Hs.

The wave operators are unitary.

&

10.6 Generalizations. Invariance principle

When we will analyze the time-independent scattering theory we shall see that
the assumption Hy — H; € J; can be replaced by the weaker one Hy — H1 € Js
( Hilbert-Schmidt class). For this it will be enough e.g. V(x) € L' N L2.

It is convenient to generalize the previous results and study the existence
of the wave operators W for hamiltonian that are suitable functions H; and
H,. This will lead to weaker conditions for the existence of the wave operators.
A class of allowed functions can be obtained by using the following Lemma.

Lemma 10.8
Let ¢(A) be a function on R of locally bounded variation with the property
that it is possible to subdivide R in a finite number of open sub-intervals I,
(excluding therefore a locally finite number of points) such that in each of
these intervals the function ¢ is differentiable with continuous derivative.
Under this assumption for every w € L?(R, dx) one has

27 [wf2 > / Lim. / e=A=E50(N) , (\) I\ [2dt (10.71)
0 —00

where [.i.m. denotes limit in the mean. Moreover the right hand side converges
to 0 when s — oo.

¢

Proof
Let H u(x) = z u(x) and let F denote Fourier transform. The right hand
side of (73) is .
(2 1) 2 ipng Fem o012 (10.72)

(>0 is the indicator function of the negative semi-axis). Inequality in (73) fol-
lows immediately and convergence to zero is equivalent to s—lim;_..,Os>¢ U e #¢H) =
0.

We can limit therefore to prove convergence to zero for functions that
belong to a domain on which H is essentially self-adjoint, for example to
indicator functions of finite interval. We can moreover restrict attention to
intervals (a, b) in which the function ¢ is continuously differentiable. One has

b b
o(t,s) = / eTMATIN I\ = ¢ / (t+sqS'(A))_l%e_”’\_is‘z’(’\)d)\ (10.73)



254 10 Lecture 10Scattering theory. Time-dependent formalism. Wave Operators

Under the assumption we have made on ¢ if ¢, s > 0 the function ¥(\) =
(t+s ¢’'(\)) ! is positive and of bounded variation. Its total variation in [a, b]
is such that

M
/ [dp(A)] < <
(t+cs) c((t+cs)
where M is the total variation of ¢'(\) in [a,b] and ¢ is the minimum value
of ¢'()) in the same interval. Integrating by parts the right hand side in (75)
one obtains

(10.74)

2c+ M
t < d 10.
olt.)| < vl + 00 + [l < ZH25 0
It follows - A2
2
ot 5)|2dt < 22 M) (10.76)
0 s
0

Using Lemma 10.8 we shall now prove the following invariance principle.

Theorem 10.9

Let Hy, Hy be self-adjoint operators such that Hy — Hy € Jy. Let ¢ be a func-
tion on R with the properties described in Lemma 10.8. Then the generalized
wave operators Wy (p(Hs), ¢(Hy)) exist, are complete and are independent of

o.
In particular they are equal to Wy (Hs, Hy) as one sees choosing ¢p(A) = A.
¢

Proof
We have previously shown that

(W w—W(t) ul < ||ul|(8 = [|A]l1) (10.77)

if u is in the subspace of absolute continuity of Hs ( ||A|1 is the trace norm

of A) and

d(E(A\u,u)
A
With v = e~ *?(H1) 4 one has |[v|| = ||ul|. Setting ¢t = 0 from (79) we

obtain

|[ul|? = ess.sup.y (10.78)

(Wy = 1) a) < Jul|(8 7 || Al])/* n(0, e #*HD) )/ (10.79)
with

,]7(0, —is¢(Hy) Z|Ck|/| —itH—is¢(Hy) " fk)|2dt (1080)

The integrals in (80) and (81) have the same structure as the integrals
(73) of the previous Lemma if we substitute w with w(A)
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Remark that this function belongs to L? and its L? norm is not larger than
[|ul|. Due to lemma 10.8 each term in the sum (81) converges to zero when
s — 00. Since the series is dominated uniformly in s by the convergent series
i lekll|ul|* = | Al [Jul| it follows that the entire series converges to zero.

The set of u with ||u|| < oo is dense in IT1H and therefore

§ = limg—oo(Wy — e #?UH) 1 =0 39 (10.81)
(From e *¢tH) = [ ¢=is(N) g it follows
W, ets¢(Hi) — gmisé(Ho)yy, (10.82)
Multiplying to the left (81) by e**¢(H2) one obtains
5 — lim_poe?*?H2) e=iso(H) 1 — W, [T, = W, (10.83)

Therefore we prove that W (¢(Hs), ¢(H;)) exists coincides with W (Ho, Hy)
if we prove that the space of absolute continuity of ¢(H;) and of H; coincide.
For the proof we make use of the properties of the function ¢()).

Let {F1(A\)} be the spectral family of ¢(Hy). For any Borel set S € R one
has F1(S) = E1(¢71(S))

If | S| = 0 the properties of ¢ imply |¢~1(S)| = 0 and therefore F;(S)u =0
if u € Hy4.c.. On the other hand Fy(¢(S)) = E1(¢7 ! [¢(9)]) > E1(S).

If |S| = 0 then |¢(S)| = 0 and therefore if u is absolutely continuous with
respect to ¢(Hp) one has —F1(S) u| < |F1(¢(S)) u| = 0. This shows that the
absolutely continuous spectrums of H; and of ¢(H;) coincide and concludes
the proof of Theorem 10.9.

Q@

Specializing the function ¢ one obtains useful criteria for the existence of
the wave operators and for asymptotic completeness. In particular

Theorem 10.10
Let Ho and Hy be strictly positive operators on a Hilbert space H.

If for some a > 0 the difference Hy * — H; * is trace-class, then the wave
operators Wy (Ha, Hy) exist, are complete and coincide with W (Hy *, H{ ®).

Proof
Let « be the smallest between the lower bound of the spectra of Hs and
H;. Consider the function defined as ¢(\) = =A™= for A > v and by ¢(A) = A
for A < . It is easy to verify that this function satisfies the requirements of
Lemma 10.9.
Q@

We shall use now Theorem 10.10 to prove asymptotic completeness of the
wave operator for the system
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H = L*(R?), Hy = —A, Hy=H,+V (10.84)

where V is the operator of multiplication by V(x) € L' N L?. We shall use a
particular case of the following theorem

Theorem 10.11 (Kato)

Let Hy be self-adjoint and bounded below. Let V' a symmetric operator rela-

tively bounded wit respect to Hy with bound less then one. Assume that' V' can

be written as V = V; Vo with Vi, (Hy +2)~%, k = 1,2 of Hilbert-Schmidt class

when z is negative and smaller than the lower bound of the spectrum of Hi.

Then the wave operators W(Hs, Hy) and W (Hy, Hs) exist and are complete.
¢

Proof
There is no loss of generality in assuming that H; and Hy are strictly
positive; therefore one can choose z = 0. By assumption Vj, Hy Yedy, k=
1,2. To this class belongs also Vj H{l since Jo is a bilateral and (H; +
cI) (Hy+ ¢ I)~! is bounded. One has
1 1 1 1 1 1
=V =_— — 10.
, 0, HQVHl 0, Vi V2H1 e i ( 0 85)
and the thesis of the theorem follows from Theorem 10.10.
Q

Theorem 10.11 can be used to prove asymptotic completeness when V (z) €
L' N L% Notice that V € L?(R3) implies that V is infinitesimal relative to
—A.

Therefore in order to apply Theorem 10.12 it suffices to prove V (—A +
c)~t € Jy per ¢ > 0.

The integral kernel of this operator is

o—cly—al

V()2 (10.86)

dr|z — y|

and this is of Hilbert-Schmidt class because

/ / V(@)e 23 |z — y|~2de dy < / V()| da / eI |y 2dy < oo
(10.87)

Let us consider now the continuity of the dependence of Wy (Hs, Hy) on
H, e Hy. We shall prove continuity at least for perturbations of trace class.

Theorem 10.12

Let Hy and Hy be self-adjoint and such that Wi (Hs, Hy) exist. Then for each
A € Jy the wave operator Wy (Ha + A, Hy) and Wy(Ho, Hy + A) exist, and
when A converges to zero in Ji one has, in the strong operator topology

Wi(Hy+ A, Hy) — Wi (Ho, Hy), Wi(Hy, Hy + A) — Wi (Ho, Hy)
(10.88)
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¢

Proof
Existence follows from Theorem 10.7. Moreover from the chain rule

Wi(Hy+ A, Hy) = W (Hy + A, Hy) Wy (Ha, Hy) (10.89)

It is therefore sufficient to consider the case Hy = H;. ;From the estimates
obtained in the proof of Theorem 10.7 one has

W (Hy+ A Hyu — ul < |ul|(dn]]Al[)"/? (10.90)

The thesis of the theorem follows then from the density of {u, : ||Ju|| < co}
in HlH.
Q

Stronger continuity results can be obtained from Theorem 10.11. It can
be proved e.g. that if A,, is a sequence of operators which converge to zero in
strong resolvent sense, i.e. if for any zyp ¢ R one has

lip oo (Hy + Ap — 20) ™1 — (Hy — 20) " =0 (10.91)

then s — limWi(Hg + An,Hl) = W:t(HQ’ Hl)
For a detailed analysis of asymptotic completeness in quantum scattering
theory one can usefully consult [6]
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Lecture 11
Time independent formalisms. Flux-across
surfaces. Enss method. Inverse scattering

At the beginning of Lecture 10 we have remarked that scattering Theory in
Quantum as in Classical Mechanics, describes those effects of the interaction
of a system of N particles which can be measured when the components of
the system have become spatially separated so that the mutual interactions
have become negligible.

As in Lecture 10, we limit ourselves here to a system of two quantum
particles which interact through potential forces which are invariant under
translation. In this case the problem can be reduced to the problem of one
particle in interaction with a potential force. We remarked that scattering
theory in the one-body problem with forces due a potential V is essentially
the comparison of the asymptotic behavior in time of the system under two
dynamics given by two self-adjoint operators Hy e Ho.

We shall treat in some detail the case in which the ambient space is R?,
both systems are described in cartesian coordinates, and the Hamiltonians
describing the free (asymptotic) motion and the motion during interaction
are respectively

2 2
L d

H, = Hy=——A 11.1
1 2 o + V() (11.1)

2m
where m is the mass of the particle and V(z) is the interaction potential.In
general we shall choose units in which 2m =h = 1.

We shall make stringent assumptions on the potential V' (x), and in partic-
ular that it be Kato-small with respect to the laplacian so that the operator
—%A + V is (essentially) self-adjoint. As in Lecture 10 we will assume also
that V(z) vanishes sufficiently fast at infinity (e.g. lim|,—oo|z|? V(2) = 0 for
a suitable value of p > 1).

The theory can also be applied when H; is periodic in space; this is the
case if one describes scattering of a particle by a crystal.

In Lecture 10 we have formulated scattering theory as the comparison
between the asymptotic behavior for t — +o0o of a generic element in H that
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evolves according the dynamics given Ho, ¢(t) = e~ *2¢, and the behavior
of two elements ¢ (t) which evolve according to H; and differ very little from
¢(t) when t — +oo.

The theory presented in Lecture 10 is the time dependent formulation
of scattering theory because all definitions and theorems refer explicitly to
temporal evolution. In this Lecture we shall analyze a formulation called time-
independent (or stationary) scattering theory centered on the analysis of the
generalized eigenfunctions of the operators Hs and H;.

This formulation predates the time-dependent one and, although less intu-
itive, in the case Ho = —A 4V, H; = —A provides existence and complete-
ness of the wave operators (or rather of their generalization) under weaker
conditions on the potential V. Since the time-indipendent version is less intu-
itive, it is convenient to give first the connection between the two approaches
. This will also clarify the role of the resolvents of (Hy — A)~%, k = 1,2 in
the proof of existence of the wave operators.

In time-independent scattering theory the wave operators are found as so-
lutions of suitable functional equations. To find these equations it is convenient
to go back to the time-dependent formulation.

We now extend the previous definition of wave operator W, (Hs, Hy) by
requiring convergence of e "HetHo for t — 400 only in the sense of Abel.
We shall define therefore

T
Wi = lime_o2€ limp_oo / e 2etgitHz =ity 1 gy
0

T

= lime_02€ limp_ oo / e CtTitHa [pmet=itHu T, gy (11.2)
0

where the limit is understood in an abelian sense.

If W, exists, also W exists (and the two operators coincide). The converse
is not true. It is convenient to recall the relation between the group of unitary
operators e and the resolvent of the self-adjoint operator H.

Under the assumption that H be bounded below by mlI one has , for A
real and strictly less than m

i(H — N +ie) ™t = / ettt H-N gy (11.3)
0

for any € > 0 (make use of the spectral representation of H.) Parseval’s relation
between Fourier transforms leads to

2 0
L= z@'mwozi/ (Hy — X\ —ie)™ (Hy — X\ +ie) ' T d\ (11.4)
s

— 00

It is convenient to write (4) in a different form before taking the limit
€ — 0. Let R(2) = (H — 2)~! be the resolvent of the operator H and E()\) be
its spectral family. By definition with z = XA +i¢, A € R
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ey [T dE()
R(2)R(2) */,oo (n—2)(u— 2)

_ /oo __dB(w) /OO 5.1 — NaE() (11.5)

oo (= A2+ €2 o €
with .
Se(pp—N)) = P (11.6)

The difficulty in taking the limit € — 0 in (4) lies in the fact that the limits
must be taken from different half-planes in the resolvent of Hs and in that of
H,. To overcome this problem one proceeds as follows. On suitable domains
one has

(Hy — X\ —ie) Y (Ho — A +ie) " (Hy — X\ +i€)(Hy — A\ +ie) ™!
= (Hy — X —ie) " Y(Hy — X\ +ie) 7! (11.7)
(From (4),(5) one has then

W = umﬁo/ §.(Hy — \) G(A + i€)d\ ITy (11.8)

where we have defined for Imz # 0
G(2) = (Hy — 2)(H, — 2)7 ! (11.9)

When e — 0 the function d. convergence (in the sense of measures) to the
distribution ¢ at the origin. Therefore, in the weak sense

> dFs(A
W;:/ ;A( )G(/\Jrio) dX I (11.10)

— 00

In the corresponding formula for W’ the factor G(X + i0) is replaced by
G(\ —i0). Hence, at least formally,

= JE
Wi, :/ d ;;’\) G(\+i0) dX II, (11.11)

— 00

Remark that the boundary value G(z) may not be a continuous function,
and the derivative of the spectral measure may only exist in distributional
sense. Therefore without further assumptions the definition of W7 is ill-posed.

We will prove that under suitable assumption on the potential V' one can
prove that the limit exists as a continuous map between different function
spaces. This result goes under the name of limit absorption principle.

In stationary scattering theory whenever (11) is well posed it is the def-
inition of (generalized) wave operator. One proves then that the operator
so defined has all the properties of the wave operator defined in the time-
dependent theory.



262 11 Lecture 11Time independent formalisms. Flux-across surfaces. Enss method. Inverse scattering

Indeed under general assumptions one the pair Hy , H; one proves that
W are isometries with domain H; 4. and range Hs 4. and that W intertwine
the groups 2 amd e,
Under more restrictive assumptions one proves that Wy (Hs, H1) = W/ (Hs, H1)
(without these further assumptions one proves only existence of Wi (Ha, Hy)).
Let Hy = H; + A. One has

W(r)—Wi(t) =i / etz A e~isH g (11.12)
t
Similarly exchanging H; and H,
W)t —=w) = —i/ et A emisH2 (g (11.13)
t

If A is unbounded (12) , (13) are valid in a suitable domain.

Let us assume that W (Ha, Hy) = s — lim W (t) II; exists. Multiply (12)
to the left by —W,, choose t = 0, take the limit 7 — oo and use e~ *H2 W, =
We #H1 to obtain

.
Wy —II) =i limr oo / et AW, e (11.14)
0
where the limit is understood in the strong sense if A is bounded, in the weak
sense otherwise.

To simplify notations it is convenient to introduce the following map

I'# (A), AeB(H)
+7
I'E (A) =ilim, o /0 et ATt gy A€ B(H) (11.15)

if the limit exists in a weak or strong sense. With this notation (14) reads (for
the sake of simplicity we omit the dependence on Hy and H; and we write I}
for FHl)-

Wy =1I, + I'ft (AWy) (11.16)

and similarly
W_=1I + Iy (AW_.) (11.17)

11.1 Functional equations

Operators W (Ha, H1) which satisfy (8) are found as solutions of functional
equations (16)(17). This construction has the virtue to allow iterative and ap-
proximate methods of solutions. In this scheme, the operator W corresponds
to a strong solution while W corresponds to a weak solution.If the solution
W exists and is unique, then Wi = W..
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As remarked above, the stationary formulation of scattering theory takes
(16)(17) as fundamental equations and determines Wi as their (weak or
strong) solutions. We must now show that the solutions have all the prop-
erties of the wave operators introduced in the time-dependent formulation.

In the case H = L?(R3), H; = —A and A multiplication by a function V (z)
the equations (16)(17) are an operator-theoretical version of the Lippmann-
Schwinger equation for the generalized eigenfunctions of —A 4 V.

Notice that while in the time dependent formalism the definition of
Wave operator is based on the large time behavior of the solutions of the
Schroedinger equation with hamiltonian H, in the time-independent formal-
ism it is based on the properties of the resolvent operator (H — z)~* for
Imz — 0.

The relation between the two strategies is given by Paley-Wiener type
theorems.

We return now to the time-independent approach. We will show that the
solutions W of (16)(17) coincides with the wave W when both are defined.
Remark that B € B(H) commutes with H then A € D(I'*) implies that both
BA and AB belong to D(I'*t) and

I'*(BA)=B(I'*(A), TI*AB)=((I*4)B (11.18)

We will consider only I't : analogous results are valid for I'~.

Lemma 11.1
Let A € D(I't) and define R = I'"(A) . Then R D(H) C D(H) and for
every u € D(H) the following identity holds

Au=RHu—HRu (11.19)
Moreover s — lims_,oo R e = (.
¢
Proof
Multiplying (16) from the left by e and form the right by e =%
R(t) = ™ R e H = z/ eH AemH s (11.20)
¢
Moreover dlzgt) = —ie™ A e="H Therefore if u € D(H) then
d . . .
%e”H Ru = —ie'™ Au+iR(t)e" Hu (11.21)
This shows that e Ru is strongly differentiable in ¢; therefore Ru € D(H)
and p
ae”H Ru=ic"™ HRu (11.22)

For ¢t = 0 on obtains
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HRu=—-Au+RHu (11.23)

and the first part of the lemma is proved. The second part follows from (15).
Q

Using Lemma 11.1 we now prove that the solution W/ of (16) coincides
with the wave operator W if the latter exists. In the proof we limit ourselves
to the case in which the perturbation is a bounded operator. In this case both
operators are defined.

Theorem 11.2
Let Hy be self-adjoint and A bounded and symmetric. Assume that Wy € B(H)
is a solution of (16) Then the generalized wave operators exist and Wi =
Wi (Hy + A, Hy) where Wy (Hs, Hy) is defined in time-dependent scattering
theory.

¢

Proof
Since W/ — ITy = I'' (A W) it follows form Lemma 11.1 that

(W_,F_Hl) Hlu:—Hl (W_/i_—Hl)U:W_/,'_ Hlu (1124)
and therefore W1 Hy; C Hy W' and for any z ¢ R
(Hy—2)' Wi =W+ (Hi —2)"" "™ W, =W/ " teR (11.25)

;From lemma (11.1) one derives s — limy_.oo (W, — II1)e~ 1 = 0 and
therefore, multiplying to the left by e**2

Wi = s — lime"H> e~ 1, (11.26)

An analogous result holds for W’ . This concludes the proof of Theorem 11.2
Q

We have seen that for scattering by a potential V' (z) in stationary scat-
tering theory the wave operators are the solutions of the equation

Wi =IT+T*VW)) (11.27)

where I'* is defined on a suitable class of functions as
+oo
It (A) = / e'tHo ge=itHo gt Hy=-A (11.28)
0

These equations can be solved using different strategies. One can e.g. iter-
ate equation X = I —el'*(V X) for sufficiently small values of the parameter e
and prove that the resulting solution can be continued to € = 1. Alternatively
one can use fixed point techniques, either by contraction or by compactness
(in the latter case one must prove uniqueness by other means).
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11.2 Friedrich’s approach. comparison of generalized
eigenfunctions

We shall give some details of still another technique, which makes use of
the properties of the operators I'* . This approach, often employed in the
textbooks in Theoretical Physics, goes back to K.Friedrichs and consists in a

comparison between the generalized eigenfunctions of H = fﬁﬂ + V and
the ones of Hy = —ﬁA The starting point is again (27) , which must be
satisfied by W ; in our case it reads
o . .
Wi = I—H’/O e Oy etHo gt (11.29)

The same holds for W’ . Since the operator I" must have in its domain the
generalized eigenfunctions of Hy it is convenient to interpret (28) in distribu-
tional sense, or equivalently to consider the limit as € — 0 of the solutions of
equation

oo
W, =1+i / e~y etHo et gt (11.30)
0

The functions ¢9(z) = W@i’” are the generalized eigenfunctions of Hy

relative to the eigenvalue % The corresponding generalized eigenfunctions
of H are then
ok = Wi o) (11.31)

The map ¢} — ¢, given by the solution of (31) (with W/ solution of (24))
for ¢ > 0 can be extended to a map between bounded differentiable func-
tions. This extended map can be continued to e — 0 under suitable regularity
assumptions on the potential V. From (30)

on(x) = do(x) + lz’me_,oz'/Oo(e*“HW%t*ftvm)(az)dt (11.32)
0
and therefore
2
Ou() = ) — lime—o(Ho — 5~ i€) "V oy (x) (11.33)

Equation (33) takes the name of Lippmann-Schwinger equation. I f the
integral on the right-hand side exists one can write as an integral equation

ilk||lz—y]
1 ik m e

Pr(z) = We ~ 9. WV(y)%(y)tf’y (11.34)

If the potential is of short range (e.g. |V (z)| < C|14|x|) ™ where 2o > d+1
(d is space dimension) one verifies that the solution ¢, (x) of the stationary
equation

—Ad(z) + V(@)9(x) = Ad(x) (11.35)
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has the following asymptotic form when |z| — oo

L
A2 |z (d—1)

+o(lz|”77)
(11.36)

1 )\%( ) 1 _@-ne
— 2 X ,w .)\
P (|z], w) (27T)3/26 +(27r3/2a(¢7w,, x| Iz]

Z

with w = %.
]

11.3 Scattering amplitude

Notice that the right hand side of (36) is, modulo higher order terms, the sum
of a plane wave and of a spherical wave multiplied by a factor a(¢,w; A) that
depends on w (the direction of the incoming wave) and on the direction of Z.
This factor takes the name of scattering amplitude.

In the Physical Literature the scattering amplitude is defined decomposing
the solution of the Schroedinger equation in incoming and outgoing spherical
waves

p(z) =1~

d—1

T by (e 12— 3b_(—w)e Al 4 o(l2] =T (11.37)

where v = ¢i™“T* . Notice that the notation incoming and outgoing comes from
a time-dependent analysis. This decomposition can be proven by stationary
phase techniques under suitable assumptions, e.g. the existence of a constant
p such that f‘z|<p |¢(x)|>dz < Cp. In this notation the S-matrix S is defined
as the operator that satisfies by (w) = (Sb_)(w). Notice that the S-matrix is
for d > 2 a unitary operator on L?(S971).

;From stationary scattering theory one derives

S(\) =TI —21ily(A\)(V = VR(A +i0)V T (11.38)
with R(A +0) = (H — A — i0)~! and
_1
V2

We shall see in the next Lectures that the Limit Absorption Principle
, valid for short range potentials, guarantees that (H — A — 2)~!, Imz # 0
can be continued, for I'm z — £0 to a bounded continuous operator R(z) on
Hg, B> 3 with values in H_g where

(Io(N)9)(w) AT (2m) 2 /Rd e_i’\%(””"”)(/)(x)dx (11.39)

Ho={f s [ @4 i@Pde =l <o} (1140)

In time-independent (sometime called stationary) scattering theory the S
matrix S is defined by

S(A) =1 — 27ilo(A\)(V — VR(A+i0)V) I} (N) (11.41)
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Remark that the product can be regarded to be the product of bounded
operators between different spaces and that, using the resolvent identity, the
operator S can be rewritten as

S=1-2mily(\NVIE(N (11.42)

(From this one sees that the two definition of S-matrix coincide. We don’t
give here the details of the proof and refer to [1] see also [2] [§]

11.4 Total and differential cross sections; flux across
surfaces

Starting with this definition of S-matrix, with partly heuristic considerations
one defines the total cross section and the differential cross section. The latter
determines, for a beam of particles of momentum approximately equal to kg
which cross the region where the gradient of the potential is localized, the
percentage of those outgoing particles which have momentum approximately
equal to k.

To concude this brief description of the time-indepedent method in Scat-
tering Theory we mention the flur across surfaces theorem that connects the
more mathematical aspect of time-independent scattering theory with the
presentation on textbooks more oriented to Theoretical Physics.

In these textbooks in discussing quantum scattering theory from a poten-
tial V' one considers the probability density of the following event: a particle
enters with momentum ko # 0 the region (2 in which the force VV is different
from zero and exits from {2 with momentum contained in a solid angle Y.

Of course since the incoming particle is represented by a function in
L?(R?), it cannot have momentum precisely equal to kg. In this formulation
of the scattering process a limiting process in implied implicitly .

One can imagine a beam of N particles which do not interacting among
themselves and are scattered by a potential. Each particle in a remote (but
not too remote) time and at very large distance from the support of the po-
tential has distribution in momentum space approzimately equal to §(kq) and
distribution almost uniform on a plane perpendicular to ko. Only a fraction
of these particles reaches the region {2 and the probability to exit in the solid
angle X refers only to this fraction of the particles (i.e. it is a conditional
probability).

In most text of Theoretical Physics this leads to substitute the wave func-
tion of the incoming particles by the plane wave e**® and let the number of
incoming particles go to infinity. This balances the fact that the percentage
of particles which reach the interaction region goes to zero if one takes a uni-
form distribution in a plane perpendicular ot ky.) We are interested only in
the particles that have interacted.



268 11 Lecture 11Time independent formalisms. Flux-across surfaces. Enss method. Inverse scattering

If S is the scattering matrix, one considers therefore the operator T = S—1.

A heuristic argument shows that the operator T has integral kernel (in Fourier
transform)

mid(k* — p*)T(k,p) (11.43)

where T'(k,p) is a smooth function.
The presence of the delta function reflects the conservation of energy for
the asymptotic motion, due to the intertwining property of the wave operators.
By formal manipulations one shows that the probability density that a
particle which enters with momentum k¢ and undergoes scattering is emitted
in a solid angle X is

US?ff(E) = 1674/2 T (w |klo, ko)*dw (11.44)

The function anf s 1s called the differential cross section. To find a heuris-
tic connection between (43) and the scattering operator a defined in this
Lecture recall that in the time independent scattering theory the generalized
eigenfunction corresponding to momentum k is obtained as solution of the
Lippmann-Schwinger equation

R By k)d® 11.45
d(z, k) =e “w ) Tl (y)o(y, k)dy (11.45)
and its asymptotic behavior for large |z| is
o—ilkllal

|]

(From (45) the integral kernel of T' can be expressed as function of ¢(z,t)
as follows

o(z, k) ~ e~ tho-T 4 fho (w)

(11.46)

T(hp) = o [ ¢V @olep)ds (11.47)

Comparing terms of order |z|~! in (45) and (46) one sees that
£low) = @n) ! [y oty ko) (1149

and therefore f*o(w) = 42T (wl|ko|, ko). One arrives in this way to (44). This
connection of (44) with the formalism of scattering theory does not clarify the
connection with the measurements that one performs to measure the cross
section.

We shall therefore mention briefly the relation between (44) and the scat-
tering process based on the theorem of flux across surfaces.

A description of the scattering process closer to the experimental realiza-
tion is the following.
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In a scattering experiment the particles, after interaction, are recorded
when they cross an array of counters situated at a large distance R from the
region in which the scattering takes place. The distance must be large enough
to consider the outcoming particles as free particles.

What is measured is the number of particles exiting in a given direction.
In general one measures quantities that integrated over time, i.e. one does
not determine the precise exit time. In other words, the scattering process is
quantified by measuring the flux of particles which cross, between time 7" and
T’ a portion X of the area of a sphere placed at distance R from the origin.

If the radius R is large enough this quantity can be considered as inde-
pendent of the precise localization of the interaction region. Recall that in
Quantum Mechanics the fluz is defined as follows

§ = Im ¢V, (11.49)
It satisfies the continuity equation

0] o
S i pi(e) = ()] (11.50)
One is tempted to assume that the probability for the particle to cross the

portionX’ of spherical surface in the interval of timeT <t < T + A is

T+ A
o n.i%) (o .
/Ed /T (n.) (0, 1) dt (1151)

where n(o,t) is the outward normal to the surface of the sphere in the point
of coordinates o.

This cannot be true in a strict sense, since (n.j%*)(o,t) may be negative
(and even not well defined since the function may be non-differentiable). But
we expect that it becomes non negative when R — oo since we expect that
the incoming portion of the wave vanish in that limit.

A more appropriate definition of cross section may be then

ajflux(Z):umR%o/ dt/ (n.j%) dw (11.52)
T RXY

where R is the intersection of the sphere of radius R with the cone generated
by X and a point P in the support of VV. When R — oo this quantity is
independent from P.

Remark that the definition (52) does not depend on T since se have as-
sumed that ¢ be a scattering state. Therefore we expect that the following
theorem holds

Fluz-across-surfaces theorem
One has

zz'mpﬁoo/ / j@dzz/ 127" ¢(k)|*d*k (11.53)
T R X Cx
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o

This theorem has been proved under various assumptions on the potential.
One can consult e.g. [4] or [5] . It is worth noticing that in the course of the
proof it also shown that in the limit R — oo the measure (n.j%t) dw converges
to a positive measure and one has

limRHoo/ dt/ (n.j‘bt)dw:limnﬁm/ dt/ |(n.j%)|dw  (11.54)
T RE T RY

Condition for this to be true are given by the limit absorption principle
that we shall discuss in the next Lectures. The physical intuition which suggest
the analysis of the flux across surfaces is also at the basis of the alternative
approach to Quantum Scattering Theory initiated to V.Enss, based on a geo-
metric analysis of the behavior for t — Fo00 of the solutions of Schroedinger’s
equation for initial data in the subspace of absolute continuity for the hamil-
tonian H.

11.5 The approach of Enss

We have seen in Book I that the structure of free propagation is such that
the behavior for ¢ — £oo of the solutions of the free Schroedinger equation
differs little from free propagation along the direction of momentum. We recall
briefly this analysis. Define for ¢ # 0 the operators M (t) and D(t) through

M()(6n) = Fo(r) DO =l Ho(3)  (1159)

One has
a) For |t| # 0 M(t) and D(¢) are isomorphisms of S’ and of S and are unitary
in L2(RY).
b)
Uo(t) = e¥F M(t)D(t) FM () (11.56)

(F denotes Fourier transform). Defining for ¢ > 0

4
2

(T(1)6)(x) = FH D% (1) 23(%) (11.57)

x
t
the operators T'(t) are unitary in L?(R?) and one has, for every ¢ € L?(R?)
limy o [[Us(8) — T())6> = 0 (11.58)
The probability distribution in configuration space tends asymptotically to

LBz =B, €=7 (11.50)
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Remark that this is the distribution in position of a classical free particle

which is at the origin at time zero with |¢(€)|? as distribution if momentum. If
s . . jle—egl® | . .
the initial state is a gaussian ¥ (0, z) = Cei™ =z Ti#:P0) (which has as Fourier

transform a gaussian centered in pg) the solution of the free equation at time

t is still a gaussian centered in tpy and with variance in = of order ts.

If we choose a new (time dependent) coordinate system in which the space
variables are scaled by a factor t*, 0 < a < % ( and therefore momenta are
scaled by t~%) in the new variables the variance tends to zero for ¢ — oo while
the distance between the centers of two gaussians corresponding to different
values of the momenta grows like e

On this scale the two wave packets are far apart in the far future. At the
same time the range of the potential increases under dilation. The generator
of this change of variables is the (dilation) operator D = 1(z.p + p.z). This
suggests that the comparison with free motion will be successful only if the
potential decays sufficiently rapidly at infinity.

We shall see later that a sufficient decay is lim|wboo\m|%V(m) =0 (as
suggested by dimensional analysis) and we shall give a more precise definition
of short range potentials. Under free motion the observable z? satisfies

d? . X 1
@IQ = —[Hy, [Hy, 2% H°= —iA (11.60)

Let D = %(ﬁﬁ + p.2) be the generator of the group f space dilation. Then
[Hy, 2] = 2D, [Hy, D] = Hy, [Ho, [Ho,7%] = 2Hy >0  (11.61)

Therefore for every ¢ setting ¢(t) = €0 ¢ one derives

2
%(Wﬂw%) =2(p(t), Hp(t)) = 2(¢, Hop) (11.62)

As a consequence if (¢, Hp) > 0
EQSM ~ Cf? (11.63)

Of course in the free case we can obtain more detailed information from
the explicit knowledge of the solution. From this brief analysis of the case
V = 0 we draw the following simple conclusions: the dilation group plays an
important role, the asymptotic motion is linear in time (ballistic) and the
double commutator [Hy, [Ho, X]] is positive and strictly positive above the
onset of the continuum spectrum .

11.6 Geometrical Scattering Theory

The considerations, trivial if referred to free motion, have inspired a method
elaborated by V. Enss [5[6][7] Geometric Scattering Theory a procedure that
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defines the wave operators placing emphasis on the asymptotic properties of
the solutions. This method provides relevant information for potential scat-
tering and can extended to the N body problem. [6]

Later the method was generalized and put in more abstract form by
Mourre [8] and it has acquired a central role in the modern scattering theory
in Quantum Mechanics. The method of Mourre has been further generalized
and applied to the N-body problem in [9]

We introduce now briefly Geometric scattering theory; it will be discussed
more in detail in the next Lecture.

Definition 11.3 (space of scattering states)
Let g, the indicator function of the ball of radius R centered at the origin.
Define space of scattering states relative to the hamiltonian H the set

Moo (H) ={p € H : limi—go0|épre ™ pla =0 VR >0} (11.64)
o

This definition captures our expectation that if a particle is in a scattering
state the probability to find it in a bounded region of space tends to zero as
t — +o00.

Definition 11.4 (space of bound states)
Define space of bound states the set

Mo(H) = {6 € H : limp_.oosup:|(I — g, )e” M ply = 0} (11.65)
¢

This definition captures our expectation if a particle is in a bound state
the probability to find it outside a ball of radius R vanishes when R — co.

With these definitions existence and completeness of the wave operators
Wi (H, Hy) (with Hy = —A and H = Hy+ V) may be stated in the following
way

Proposition 11.3 (Enss) [5]
Let V € L?(R?) + L>(R?) and assume that Hgjng = 0. Then

Moo(H) = Hoe.  Mo(H) =H, (11.66)
%

Notice that the spectrum of the hamiltonian H is continuous but not ab-
solutely continuous, for every element ¢ € H,,, the following weaker property

holds
li —1 /
TMT 00 2T

T
1€8ae” " ¢||dt = 0 (11.67)
T

Moreover for every ¢ € H
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T
%/O 1€s e ||t < fr(T)|I(H +i D¢l limp_oefr(T) =0 (11.68)

This is an ergodicity property.

An important role in Geometric Scattering Theory is payed by the RAGE
theorem (from the names Ruelle, Amrein, Georgescu, Enss) which illustrates
the geometrical method we will describe presently.

We begin with a theorem of Wiener which has an independent interest.
Recall that a Baire measure is finite and charges at most a denumerable
collection of points.

Theorem (Wiener)
Let p1 be a finite Baire measure on R and define F(t) = [e —iwtdu(x). Then

. I
zzmT%@ﬁ/i ()Pdt =Y |p({z})? (11.69)

TER

¢

Proof

One has
1 (T

57 | P@Pd = [ dut@n(r.a) (11.70)

where h(T,z) = [ du(y)(T(z—y)) tsin((T(z—y)). The integrand is uniformly
bounded and when 7" — oo the integral converges to zero if y # = and to one
if y = x. Therefore by the dominated convergence theorem

. I
zzmT%@ﬁ/i ()Pdt =Y |p({z})? (11.71)

TER

Q

We now state and prove the RAGE theorem.

Theorem (RAGE)

Let H be a self-adjoint operator and C' a bounded operator such that C(H +
il)~! be compact. Denote by I.oni(H) the orthogonal projection on the con-
tinuous spectrum of H. Then

(a) There exists a function €(T) such that limr_..e(T) — 0 and for every

¢ € D(H)

I ; ,
ﬁ |Ce—LtHHcont¢‘§dt < E(T)KH + Z)(b'% (1172)
-7

(b)
. 1 —itH —
limp_oo = 5T |C Ioonidl3dt =0, s=1,2 (11.73)



274 11 Lecture 11Time independent formalisms. Flux-across surfaces. Enss method. Inverse scattering

(c) .,
1 .
o7 |Ce M M onidladt < e(T)Y2|(H +)d|o (11.74)
-T

¢

Proof

Remark that (b) follows from (a) for a simple density argument and that
(c) follows form (a) and (b) by Schwartz’s inequality. Setting ¢ = (H +14 I)¢
one can assume that C' is compact and substitute (H + i)¢ with ¢. Let

T
|Ce™ [T ooy (H) | dt (11.75)
T

o1
o = sussoll ol 5 [

Since |lec(T)|| < ||C]| it is sufficient to consider the case when C' has rank
one. eont(H) commutes with H and therefore it suffices to prove that if
Hcont(H)w =1 then

1 /7

—itH 2 2
o7 |, (el dt < (D)llel (11.76)

where limp_,.€(T) = 0. _
By the spectral representation of H we have (¢, e~ ¢) = [ e~ h(z)du(z).
Making use once more of Schwartz’s inequality
1 T

o |1 e ) Bar < [ gl38(T) (11.77)
-T

where
o) = | [ duta)dn(y)

The thesis of the RAGE theorem follows now from Wiener theorem.

RE (11.78)

Q

The RAGE theorem provides convergence in the mean; for the existence
of the wave operator strong convergence is required , and for this the essential
spectrum of H must be absolutely continuous.

11.7 Inverse scattering problem

The inverse scattering problem is the possibility to determine uniquely the po-
tential from the knowledge of the S matrix. We shall use a geometric method,
proposed also in this context by Enss. We shall study only the case of short
range potentials which are Kato small with respect to the Laplacian and such
that
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Gv(R) =€yl = RV(y)(-A+ D)~ e LY(R), yeR' (1L79)

We denote by Vg the collection of these potentials. For them the wave
operators _ _
Ryy=s5— limteiooen(iA+V€7”Ho (11.80)

exist and are complete and the operator S(V) = (£24 v)*2_ v is unitary.
Define the scattering map

Vs 3V — 8(V) (11.81)

We shall prove that this map in injective: the knowledge of the the S matrix
determine the potential uniquely. Define long range the class of Vj, of such
that for a positive constant C'

1

VEeCURY, IDVEW)| < COt )T, 1<a<d, 0<e<g
(11.82)

Then the wave operators are complete if the reference hamiltonian is cho-

sen to be

P :H0+VL(t%) (11.83)

Also in this case the scattering map is injective, but the proof of this state-
ment is more elaborated. It should also be noted that for short range potentials
the potential is completely determined by the knowledge of scattering data at
on fixed energy .

The proof of injectivity of the scattering map is based on some a-priori
estimates that we will state; for some of them we give complete proofs. More
details can be found in [7] We shall make use of the following lemma, which
is proved in the next Lecture.

Lemma 11.4 [9]
For each function f € C§°(R?) that has support in the ball B, for each
choice of the integer k it is possible to find a positive constant C} such that

l€(@ € M) 0 €(p — mv)e(w € M) < G147+ 1) 7F  (11.84)

for every v € R, t € R and every pair of measurable sets M, M’ for which
r=dist{M', M} >0 (11.85)

&

To show injectivity we need separation estimates

Lemma 11.5 [9]
If the potential V' satisfies for some p € [0,1] and ever function g € C§°
the estimate
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1+ R)’|lu(2)g(p)é(lz > R)|| € L((0,00), dR) (11.86)

then for every function f € C§°(B,) it is possible to find function h such
that (14 7)h(1) € L'((0,00)) and, for every v € R, |v| > 4n the following
inequality holds

IV (2 + to)e ™0 f(p) (1 + 22) 72| < h(jvt)) (11.87)

¢

Proof (outline)
(From lemma 11.3

M ={lz] < cpt]| M'={|z|>CJvt]} c<C (11.88)

If C is chosen appropriately, for r large enough one has

[

—itHo 1 2
IV gp—mo)[l[&(Jz—vt]) > Clut])) e f(p*mv)(m &(lz| < clvt|e)]]
< k(1 +clvt])™3 (11.89)
moreover
IVg(p — mo)|[lE(|z — vt]) > Clut]) e f(p — mv)mé E(lz| < clut])
| € ha(]vt]) (11.90)

where (1 + y)?hi(y) € L'((0,00)) under our assumption on the potential.
Lemma 11.4 follows from (89) and (90).

Q
Notice the following corollary
Corollary
If g9 € C§°(B(n) then, uniformly int € R
(2 = De™ ™™g, | = O(w™),  du(p) = dolp — mv) (11.91)
¢

Proof

Let ¢ be a wave function such that gZA) has support in the ball of radius
and let ¢, be defined by ¢, (p) = ¢(p — mv).
JFrom Duhamel’s formula one derives

(24 — I)e_itHOw = z/ dreiTHoy e =i(t+7) Ho (11.92)
0
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Using (87) one obtains (92) .
Q

To conclude we give a reconstruction formula that gives the potential once
the scattering matrix is known. This formula gives the potential by giving in
each point z € R? the integral of the potential along rays that originate from
x (tomography); a theorem of Radon guarantees existence and uniqueness.

Theorem 11.6 (reconstruction formula) [9]
If (86) holds, then for each pair of functions which satisfy (84) one has

(S = Dy, o) = %/:)O drV (z + Tv)do, o) + o(v™PTh) (11.93)

¢

Proof (outline)
By definition S—1I = (£24 —2_)f2_. ;From Duhamel’s formula one derives

o0

i(S =1y = / etHoy _e= oy G (p) = d(p — mw) (11.94)

Since 2_D(Hy) C D(H) one has
(o, i(S — I)py) = [ Py (ut)dt + R(v) (11.95)

where the principal term P, and the residual term R(v) are given respectively
by

Py(vt) = (e~ "oy, V(z)e "H0¢) R, = / (2-—T)e "oy, V(z)e M Hog)dt
- (11.96)
It follows from the preceding results that
IR,| < C/ (Ve Hog, |5l < c/ h(|vt)dt (11.97)

This term satisfies therefore the requirements of the theorem. The term
P, can be rewritten as

Py(t) = (V(x + vt)e” Hogp,, e g) (11.98)
Setting 7 = vt one has, pointwise in 7
limyy|—oo P () = (V(2 + 78)tb0, o) (11.99)

and from
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f(p —mv)

P,(1)| < C||V(x)e tv o ‘
|Po(7)] < C|V(2) 11223

| < Cih(lr]) (11.100)

Write P,(1)— as P} + P2 where

P} = (V(z+ut)e Hoyy, (e7Ho—T)pg), P2 = ((e "o —T)hg, V(2+70) o)

v

(11.101)
Since ¢g is normalized to one and has compact support
i T iz
(€™ = D)o Py < |H0¢0|2|m|a (7" = DeoPy[ <2 (11.102)
From Lemma 11.4 one derives then
1 C
[Py (r)l < S IrlPh(Irl) (11.103)

Since lim|y|—oo Py ([0|?(7) = 0 from the dominated convergence theorem
follows -
/ Pl=0(v"") 0<p<1 (11.104)
—0o0
For p = 1 one obtains O(|v| L.

As for the term P? one obtains analogous estimates by making use of

(1= 7)PIE(|l2] > 5)dol2 € L1((0,00)).

Q
From Theorem 11.6 one derives
Corollary
The scattering map is injective.
¢

Proof

Suppose that V; and V5 are short range potentials with the same scattering
matrix. Denote by V their difference. In what follows we consider only vectors
z which belong to a prefixed plane, which we choose to be {1, 2}.

Let ¢ and ¢ be elements of L2(R%), d > 2, such that ¢, ¢ € Cg°(R%).
Define

¢ =e g, =P f(2) = (Vs 1) (11.105)

This function is bounded and continuous. Under the assumption stated,
we can choose g € C§° and such that g(p)¢ = ¢. We have then g € L?(R?, dz);
indeed

I+ IVa)liedsl < 2o,

(11.106)
Choosing v in the {1, 2}plane, the Radon transform of f is by defnition

||

If(2)] < Vgp)p:l2 < [[Va(p)&(|z| > 35
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(oo}

flv,z) = /_00 flz+Tv)dr = / (V(x + 1v)ds, 0. )dT (11.107)

— o0

and by Theorem 11.6 this function is zero. Since f € L%(R?, dz) it follows
f(2) = 0 due to the properties of the Radon transform. In particular f(0) =0
and therefore (V¢,¢) = 0 if b, V€ C§° ,a dense set. It follows V = 0 as an
operator, and therefore also as a function.

Q
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Lecture 12

The method of Enss. Propagation estimates.
Mourre method. Kato smoothness, Elements of
Algebraic Scattering Theory

In this Lecture we give more details of an alternative approach to quantum
scattering theory, initiated by V.Enss, This approach is based on a geometric
analysis of the behavior for t — 400 of the solutions of Schroedinger’s equa-
tion for initial data in the subspace of absolute continuity for the hamiltonian
H.

As we have seen in the previous Lecture, by proving that the spectrum
of H has not a singular continuous part one gains a complete control of the
asymptotic properties for any initial data, and this corresponds to asymptotic
completeness.

We have seen in Book I that an interesting property of free propagation
is that the behavior for ¢ — 400 of the solutions of the free Schroedinger
equation differs little from free propagation along the direction of momentum.
We recall briefly this analysis.

Define for t # 0 the operators M () and D(t) by M(t)(¢x) = e*%d)(x)
and D(t)f(z) = [t~ 24(Z) . One has (Lemma 3.10 in vol.I) )

a) For |t| # 0 M (¢) and D(¢) are isomorphisms of S’ and of S and are unitary
in L2(R%).
b)

Uo(t) = eT*F M(t)D(t) FM(t) (12.1)

(F denotes Fourier transform). Recall ( Theorem 3.10 in Book I) that, defining

fort >0 )
4~ T
g)féﬁ(;) (12.2)

the operators T'(t) are unitary in L2(R?) and one has, for every ¢ € L?(R%)

limg—oo || [Uo(t) — T(¢))]6l2 = O (12.3)

(T(1)) () = F1Deifr (

This theorem states that the probability distribution in configuration space
tends asymptotically to
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1 -~z - x
OGP =10 de, €= (12.4)
Remark that this is the distribution in position of a classical free particle
which is at the origin at time zero with |¢(€)|? as distribution if momentum.

.12
If the initial state is a gaussian (0,z) = Ol 52 +i(z,po) (which has as
Fourier transform a gaussian centered in pg) the solution at time ¢ of the free
equation is still a gaussian centered in tpy and with variance in = of order ¢z,

Since the equation of motion are linear from the knowledge of the Gaussian
case one derives the asymptotic structure of any (smooth) initial datum.

The method of Enss is a comparison, for a given initial datum, of the
asymptotic structure of the wave function the interaction dynamics with the
asymptotic structure corresponding to the free dynamics.

The geometric properties of these asymptotic propagations show that, for
a dense subset in the support of the absolutely continuous spectrum of —A +
V and for a suitable class of potentials V, the asymptotic (in time) spacial
behavior of the wave function with the potential V' differs little from that the
free case.

In particular, in the remote future and at large spatial distances most of the
states in the absolutely continuous part of the spectrum of H are represented
by outgoing waves from a sphere of radius sufficiently large so that that outside
the sphere the potential is very small. At the same time the component that
describes incoming waves becomes negligible t — +oo.

We have seen that free propagation can approximated by a family of maps
which, a part for a phase factor, are isometric dilations ¢(z) — (%)%QB(%)

One can expect that, at least for short-range potential, the same be true
for a quantum particle interaction though a potential V. If this is the case, it
is useful to use a system of coordinates which dilate in time.

It is natural therefore to study the group generated by time translations
and dilations. The generators of these subgroups do not commute.Therefore it
is natural to study their commutator. In the free case one has [D, Hy| = 2Hj.

In the free case the method of stationary phase shows that the part of
the wave function that corresponds to the negative part of the spectrum of D
(which corresponds roughly speaking to incoming waves) has the property to
become negligible for large enough times.

One can expect that these considerations can be extended to the inter-
acting case and that also in that case the spectral properties of [D, H| =
2H, + [D, V] be important for the proof.

Notice that e*PV (z)e*” = V(%) and therefore i[D,V] = £V (%). The
property of having a negligible incoming part must hold for scattering states,
that correspond to the positive part of the spectrum of D. On the contrary
for bound states we expect that the outgoing part be negligible.

To turn these semi-heuristic remarks into a rigorous proof it is necessary
to have convenient a-priori estimates.
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In its original form Enss’ method makes use of a decomposition of the
Hilbert space that follows as closely as possible the behavior of classical tra-
jectories in phase space (we have seen that for free motion this is possible).

The purpose is to prove that any state that belongs to the continuum
spectrum of H can be approximated, in the far future and on a suitable scale
of space, by and outgoing state and in the remote past by an incoming state.
And to prove that this implies that on the states of the continuous spectrum
of H = Hy+ V there is unitary equivalence between the dynamics due to the
hamiltonian Hy + V and to Hy.

But then the continuous spectrum of H is absolutely continuous and this
implies asymptotic completeness.

12.1 Enss’ method

We give some details of the method of Enss. Choose a new (time dependent)
coordinate system in which the space variables are scaled by a factor %, 0 <
o < 3 (and therefore momenta are scaled by ¢~%).

In the new variables under free motion the variance of the wave function
tends to zero for ¢ — oo while the distance between the centers of two gaus-
sians corresponding to different values of the momenta grows like t2=*. On
this scale two wave packets are far apart in the far future.

In the presence of an interaction potential, one should keep in mind that
the range of the potential increases under dilation.

This suggests that the comparison with free motion will be effective only
if the potential decays sufficiently rapidly at infinity to compensate for this
increase. The role of the parameter o will be to quantify this compensation.

We shall see later that a sufficient decay is lim|mboo\x|%V(x) =0 (as
suggested by dimensional analysis) and we shall give a more precise definition
of short range potentials.

Under free motion the observable & satisfies

&, -2 0 1
ﬁm = _[Hov [H07.’I,‘ ]] H” = _§A (125)
Recall that D = %(fc;ﬁ + p.2) and
[Hy, #%] = 2D, [Ho, D] = Hy, [Ho, [Ho,2%] = 2Hy > 0 (12.6)

Therefore for every ¢, denoting by ¢(t) = €0 ¢ the unitary propagation,
it follows 2

For the average < x2 >4 (t) of |z|? over the state described by ¢(t) one
has, asymptotically in ¢
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< 2 > (t)
+2

Of course in the free case we can obtain much more detailed information
from the explicit knowledge of the solution. Our purpose here is to find a
method that provides information also in the case V different from 0 and can
extended to the N body problem.

(From this brief analysis of the case V' = 0 we can draw the following
simple conclusions: the dilation group plays an important role, the asymptotic
motion is linear in time (ballistic) and the double commutator [Hy, [Ho, X]]
is positive and strictly positive above the onset of the continuum spectrum .
The considerations, trivial if referred to free motion, have inspired the method
elaborated by V. Enss [1]] , [2] [3]

Later the method was generalized and put in more abstract form by
Mourre [4] and it has acquired a central role in the modern scattering theory
in Quantum Mechanics. In this Lecture will describe also Mourre’s method.
The method has been further generalized and applied to the N-body problem
in [5]

The method of Enss relies on the intuitive nature of scattering theory by
comparing, for a given initial datum, the asymptotic structure of the wave
function for the free and for the interacting dynamics.

The geometric properties of these propagations show that, for a dense
subset in the support of the absolutely continuous spectrum of —A + V' and
for a suitable class of potentials V| the asymptotic (in time) spacial behavior
of the wave function with the potential V' differs little from the free case.

As remarked, in its original form Enss’ method makes use of a decompo-
sition of the Hilbert space that follows as closely as possible the behavior of
classical trajectories in phase space (we have seen that for free motion this is
possible). In this sense it may be considered as a semiclassical method.

This decomposition makes use of free motion and dilation group: neglecting
dispersion the support of the outgoing states is obtained by dilating the initial
support. We give here only an outline of the method of Enss; for a detailed
and clear exposition we refer to [1][2][3] [5]

Compared with the time-dependent and time-independent methods de-
scribed before the strength of Enss’ method is on the physical intuition that
for a system of two particles once the effect of the interaction has (almost) dis-
appeared the particles separate from each other and the vector that describes
their separation grows linearly in time and becomes parallel to the relative
velocity.

This can be seen as a localization of the state in phase space. The local-
ization becomes weaker in the course of time (due to dispersive effects) but
still sufficient to separate asymptotically states that correspond to different
momenta.

The separation will be less than in the classical case (classically these
states are asymptotically separated by a distance proportional to t).

~C (12.8)
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One of the advantage of Enss’ method is that it is close to the phenomeno-
logical description of the scattering process. This approach provides a closer
connection with the terminology employed in a large part of the Theoretical
Physics books in scattering theory, in particular in the definition of total cross
section and differential cross section. It leads therefore precise estimates (or
bounds) on the physically relevant quantities.

12.2 Estimates

We now provide some details. In order to turn these heuristic remarks into a
rigorous proof it is necessary to have convenient a-priori estimates.

In Lecture 10 we have studied the limit e ~*H "o ¢, Denoting with IT,op,
the orthogonal projection onto the continuous part of the spectrum of H we
consider wave function such that I1.,,;¢ = ¢ and we want to prove

limTHoosuptZOKe_”H — e tHoye= T H T ibla =0 (12.9)

This relation indicates that on the continuum part of the spectrum the
free dynamics and the interacting roughly coincide in the remote future.
On the potential, in addition to be Kato-small, we make the following
assumption
IV (Ho + ) ~'n(la] > R)| € L (R*) (12.10)

( n(A) is the indicator function of the set A.) From (10) we derive
i1+ R) 02l = R)V(H — )71 =0 (12.11)
Notice that condition (10 ) is weaker than
Je>0 : |[V(Ho+1I)"n(|z| > R)|| < c(1+R)™*¢ (12.12)

Condition (10) implies that the difference between the resolvents is a com-
pact operator; indeed for Imz # 0 on has
1 1 1

1 1 1
— = 1 “2(1 2)WVW—— 12.1
T s H_s el )V (12.13)

This is the product of a bounded operator times the operator Hol_z(l +

|z|)~2 which is compact since
(Hy—2)"2(1+ [z)V(H —2)"' = A + Ao (12.14)

Asp = (Ho - 2)"#n(jz] > R)(1 + |2V (H — 2)~* (12.15)

The operator A has a corresponding definition. The operator A.g is
compact and the norm of the operator Asgr tends to zero when R — oo.
Therefore A is compact.
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(From Ruelle theorem (see Lecture 10) we know that a wave function that
belongs to the continuous part of the spectrum of H exits in the mean in the
far future from any bounded domain of configuration space.

For very large times we introduce a partition in outgoing and incoming
states by means of the spectral decomposition of the generator D of the group
of dilations.

The outgoing part belongs to the positive part of the spectrum of D modulo
a term which vanish when ¢ — oco.

We shall prove that the outgoing part for large enough times does not
any longer interact with the potential (because the potential is short-range)
Therefore on this states the operator {2_ differs little from the identity.

The remaining part (incoming) becomes asymptotically orthogonal to the
entire state space.

Therefore the state cannot be orthogonal to the range of {2_ and the range
of {2_ is the entire subspace of H corresponding to the continuous part of the
spectrum. It follows that the singular continuous spectrum of H is empty and
asymptotic completeness holds.

12.3 Asymptotic completeness

We shall now give some details of the proof of asymptotic completeness with
Enss’s metod. Recall that, by Ruelle’ theorem, if the operator &(|z| < R)(H +
il)~1 is compact for every R and if ¢ is in the continuous spectrum of H then
one has

I :
limTﬁmf/ dt||&(|z] < R)e™ ¢l =0 VR < oo (12.16)
0

We shall prove that if (16) holds then ¢ is a scattering state, i.e. it belongs
to the range of £2_. We make the crucial observation that using the definition
of resolvent and by a diagonal procedure one can derive from (16) that the
integral

R
u / dtln(|z] < R)e~HDH (H 1 il)g), (12.17)
—R

goes to zero in the mean when 7 — oo, R — oo. It follows that it is possible
to find a sequence of times 7, in such a way that the quantity

pn =g (12.18)

represents a sequence of states localized further and further away form the
essential support of the potential.

limy, oo n(|z] < n)e™™Hply =0 (12.19)
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n
limnﬂoo/ dtn(|jz) < n)e " HmIHH 1) "1gl, =0 (12.20)
—n

To convert these observations into a proof one needs accurate estimates of
the convergence in space and in time of the outgoing part of the wave func-
tion.The method of Enss shows that for a dense set of initial states (roughly
speaking those for which the absolute value of the velocity is bounded and sep-
arated away from zero) the wave function decays rapidly outside the classical
permitted domain.

The necessary estimates are given for for free motion, with methods akin
to those we have used in Chapter 3 of Book 1 .These estimates are valid for
short range potentials; the extension to long range potential requires more
elaborated techniques and a modification in the construction of the scattering
matrix.

All estimates exploit the fact that the states one consider have finite energy
support and that on functions localized far away from the origin the operator
H differs little from the free hamiltonian, which is a function of momenta
only. A typical estimate is the following

limp— oo /000 dt||n(|z| > (14 a)(R+vt))e " g(H)n(|z| < Rt)|| =0 (12.21)

where a > 0 and the function g € C§° has support in (—oo, m2“2) (m is the
mass of the particle) and v € R is arbitrary.

This estimate is obtained from a similar one valid for V' = 0 by proving
that a suitable class of functions of the total energy can be well approximated
by the corresponding functions of the kinetic energy in domains where the
potential is small. If V' = 0 the estimate (21) can be sharpened. It is sufficient
the consider the case of hyperplanes , e.g the hyperplane orthogonal to the
axis xj.

If g € C§°(R) with supp g € [0, 00], for each § > 1 and each n € N there
exists a constant Cj, 45 such that , for », ¢ > 0 one has

€y < —(t+ e Fog(pnar > 0)] < CQL+t 41" (12.22)

One proves (22) taking Fourier transform and noticing by integration by
parts, that a function which is in the domain of the p** power of the Laplacian
tends to zero at infinity with a power ¢(p) where ¢ grows with p.

12.4 Time-dependent decomposition
The main part of Enss’ method is the introduction of a suitable time-

dependent decomposition of R? as the union of a spherical region around
the origin (of increasing size) and in a finite number of truncated cones.



288 12 Lecture 12The method of Enss. Propagation estimates. Mourre method. Kato smoothness, Elements of Algeb:

Consider the set X of wave functions that belong to the continuous sub-
space of H and which have energy bounded and separated from zero. This set
is dense.

Our purpose is to show that no member of this set can be orthogonal to a
state which belongs to the absolutely continuous subspace of H and which has
energy bounded and separated away from zero. This shows that the subspace
of absolute continuity for H coincides with the subspace of continuity and
provides a proof of asymptotic completeness.

It is necessary to consider states with energy strictly larger than zero be-
cause otherwise "the speed of separation” of the parts which belong to the
truncated cones may become zero.

We may notice that asymptotically the partition that is used by Enss can
be considered as a partition of classical phase space.

Choose a smooth function of the energy. Remark that for any function
f € LY(R) (and in particular in S ) one has, for each ¢ € 2

L oo || (S(H) — ¢(Ho))bnll2 = 0 (12.23)

where ¢,, is defined in (18). Indeed

> ) (e tH _—itHoyg |1 < Oodt " —itH itHo _TY|l. 19 Dldt
I sy < [ angolie et -nie [ i)

—oo
(12.24)
Under the hypothesis on f, the second term to the left converges to zero
when n — oco. The first term converges to zero since, by Duhamel’s formula,
it is bounded by

/dt|Ve’“H¢n\2:/ dt|V(H +il) " Ye " (H + i) $yo (12.25)

Decomposing the function ¢ (identically equal to one) as follows ¢ = n(|z| <
n)+n(|x| > n) one obtains two terms each of which goes to zero when n — oo,
one as a consequence of (21) and one due to the assumptions on the potential.
It follows that

Un = f(Ho)on (12.26)

is a good approximation to ¢,,.

Decompose now R? in a ball at the origin B, of radius n and in a finite
number M of truncated cones C? with axes e, € R m = 1,..M and defined
by |z| > n T.lm > % It is convenient to smoothen the corresponding
projection operators using convolution with a fixed ( € S chosen in such a
way that the support of the Fourier transform {(p) be contained in small ball
at the origin and ¢(0) = 1.

In this way we obtain a regular partition Fy(B,), Uy, Fo(C?) of R? which
takes into account our requirement that the bound states have energy away
from zero. It follows from (20)
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L oo Fo(Bn)tnla =0 limpooldn — > Fo(C)tbnl2 =0 (12.27)

The states Fy(CJ) are localized away from the origin. We decompose each
in an outgoing part and in an incoming one. If the support in energy of the
state ¢ is included in the interval [a,b], @ > 0 b < co we choose ¢ € D such
that ¢ (p) =0 for p — e, < —a and ((p) + ¢((—p) =1 for |p| < b.

We define outgoing and incoming states in the m'" sector

Yptt(m) = Fo(CR)¢(p) 3" (m) = Fo(C')¢(—p) (12.28)

(remark that ¢, = [((p) + ((=p)]¥n.)

We want to prove that the states 12%*(m) evolve almost freely in the future
and the states ¥’ (m) evolve almost freely in the past. The following estimates

are useful

limn_,oo/ dtl€(|z| < n+ at)e” o (Hy + Iy (m)]y = 0 (12.29)
0

0
T / dtle(|z] < n — at)e= o (Hy + D (m)ls = 0 (12.30)

Recall that a is the lower bound, arbitrary but finite, we have chosen for
the energy (and therefore to the velocity). The speed which with the centers
of the sectors separate from each other will decrease with |a|.

Schrodinger’s equation is dispersive but in the low-energy region a greater
part of the wave function will be supported near the barycenter and this
gives sufficient separation between the wave function which belong to different
clusters.

Since the range of the potential is short this will lead to asymptotic inde-
pendence. We will take advantage from the fact that all operators which enter
the estimates are bounded and therefore it is sufficient to give estimates for a
dense subspace.

Estimates (29) e (30) are easy to interpret but have rather elaborated
proofs.

We shall in the following , give some elements of their proofs and use them
for the conclusion of the proof of asymptotic completeness. Let us remark
that, if one assumes the existence of the wave operators (24 , from (29) , (30)
follows

Lemma 12.1
For every value of m

limn oo || (2= = 1)1 (m)||2 = 0, Lt oo || (24 — D™ (m) |2 = 0,
(12.31)
¢

Proof
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‘We prove only the first relation; the second is proved in the same way. On
each sector one has

(2 — T (m)]s < / QH| Ve~ itHo 2t ()
0
< \V(Hy+ 1) / T leCle] < n -+ atye o (Hy + Do (m)+
0

I(Ho + Iy (m)| /Ooo dt||V (Ho + 1)~*¢(|2] > n+ at)| (12.32)

Estimate (29) implies that the first term goes to zero if n — oo; the second
term vanishes in this limit due to the fact that the potential is short range.

Q

Lemma 12.1 implies that 1" (m) and ¢,, tend to become orthogonal in the
limit n — oo. In fact

(@ (m), du)| < (I = 20)3,7 (m)|2 + (o™ (m), 21 9)] (12.33)
The second summand to the right is bounded by
I€(lz] < n+ amy)e™ oyt (m)|2 + [|E(|z] > n+ am) 21 ¢l (12.34)

The second term decreases to zero, and so does the first as can be seen
using estimates analogous to those that lead to the proof of (29), (30).

We complete now the proof of asymptotic completeness by proving that
there are no states that belong to the continuous spectrum of H and are
orthogonal to the range of 2_.

Since the range of {2_ contains every state that belongs to the absolutely
continuous spectrum of H this shows that the singular continuous spectrum
of H is empty.

Assume then that there exists ¢ which is in the continuous spectrum of H
and orthogonal to the range of {2_. Then this is true for every ¢,.

On the one hand, every one of the ¢i"*(m) belongs to the range of 2_. On
the other hand, ¢,, is well approximated by the sum of ¥2“*(m), m =1... M.

Since these states belong to the range of {2_ we get a contradiction. In the
same one shows that ¢ belongs to the range of 2.

We now give an outline of the proof of (29) , (30). We shall reduce the
problem to the one-.dimensional case and then make use of the explicit form
of the free propagator. Remark that the ball |z| < n + at is contained in the
half-plane (u,z) < (n 4+ at) for each unit vector w.

We write any function (,(p) as sum of a finite number of functions
&mk(p) € D each with support in a cone with axis w,, ; and we choose the
axes in such a way that

supp Emk(p) €{p € RY, (p, Wi k) > 2a} (12.35)
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A simple but laborious geometric analysis shows that this can be achieved.
Estimate (29) follows then form the following simple estimate valid for each
value of the indices m and k

lim, o / dtn(x < n + at)e™ (Hy + I)Foy(C™)émp(p)tmls = 0 (12.36)
0

To simplify notation, in each sector we call axis 1 the axis wy, .. This pro-
cedure allows us to do the estimate for a state well localized in a neighborhood
of the ;1 = 0 plane and with Fourier transform supported in [a, b]. Remark
that >, p2 commutes with &(|z1| < n+ at); therefore we are reduced to an
estimate in one dimension. In this case we have the explicit form of the free
propagator

21 92

(e 0)0) = ity e F [+ S oy (1247

Using this information and other of similar nature (see, e.g. [8]), recalling
that by assumption the energy spectrum belongs to [a, b] and making separate
estimates for the regions corresponding to 2n +m < 1 < 2n+m + 1 it is
possible to prove

|€(x1 < n+at)e” O (Hy + D i (p)hnl2 < Cl(L+t)(n—1+at)] "' (12.38)

This completes the proof of (29.) The proof of (30) is analogous .

12.5 The method of Mourre

We now outline a procedure followed by E.Mourre [4] to prove asymptotic
completeness for potential scattering. The origins of this methods are in Enss’
method and in the smoothness and dispersive estimates of T.Kato.

The method has been generalized [5] in particular to cover asymptotic com-
pleteness and spectral structure in the quantum mechanical N-body problem.
The generalizations have various names (double commutator method, [9][10]
, subordinate operators, weakly conjugate operators , ...) .

Mourre’s metod aims at providing estimates through which one can derive
the absence of singular continuous spectrum and the asymptotic behavior (in
time) of the states which belong to the absolutely continuous part of the
spectrum of the Hamiltonian.

The method of Mourre and its generalizations are now the standard tools
in the recent mathematical literature on scattering theory in Quantum Me-
chanics.

Mourre’s method is similar to Enss’ method, but it uses more effectively
the generator of dilations to produce a partition of the Hilbert space L?(R3)
that depends on two parameters: time and a dilation factor.
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This provides a convenient partition in outgoing and incoming states and
gives a link between geometric scattering theory and the more traditional
approach of time dependent scattering theory.

The aim is, as in Enss’ method, to prove that every state that belongs
to the continuous spectrum of the hamiltonian H is well approximated by an
outgoing state at times sufficiently remote in the future and by an ingoing
state at times sufficiently remote in the past.

In Mourre’s method the partition is given by the spectral decomposition
of the dilation operator D = %(xﬁ + p.z). One can notice that on a dense
subset of H (the domain of the operator In|p|) the following relation holds

el [ple”P =In |p| + N T (12.39)

so that the operators In |p| and D are a pair of canonical variables in the
sense Weyl. This simplifies the estimates.

Moreover, noting that e i Pl = Ip|** one is led to introduce the Mellin
transform and therefore to describe the wave function ¢ as a function of |p|
and a direction w € S3 as follows

(\w) = V% / APl 18 1 ), w) (12.40)

Ip

Remark that for any measurable function F' on R

F(D)p(A,w) = F(\)o(\, w) (12.41)

With this notation it is easy to construct the projection operators P, and
P_ one the positive (resp.negative) part of the spectrum of D.

One can see that this definition is not equivalent to the one in Enss’
method, Elements of the form &;(x)n;(p)¢ are localized (in the spectral rep-
resentation of D) near the point (z;.p;) but their localization becomes weaker
when |p;| and |z;| increase.

The fact that D and H do not commute will imply that the flow of H
will conserve only approximately the decomposition of the Hilbert space in
incoming and outgoing states. A crucial role in this respect is played by the
commutators [Hy, D] and [H.D].

12.6 Propagation estimates

Definition 12.1 (propagation estimates)

Let A be a self-adjoint operator in the Hilbert space H. We shall say that
H, satisfies propagation estimates (or dispersive estimates) with respect to A
if there exists constants s > s’ > 1 such that for every function g € C§°(R)
the following estimates hold

(14 A%)=5 270 g(Hy) (14 A2) 2| <c(1+|t))™* Vte R (12.42)
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(14 A%) =520 g(H) PE| < c(1+[t))™ V+t>0 (12.43)

where we have denoted by PX the projection on the positive part of the
spectrum of A and we have used the notation P, =1 — PX.
¢
Often it is convenient to use a local version. In the local version one requires
only that the estimate be satisfied for all functions g € C§°(lp) where Ij is an
open interval. In this chapter we will use always the global version (42) and
(43).

Definition 12.2 (short range)
Let A be a self-adjoint operator. The potential V is said to be a short
range perturbation of Hy with respect to A if for H = Hy + V one has
i) The operator
(H+i)"t = (Hy+14)7? (12.44)

is compact.
i) There exist a real number u > 1 and integers k, 5 > 0 such that the
operator

(H+i)77 V (H +i)7% (1 + A%)n/? (12.45)

extends to a bounded operator in H.

&

The abstract theorem we will use is

Theorem 12.2

Assume that there exists a self-adjoint operator A such that Hy satisfies the
propagation estimate with respect to A and suppose that V is a short range
perturbation of Hy with respect to A. Let H = Hy+V. Then the wave operators
Wi (H, Hy) exist and are asymptotically complete.

&

Often in the application the operator A is the generator of the group of
dilations. This leads to identify the range of A, with the outgoing states. In
other cases a different choice of A is useful. For example in the case of the
hamiltonian

H=-A+ fux f#0

which is used to discuss the Stark effect, a useful choice is A = %6%1. This
Hamiltonian has an absolutely continuous spectrum which covers the entire
real axis. In this case one has i(HA— AH) = I on a dense set of vectors which
are analytic and invariant for both operators.

Proof of Theorem 12.2

We begin proving the existence of Wy (H, Hy). For W_(H, Hy) the proce-

dure is similar. For the standard Cook-Kuroda argument it suffices to prove

/ |(H +1i)™7 V em"Ho g(Hy) ab|odt < oo (12.46)
0
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Making use of (42) and (43) one has
(H +i)77 V em™ g(Hp) ¢y <

N(H) ™V (Hi) ™ (14 A2 /2| (14 A2) /2 (H) e 0 g(Hy) (14-A2)=/ 2
(12.47)
Remark that (H +1)* (Hg+4)~" is a bounded operator which differs from
the identity by a compact operator and that one can substitute g(Hp) with
f(Hy) = (Hy + )7 g(Hy) since both belong to C§°.
The operator e*o ¢/(Hy)iy tends weakly to zero when ¢t — oo and this
convergence is preserved under the action of a compact operator; therefore

(H +1)77 V em ™0 g(H) 9] <
I(H+4) ™V (H+i) 75 (14 A% (14 A%) 72 f(Ho) (14+A%) 2]
<(1+t) (12.48)

This proves existence of W, (H, Hp).
We begin the proof of asymptotic completeness by proving that the oper-
ators
g1(H) (Wy = I) ga(Ho) Py (12.49)

are compact if g1, g2 € C§°. This follows from

t
gi(H) (e e — 1) go(Ho) Py = / gi(H) ™V 70 gy (Ho) Pydr
0

(12.50)
where the integrand is norm continuous and compact. Therefore also the in-
tegral is a compact operator. For 7 > 0 we have the estimates

lgi(H) ™ V e~ Ho gy (Ho) P || <

lg1(h) V' (Ho+1) ™" (14 A)*/?|| [|(1+A4%) /2o g (Ho) PE || < (1+[t)) =

(12.51)

It follows that also the limit ¢ — oo exists and defines a compact operator.

Compactness of g(H) — g(Hp) and the intertwining properties of the wave
operators imply that from the compactness of

g1(H) (Wx —I) ga(Ho) Py (12.52)
one can derive the compactness of
(Wi — 1) g(Ho)Py, g(H) (Wy —1I) Py (12.53)

To prove asymptotic completeness we first prove that os(H) N Iy is a
discrete set in every bounded open interval Iy C R. This implies the singular
continuous spectrum is empty and that there at most denumerably many
eigenvalues and they have finite multiplicity
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Let J C I be relatively compact and let g € C§°, g(A\) = 1, A € J. Since
always Range(W4) C HL, one has always Ps(H) Wy = 0. Therefore

Py(H)Eg(J) = PJ(H)Ey(J)g(H) = Ps(H)Ey (J)g(H)(P}{ + P)

= Py(H)Ep(J)g(H)(I — W4)P*(A) + Py(H)Ey (J)g(H)(I — W_)P~(A)
(12.54)
(From (54) it follows that Ps(H)Eg(J) is compact, and then, being a
projection operator, is is of finite rank. We can now prove

Range(Wx) = Hg...(H) (12.55)

For every open bounded interval we have shown that Iy/o,(H) is an open
set. Let now g € C§°(Iy/op,(H)). We must prove

s —limi_sooe’™oe™ g — W1 ¢ ¢ € Ha.c. (12.56)

The procedure we follow is a typical localization procedure in the spectrum
of H. Choose ¢ € H, . such that ¢ = g(H)¢ and compute

JetHoeitH g(H) s — W g(H)o2 =

I((Pf + PE)e ™ ocH g(H)p — Wig(H)6)lls < As(t) + A_(t)  (1257)

where Ay (t) = |PE(I — Wi)g(H)e 1 ¢|y. (we have made use of the inter-
twining properties of W,).

The operator P} (I — W) is compact and e~ "H$ converges weakly to
zero. Therefore lim;—, A4 (t) = 0. On the other hand one has

A_(t) < |[Pre T g(H)gllz + |Pre o Wig(H)o| 2 (12.58)
and the propagation estimates (43) and (44) imply
s —limy_ooPye ™og(Hy) =0 (12.59)

JFrom W3g(H)¢ = g(Ho)Wi¢ and from (54) we deduce that the second
term in (57) converges to zero in the limit ¢ — co. But

|Pye”"g(H)¢| < PyWEe " Mg(H)¢| +|Pye ™ (I-WZX)g(H)d| (12.60)

and by (56) both terms converge to zero in the limit ¢ — co. This completes
the proof of Theorem 12.2.
Q

We give now an indication of the procedure one may follow to prove the
propagation estimates (43) and (44) that we have used in the proof of asymp-
totic completeness. Consider first the case Hy = —A on H = L?*(R") and
choose for A the dilation operator A = £(V.z + z.V).
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Lemma 12.3
The operators Hy and A satisfy for every s > s’ > 0 the estimates (43)
and (44).
¢
Proof

By means of functional calculus define Ky = logH(. Making use of Fourier
transform it is easy to prove that on a common domain of essential self-
adjointness which is invariant under the action of both operators one has
i(KoA — AKy) = 2I and therefore

eltHo Ae=itHo — A 4 otT (12.61)

This implies the desired propagation estimates (43), (44) . Moreover that
PFe ®KopE — (0 V4t > 0. To see this, apply the uni-dimensional Mellin
transform that we now briefly recall.

In momentum space the term e~*Hog(Hy) reads

e g(p?) = (p2) M g(p?) (12.62)

Let g € C§°(R+). An easy application of the non-stationary phase theorem
(see lecture 8) proves that the function

_27T 0

Gi(N) e "Pg(p)p~"*tdp (12.63)

satisfies the following estimates, where C are suitable constants
IG:V)| < CnltTNA+IA\)Y VteR, YN >1 (12.64)
G\ <OnA+[t+ADY VEA>0 YN >1 (12.65)
(From (64), (65) follows for s > 1

|(I4+A%)~5/2e= Ko (14 A2)=5/2] g/ GiN)(1+[t])"%d\ < Onslt|™ Vte R

- (12.66)
if N < s—1. Moreover one has

(I 4 A%)=3/2e7 1t Hog(Hy) P = G(\)(I + A%) /2 HP P d) (12.67)

The contribution to the integral of the region A < 0 is estimated with (67)
and provides the bound

0
|[ G+ 43 HP PN < vl (12.68)
—o0

The contribution to the integral for positive values of A is estimated for
every m > 1 making use of (68)
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H/ G (1 + A2 PHAPEaA| < c/ (I+t+2)"Ndr< et Nt
0 0

(12.69)
The proof of Lemma 12.3 is then completed for any value of 1 < s’ < s by

interpolation using the estimates (68) e (69).
Q

12.7 Conjugate operator; Kato-smooth perturbations

The procedure we have followed to prove asymptotic completeness in the
case of short range potentials is a particular case of the method of conjugate
operator [4][10][14].

The conjugate operator method is used to deduce the spectral properties
on an open part {2 € R of the spectrum of a self-adjoint operator H from the
existence of another self-adjoint operator A with suitable properties. In the
applications to scattering theory the operator A is usually the generator of
the dilation group.

The method has its roots in T.Kato’s theory of smooth perturbations. We
shall briefly review this theory following [8]

Definition 12.3

Let H be a self-adjoint operator on a Hilbert space H with resolvent
R(p) = ﬁ Let A be a closed operator. The operator A is called H-
smooth iff for every ¢ € H and for every e # 0 the vector R(\ + ietp belongs
to D(A) and

1 [ . .
HA”H = supw‘z:l, e>07/ HAR()\ —+ 16)77[)2 —+ AR()\ — 16)1/)2”2(1)\ < 0

47
(12.70)
%

It is convenient for what follows to formulate H-smoothness in different
ways using the following generalization of Plancherel Lemma.

Lemma 12.4
Let ¢ be a weakly measurable function from R to the separable Hilbert space
H such that [ |¢|odz < co.

Deﬁnel/; :R— H by

) 1 ~PT (1) dz
P = E/e Y(x)d (12.71)

Then
/ A (p) 3dz = / A (2) Bz (12.72)
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where by convention the integrals are set to be oo if either ¥ or ¢ are not in
the domain of H.
¢

Proof
We give only an outline of the proof. Given a family )(z) € H z € Rlet A

be a bounded operator. For any ¢ € H we have that (¢, Aé(p)) = (A*p,¥(p))
is the Fourier transform of the function (A*¢, 1 (x)). Therefore by Plancherel
lemma

/ (6, Ad(p))|2dp = / (6, Av()[2de (12.73)

if either integral is finite. Summing over an orthonormal basis gives (72).

If A is self-adjoint consider first the operator E|_y yjA where Ef is the
spectral projection on the interval I.

Then (72) ) applies to the bounded operator Ej_y yjA and if both &(p)
and v (x) belong to the domain of A for all #, p € R'. An easy limit procedure
gives (72) for A.

Finally, if A is unbounded and not self-adjoint, there is a self-adjoint oper-
ator |A| (formally |A| = vV A*A such that D(|A| = D(A) and ||A|¢p|a = |Ag)2.
Thus (72) follows from the self-adjoint case.

Q

We can now reformulate H-smoothness in terms of the unitary group e*#.

Lemma 12.5
The operator A is H-smooth iff for all ) € H one has e*f1) € D(A) and
for almost all t € R

/ A g 2dt < (2m) | Agr 2|02 (12.74)

— 00

¢

Proof
Fix € > 0. One has

oo
/ e~ teMe M gt — _iR(N —i€)y (12.75)
0
By Lemma 12.4

oo (oo}
/ |AR(\ + ie)y|3d\ = 27T/ e 2 Ae~ |2t (12.76)
o] 0

Taking the limit ¢ — 0 proves lemma 18.5

Q

The connection between A-smoothness and the spectral properties of H is
given by the following theorem.
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Theorem 12.6
If A is H-smooth then RangeA* C Hq.(H).
¢
Proof
Let ¢ € D(A*) set ¢ = A*y and let dpg be the spectral measure for H
associated to ¢. Define

F(t) = \/% / et dpuy () = V%(Aw,e*“%) (12.77)

Then |F(t)] < —i=|¢|2|Ae™""¢|5. By Lemma 12.4 F belongs to L*(R3)
and dpg is absolutely continuous with respect to Lebesgue measure.

Q

We describe now briefly the Kato-Putnam theorem, which links Kato
smoothness with commutator estimates.

Theorem 12.7 (Kato-Putnam ) [4][10][15]

Let A and H be self-adjoint operators. Suppose C = i[H, A] is positive.
Then C% is H-smooth. If Ker C = {0} then H has purely continuous spec-
trum.

¢

Proof
The second statement follows from the first and Theorem 12.6 by noting
that
Kerv/C = (RangeV/C)* = {0}. (12.78)

For the first statement , compute 4 [e?*H Ae~H] = ¢itH C'e=i*H and then
use

/t(¢, eiTHCefiTHgb)dT _ (¢’ eitHAefiths) _ (¢)7 eiSHA€7i5H¢) (1279)

Therefore

t
/ Ve ¢2dr < 20| Alll6f3 (12.80)

Since t and s are arbitrary it follows that v/C' is H-smooth and ||[v/C||%, <
LAl

Pt

Q

A generalization of this Theorem has been given by Putnam; his method,
that we shall call positive commutator method, allows to deduce various esti-
mate for the resolvent of H from the positivity of a commutator

Py(H)|H,iA|P{(H) > aP;(H)  a> 01 (12.81)

where [ is an open finite set contained in the spectrum of H.
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12.8 Limit Absorption Principle

Among the conclusion one can draw which have relevance in scattering theory
is the limit absorption principle

sup,e g+ ||(14+ A2)72(H — 2)7 (1 + A?)™*/?| < 0 (12.82)

for every closed interval J C I and every s > %
One makes the following assumptions on the operator A
i) The map
s — e AF(H)e™ g (12.83)

is twice continuously differentiable for every f € C§°(I) and every ¢ € H. We
will use the notation H € C*(A) when the map (83) is k-times differentiable.
ii) For every A € I there exist a neighborhood A strictly contained in I and
a positive constant a such that

EA(H)[H,iA|EA(H) > aEA(H) (12.84)

where E 4 is the spectral projection of H relative to the interval A.

Remark that due to i) the commutator [H, A] is well defined as quadratic
form on the union Ux Fx (H)H where the union is taken over all compact set
which are contained in A.

In [4][10] the following results are obtained.

a) For all s > % and every ¢, ¥ € H, uniformly for A in every compact subset
of I, the limit

1

lime_, T+AY) ™8 ——
Zm< 0+(¢7( + ) 2H+)\:‘ZZ€

(I + A%)"2¢) (12.85)
exists. This implies in particular that the spectrum of His pure absolutely
continuous in I.

b) If L <s<1and f € Cg then

1

| < A>T e ™ fH)<A>"||=0(2"* (12.86)

These decay estimates play an important role in the proof of asymptotic com-
pleteness.
c¢) Under the further assumption that H € C*(A) for every closed interval
JclI

sup.cs+|[Pa(A)(H — 27 Pe(A)]] < o0 (12.87)

where Py (A) is the spectral projection of A on its positive (resp. negative)
part. In case A is the dilation operator Py (A) is interpreted as projection over
the outgoing (resp.incoming) states.

For details and further results one can consult the references to this Lec-
ture.
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12.9 Algebraic Scattering Theory

We end this Lecture with a brief description of the analysis of scattering
processes which can be performed in the Heisenberg representation. The role
of the group of spacial dilations can be seen also in this representation by
studying the asymptotic behavior of the expectation values of the observables.

This possibility has been emphasized by K.Hepp [11] and others, especially
D.Ruelle [14 | H-Araki [13] , and has been given a central role by V. Enss [12]

Algebraic Scattering has a less ambitious program than the scattering
theories we have analyzed so far. It does not aim at proving existence and
completeness of the Wave operators but considers only the asymptotic behav-
ior for t — +oo of the expectation values of relevant observables in scattering
states which by definition are the the state in the continuous part of the
spectrum of the Hamiltonian H.

Recall the the Wave operators Wy g, exist only if there are no singular
part in the continuous spectrum of H. One of the typical results of Algebraic
Scattering Theory is the proof that

b € Heont(H) — limt_‘oo?e_mtw =0 (12.88)

It is shown [11][12][14] that under mild conditions on the potential V' this
result holds; the conditions are not strong enough to prove the existence of
the wave Operators.

The potential V' may contain a long range part V; and a short range part
Vs The long range part must satisfy

lim)g|—ooVi(z) = 0, lim|g)—oez.VVi(7) = 0 (12.89)

The sort range part V; of the potential may have a part V;; that is Kato
small with respect to Hy but also another part V; o which describes highly sin-
gular perturbations and that may be responsible for the presence of a singular
continuous part in the spectral measure of H. The theory requires that

D(Ho) N D(Vy) N D(|z[?) (12.90)

be dense in H. For the short range part Vi(z) of the potential it is required
that
(Hy — 2)"2(1+ |2>)2Vi(z)(Hy — 2) ' €K (12.91)

where z is a sufficiently negative negative number which is in the resolvent set
of the three operators H, Hy , Hy+V; and K is the class of compact operators.
Notice that the decay conditions on V; are weaker that the integrability
conditions under which the Wave operators exist. It allows e.g. the potential
Vi(z) = £(J2] > 1)(Jz|log|x|)~! where £ is the indicator function.
The proofs are much simplified if one makes the stronger assumption

(1+ |22 Vi(Ho — 2) "t € K (12.92)
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Let P¢°™ be spectral projection on the continuous part of the spectrum of
H. Denote by D = %(px + z.p) the generator of space dilations. Under these
assumptions one proves [11][12]

Theorem 12.8
Let H = Hy 4V satisfy the assumptions above. Then in the sense of strong
resolvent convergence one has

. ma?(t on
lzmm%ow() = Hpent (12.93)
D(t
lim|t] — oo—t( ) = 2H Pt (12.94)
&
One has also
Theorem 12.9
Let f be Fourier transform of an integrable function. Then
; x .
limpyj—oo[[[f (m=~ = fP)e™ 9] =0 (12.95)
Zf Pcont¢ — (b
o

The evolution of the observables is given by the Heisenberg equation of mo-
tion This is the basis of the algebraic scattering theory [13] [14] extended later
to Quantized Field Theory and to the Algebraic Theory of Local Observables.

Algebraic scattering theory gives less information in the context of Quan-
tum Mechanics because some important tools are not directly available.

On the other hand, in an infinite-dimensional context (Quantum Field
Theory) , in absence of a Schroedinger representation, it is the only instrument
available. In this approach one studies asymptotic fields that acting on the
vacuum generate states that evolve according to the free hamiltonian.

One can find in [15] a general outline of the study of asymptotic complete-
ness in Quantum Mechanics through the study of the asymptotic behavior of
suitable class of observables.

It can be proven that the temporal evolution in the Heisenberg represen-
tation of a suitable class of observables under H,,; for very long times differs
little from the evolution under Hy.

In the infinite dimensional case the observable fields can be asymptoti-
cally described in term of free fields. By studying the asymptotic behavior of
suitable observables one can show e..g.

Theorem 12.10
If D(Hy) = D(H) for every f € C*°(R) and every ¢ € Heont(H) one has
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ummf(x(t? )b = f(2H)o (12.96)
g At

timiof (N0 = F(2H)s

limy oo f (Ho(t))6 = f(H)o (12.97)

&

V. Enss uses a similar method but, working as he does in the Schroedinger
representation, he obtains accurate asymptotic estimates for the asymptotic
behavior of the solutions. For example one can prove the following theorem

Theorem 12.11 [12]
Let H=Hy+V, Hy=—A with V Kato small with respect to Hy. If

(Hy—2)"2(1+|a>)2V(H.) ' ek (12.98)
one has, in strong resolvent sense

22(t) D(t)

limmﬂootiz =HP. nt limmﬂooi =2HP.,n; (12.99)

&

We do not here give the proof of this Theorem, but remark the following
corollary:

Corollary
If ¢ belongs to the continuum subspace of H then
i)

Limys oo (I — &(v1t <z < vat)e ™E(v] < H < v3)plo =0 (12.100)

i) |
VR limy—oolé(|z] < R)e™ "™ ¢ls =0 (12.101)
&
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Lecture 13
The N-body Quantum System: spectral
structure and scattering

We shall make use of the methods outlined above to study the quantum N-
body problem in its general aspects and in the asymptotic behavior. For a
more complete analysis and further references we refer to [1] [2] [3][4]

The quantum N-body system is a collection of N particles with masses
{mi} , mp > 0 interacting among themselves through potential forces. The
system is described by a wave function ®(z), x = xy,.xx T € R>.

Introducing in R3Y the scalar product < z,y >= >k mi(xk, yi) the clas-
sic kinetic energy of the system is T = % < &, >. With a suitable of units
we write the Schroedinger operator as

1
H=-3A+V(z), x€ R3N (13.1)

and assume that V is invariant under translations of each argument in R? .
In this case the motion of the center of mass is free and the Hilbert space has
a natural decomposition

H=L*(R*)®@L*(X), X ={a1,.2n}, 2x € R®, Y myz, =0 (13.2)
k

This decomposition is invariant for the evolution generated by H. We shall
assume that the potential has the structure

i<k

It important to notice that (3) does not imply lim; oV (x) = 0 because
there may exist directions in which z; — i, x; # x; remains bounded for
some values of the indices.

This corresponds to our intuition that a N-particle system can be studied
mathematically only if one finds first a mechanism through which in corre-
spondence to some initial data the systems can be subdivided, asymptotically
in time, into isolated subsystems.
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It follows that to study mathematically the asymptotic behavior in time
of the system one must find directions which correspond to fragmentation
in subsystems. This requires to a description of the system not only with
functions on the configuration space (R3)" but with functions on subspaces
corresponding the the possible fragments.

13.1 Partition in Channels

This task can be accomplished by the introduction of N unit vectors aj €
R3, k =1,..N and by an analysis of the fragmentations that correspond to
the translation xy — xx + Aag for A very large.

Of course complete fragmentation is obtained only in the limit A — oo but
the assumptions we shall make on the potentials V; ; will guarantee that the
error made is negligible if A is taken sufficiently large.

Notice that if ap = aj, the difference z — xp, is invariant under the given
translation. The clusters of particles are therefore described by closed sub-
spaces Ayp,,.1, of R3N defined by

A ={ae R, k=1,.s {i,j} € I < a; = a;} (13.4)

where I, are disjoint collections of indeces.

Within one of these subspaces the translation considered are rigid trans-
lations of the set of points which correspond to the given partition. This
partition in channels will allow the study of the asymptotic behavior of the
entire system considering separately its projection on the different channels.

The subsets Ay, .5, are a ortho-complemented lattice L’ closed under
intersection and such that () € L’. We shall always use the reference system in
which the center of mass is at rest in the origin and therefore we shall always
refer to the lattice L obtained by intersecting L’ with X. Notice that for every
P € L one has a unique orthogonal decomposition

X=PaoPt (13.5)
and therefore every x € X can be decomposed it in a unique way as

t=zp+z’, zpepP, zFept (13.6)
The coordinates 2 are relative coordinates within each cluster, the coor-
dinates xp are the coordinates of the center of mass of each cluster. Therefore
one will set Y, Myxf = 0 where we have denoted by M}, the total mass of the
kth cluster. For example if N = 4, the cluster P is described by {1,2},{3,4}
and the particles have equal mass m one has
1 1 1 1
ap=(n,-n), 2= - 3™ @2 = 53+ o, Tt 577) (13.7)
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where we have denoted by n, —n the coordinates of the centers of mass of
the two clusters. Notice now that for each partition P one can write

V(z) = VP (@) + Rp(x) [Rp| < flzpl),  f($)smoc — 0 (13.8)

The term Rp is the sum of the potentials between pairs of bodies which do
not belong to the same cluster (and therefore by assumption lim ;oo Rp(z) =
0) while the term V¥ is the sum of potentials between pairs of bodies which
belong to the same cluster. Define

1
Hp=H - Rp = —5A+VP(xP) (13.9)

We expect that Hp describes with fair approximation the motion of the
system when the distances between the clusters defined by the partition P
become very large.

Therefore we expect that almost every initial datum ¢ one can associate
functions ¢p, P € L which depend only on the 2 and are such that for times
t very large one has approximately

e My N ety (13.10)
P

We therefore expect that for almost all initial data in the remote future
(and past) the system can be described as decomposed into aggregates (may
be not the same in the past as in the future) each of which describes the
motion of the cluster of material points which interact among themselves and
remain approzimately localized in a finite region of space.

To prove that this is the case it will be necessary (see [3][4][5]

a) To provide propagation estimates in order to show that for each initial
datum ¢ the decomposition (4) becomes more and more accurate when ¢
increases.

b) To provide separation estimates in order to show at times remote in the
future the clusters at a large distance form each other.

In order to obtain these estimates one needs a regular decomposition (e.g.
by C° functions) of configuration space which at very large distance on a
suitable scale tends to coincide with the partition in the elements P of L.

This decomposition is achieved through functions of class Fp € C'°°; these
are functions which sum up to one everywhere and are mollifiers of the indi-
cator functions associated to the given partition.

The functions Fp may be time dependent and may converge for t — oo in
a suitable sense to indicator functions.

The possibility to achieve these goals depends on the possibility to provide
accurate estimates on the spatial behavior of e=*#*¢ for very large times This
estimates are linked to compactness estimates for the integral kernel of the
operator (H — 2)~!, 2z € C/R and are somewhat related to the uncertainty
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principle which provides, at each instant of time, a lower bound for the product
of the dispersions of e~"#*¢ in position and momentum.

The partitions introduced above permit to extend to the N-body problem
the estimates typical of the methods of Enss and of Mourre. We remark that
the possibility to use these estimates makes the quantum N-body problem
much easier that the corresponding classical one. Indeed in the classical case
the decomposition along asymptotic directions is too fine and this makes a
measurable decomposition impossible.

13.2 Asymptotic analysis

In Quantum Mechanics the Hilbert space in which the system will be studied
is
K = ®ay,.ax ® L*((R?)") (13.11)

where K is the number of channels , ay denotes a generic channel and n,, is
the number of particles in channel ay.

It is clear that if at least two channels exist, the Hilbert space K is not
isomorphic in a natural way to L*((R*)") and rather contains this space as
proper subspace. Therefore the analysis we will make will be an asymptotic
analysis adapted to scattering theory.

For example in the case NV = 3 the possible channels are labeled

{1,2,3} {1,213}, {1}{2, 3}, {1, 3}{2}, {1, {2}{3} (13.12)
In this case one has
K =L*(R®) ® [L*(R®) @ L*((R*)*)]> @ L*((R®)*) (13.13)

The first channel correspond to bound states of the system, the three next
channels correspond to the case in which two of the particles form a bound
state and a third particle is asymptotically free and the remaining channel
corresponds to asymptotic states in which the three particles do not interact
with each other. Of course for some system one or more of these channels may
not be present.

To fix ideas, we can think of the system composed of the Helium nucleus
and of two electrons. In this case the first channel will be composed of the
states the Helium atom, the second and third will be parametrized by the
states of singly ionized Helium atom and a free electron, the fourth cannel
will not be present (it would consist of a bound state of the two electron
a free Helium nucleus, and the fifth channel will be composed of two free
electrons and a free Helium nucleus.

These parametrizations (except for the first) refer to scattering states .
As a consequence there are two distinct parametrizations which refer to the
behavior in the remote past and in the distant future. They are both valid
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but, e.g. , a state which belongs to a channel composed on the remote past of
a free electron and a singly ionized He atom may in the remote future have a
components in the same channel and a component in a channel described by
two free electrons and a Helium nucleus.

This explains the greater difficulty in the treatment of the N-body prob-
lem, N > 3 as compared to the case N = 2 and to potential scattering.

Before entering, even briefly, into the study of the N-body problem let us
recall some general properties of the Schroedinger operator.

13.3 Assumptions on the potential

We shall make always the assumption that V be locally in L?(X) and belongs
to Kato class, i.e. there are numbers 0 < o < 1 and § > 0 such that

Vol < alAdlz + Bl Vo € C5°(X) (13.14)

Let us recall that if V' belongs to the Kato class then H = —A + V
is (essentially) self-adjoint, bounded below and has the same domain as A.
Notice that V =33, Vi j(2; — ;) is in Lf,, if V; j are in L?(R?) and that V
is of Kato class if for all j,¢ the potentials V; ;(y) are of Kato class.

In this case Kato theorem assures then that the quantum dynamics of the
N-body system is well posed . Through the spectral representation of H the
energy distribution of the state ¢ is well defined.

The Hilbert space is the direct sum of the subspace Hp related to the
point spectrum of H and of the subspace H¢ in which the spectral measure
is continuous. This can be repeated for each of the Hilbert spaces and Hamil-
tonians for the different channels. Notice that corresponding to each channel
(partition) P one has

H=Hp+Rp, |Rp|<f(lzp]), limsscf(s)=0 (13.15)

where Hp is the hamiltonian of a N-body system in which one neglect all
forces between particles belonging to different clusters. Therefore the hamil-
tonian Hp is the sum of operators H; which act independently on the direct
product of the Hilbert spaces associated to each cluster.

Each operator Hj satisfied the condition for the applicability of Ruelle
theorem. This theorem implies that, under the assumptions made on V | if
f e L, limy oo f(|z|) = 0 and for all z € p(H) the operator f(z)(z—H)™*
is compact. Denoting by £(R) the indicator function of the ball of radius R in
R? we have

i) ¢ € Hp < limp_oo|(I — E(R))e”Hlp| =0 (13.16)

t
ii) ¢ € Ho < limt_,oot_l/ ds|¢(R))e Htp? =0 VR<oo  (13.17)
0
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In order to apply Ruelle’s theorem let us remark that if V' is Kato-small
with respect to H and if lim;_o.V(z) = 0 then V(H + iI)~! is a compact
operator. To prove this, notice that V' can be approximated with a function
Vr with compact support and in the same way one can replace the function
h(p) = (1 + p?)~! with its restriction hr(p) to a ball of radius R up to an
exror fr(p) < 2(R2 + p?)~1.

An explicit computation proves that Vz.h(iV) is a Hilbert -Schmidt op-
erator and therefore V (H +4I)~! differs from a Hilbert-Schmidt operator by
an operator with norm bounded by C1|p? fr(p)| + | fr(p)|-

This term can be made arbitrary small by taking C; small and R large and
therefore V(H +4I)~! is norm limit of Hilbert-Schmidt operator and hence
compact. We conclude that for the N-body potentials we are considering
when analyzing the behaviour of the system under hamiltonian Hp within
each cluster we can make use of Ruelle’s theorem .

The analysis of the different partition can be done by induction. Recall that
in Quantum Mechanics when considering identical particles the Hilbert space
is a subspace of L?(X) which corresponds to an irreducible representation of
the permutation group.

The formalism that we are describing is adapted to these cases simply
projection the estimates in this subspaces. It is necessary of course that the
operators we are considering be invariant under permutations.

13.4 Zhislin’s theorem

We shall now study the spectral properties of the Schroedinger operator for
the system we are discussing.

Recall that we denote by o4;s.(H) the collection of the eigenvalues of finite
multiplicity of a self-adjoint operator H and with o.ss(H) the complement of
odisc(H) in o(H). One has

1 1
H=Hp+H" +Rp HP:*§AP®I+I®HP7 HPE*§AP+VP

(13.18)
where Ap (resp. AT) are the Laplace operators in the coordinates xp (resp.
xP . If P is not empty one has o(—Ap) = [0, +00) and therefore

U(Hp) = [MP, +OO), pup = ZTLfU(Hp) (1319)

(1p is the minimal energy for a system composed of the clusters described by
P and not interacting among themselves). Notice that the lower bound of the
spectrum can be lower if one takes into account this inter-cluster interaction.
In fact we have

Lemma 13.1
If P <@ then o(Hg) C o(Hp).
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¢

Proof
By definition Hp = Hg + Rp,g. Let T, be the translation operator by
s € Q* where Q" = Q — Uccq. Since Ty commutes with H¢g one has

(M — Hp)Tug| < |(M — Ho)| + |Rp.oTed| (13.20)

Let A € Hg. The first term to the right in (20) can be made arbitrary
small with a suitable choice of ¢ and for the properties of Rp . The second
term can be made arbitrary small by choosing s suitably large. It follows that
for a suitable choice of ¢ the left hand side can be made arbitrary small and
this implies A € o(Hp).

Q

Notice that for every choice of clusters the Hilbert space is always L?((R3)Y
but the approximate Hamiltonians are different according to the structure
of the clusters. It follows form Lemma 13.2 that o(H) D [p, +00) uw=

minpsgpp.

Theorem 13.2 (Zhislin)
Oess(H) = [, +00) (13.21)

&
Proof

We give this proof in detail, because it is the prototype of all the other
proofs.

The strategy is to approximate the decomposition into clusters by means
of a regular partition of unity in such a way that for large |z| we can use
the partition given by the lattice L with a good estimate of the error made.
Passing to the limit one obtains the proof of (21).

Recall that a regular partition of the unity in X is a collection of positive
and regular functions j, € C* (we shall call elements of the partition)such

that
dit=1 (13.22)

(the choice of the square in (22) will be convenient in the following).

The partition in channels can instead be seen as choice of hyperplanes in
X and in this sense it associates to every channel (except () a product of
distributions 4. In order to make partitions of unity adapted to L we shall
take the partitions A € L as indices a.

Roughly speaking a regular partition corresponds to smoothening the §
functions that describe P and substitute them with C'*° functions with sup-
port in a conical neighborhood of the support of the corresponding distribu-
tion. The solid angle of the cone must be finite but it may be made arbitrary
small if we are only interested in the asymptotic behavior for large times.
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According to Ruelle’s theorem in each channel the outgoing and incoming
states can be seen as localized at infinity. This will lead to the asymptotic
estimates we shall describe. The following identity holds in the domain of
definition of all terms

H =Y jaHjat 3 3l la: H] (13.23)

Notice the double commutator in (23). The use of double commutators will
be important in what follows. Notice also that if the functions that implement
the partition were substituted by distributions, the error made would be a
distribution with support in the intersection of hyper-planes.

Recalling that Y j2 =1 one can write (23) as

1 ,
H =3 jaHjo— 5y (IVial’ (13.24)

[e3%

We have made use of the fact that the term [j,, H| depends only of the po-
sition coordinates in P. For every partition P we define the corresponding el-
ement j,(p) as follows. If P = {(} (i.e. the partition considered is {z1},..{zn})
we set ji,m =1-2pu j%. If P # ) consider the open covering of the unit
sphere S' C X obtained as

Sp={z, : 2] =1, [ap| # 0} (13.25)

and the corresponding partition of unity J,(p), supp(Ja(py C Sp. Notice that
since J,(p) has compact support for every P one can find € > 0 such that if
x € suppJo(py then |zp| > e

The functions J, we have introduced are defined on the unit sphere. We
shall extend them to X in the following way: for |z| < 1 choose any extension
which satisfies (22), for |z| > 1 set jo(z) = Ja(ﬁ).

The function that we have chosen have the following properties

2] > 1, A>1— ja(Az) = ja(z) (13.26)

[z =1, € supp jap) — |2|p > €|z] (13.27)

In the case of two-body potential of Coulomb type it is easy to verify that
(27) implies for every partition P.

. |
Viaep)| = 0. ol = o0 (13.28)

Therefore the second term to the right in (24) is compact relative to H.
In the first term set H = Hp + Rp and notice that j,p)Rpja(p) is a Kato
class potential with respect to Hp which vanishes at infinity, and is therefore
compact relative to Hp. Hence
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H=jupryHajor) + K (13.29)

where K is compact relative to Hp. From Weyl theorem one derives

Jess(H) = Uess[Zja(P)HPja(P)] (1330)
P

Remark now that for every partition P, Hp > p I (by the definition of u
) and therefore

Zja(P)HPja(P) > qui(p) =pu (13.31)
P P

,From this one derives
Oess(H) C [, +00) (13.32)

Since we have already shown that the reverse inclusion holds, the proof of
Zhislin theorem is complete.

Q

13.5 Structure of the continuous spectrum

In order to achieve the asymptotic decomposition we must now study the
spectrum of H in [u, +00) and in particular prove that in this region the spec-
trum is absolutely continuous, property that is needed to prove asymptotic
completeness .

We shall begin providing a qualitative analysis with the purpose of intro-
ducing and justifying some a-priori estimates that we will prove later.

This will permit us to focus on the new role played by the double commu-
tators and by the dilation group (we will study the description of the system
for A large enough after the scaling x; — A x; for some of the coordinates.

JFrom the experience acquired in the study of potential scattering we
expect that in each channel the asymptotic behavior of the system when
t — oo approaches free motion ( the meaning of free motion is different in the
different channels) .

We expect also that if the wave function ¢ has a sufficiently localized
momentum spectrum one should have roughly

1
(¢, 2°¢1) = §<9Et2(1 +0@t™"),) t—oo (13.33)
where 6 must be somehow linked with a group velocity.
Equation (33) can be written as
d? 9
ﬁ < x® >~ 0p, t — 00 (1334)
One has
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d? 1
-5 < 2?2 >=<i[H,A] >, A=i[H 2 = 5 @p+p.2) (13.35)
whence
i[H,A] = p* —2.VV(z), p=iV (13.36)

(From (33) and (34) if E does not belong to the point spectrum of H ( in
particular if it belongs to the continuous part of the spectrum) denoting by
FE A the spectral projection of H in the neighborhood A of E we expect that
if A is sufficiently small the following inequality holds

BA(H) = iEA(H)[H,AJEA(H) > (65 — €4)EA(H)18.56 (13.37)

for a suitable € such that lima_oeaA™' = 0. Remark that if ¢ and v are
eigenvectors of H to the eigenvalue E the following equivalent relations hold
(the second one is frequently called wvirial theorem).

(¢, (@ VV)Y) =0, <, p*p >=<¢,(x.VV) > (13.38)

We will prove ( Mourre’s theorem) that (37) holds up to addition of a
compact operator. We shall see also that 6 is a function of the thresholds for
H.

13.6 Thresholds

Definition 13.1
A threshold for H is an eigenvalue A\’ of H” for some P # (). It is therefore
a bound state in a non-trivial channel.

¢

To better understand the relation between g and the threshold values
remark that for energies greater than /\5 we expect to be able to construct
states which are approximately the tensor product of a bound state of H? with
energy AL and a state of free particle with momentum P in a complementary
cluster. The evolution of this state will be given approximately by

p2
o(t) = e TG @ ¢, gp e LX(Xp), Hpop=Aop  (13.39)
For this state one has
< x? >iv< x> < ph > 12~ (B — At t — 00 (13.40)

;From (40) we deduce that for this state one has 16(E) ~ E — AP if the
energy is concentrated around FE.

This heuristic argument reflects the fact that if a state has energy approxi-
mately equal to F, denoting by Ag the lower bound of the energy of the cluster
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P, the energy at disposal of the other clusters is E — \g. We expect therefore
that (39) holds a part from terms which depend only on the properties of the
system at finite distances.

The estimates suggested above on purely local properties are consequences
of the following fact: if we denote by ng(y) the indicator function of the ball
of radius R, the operator ng, (z).nr,(P)Nr,(x) is compact for any choice of
finite values for Ry, Ro, R3.

(From (39) we shall conclude that the eigenvalues which do not correspond
to thresholds can have only a threshold as limit point. Since the thresholds
are eigenvalues of a cluster it follows that the set of thresholds is closed and
denumerable. To give precise estimates we shall study more in detail the term
i[H, A]; one has

iI[HA =—-A+2.VV (13.41)

We shall assume that W(z) = 2.VV (called the virial of V') satisfies all

the assumptions we have made on V. In particular we assume that V(z) be
of Kato class. Setting

W(z) = Zxrmvzm (Z Vik(zs —ap)) = Z Wi k(xs, zk) (13.42)

m i<k i<k

one has
lim)y|—oosup Wi k(2,y) = 0 (13.43)

Under these assumptions one can prove

Lemma 13.3 (Virial lemma)
If (42) and (43) hold and if ¢ and ¢ are eigenstates of H to the eigenvalue
FE then
(6, [H, AJ) = 0 (13.44)

¢

Proof
For the proof it is convenient to introduce a regularization of the dilation
operator A e.g.

1

Ao = —[pre ™ + e 2p, €>0 (13.45)

N

Since A, is bounded with respect to p* (this is not true for A) it leaves
invariant the domain of $? and on this domain one has

[Ae,H}e_“”2 = —6(13.1‘)26_““2 - e(x.f))ze_””2 - e‘“zx.VV(a:) (13.46)

Since ¢, ¢ € D(A) one has by the standard virial theorem (¢, [H, Ac]y) =
0. Passing to the limit ¢ — 0 one obtains (44).
Q
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13.7 Mourre’s theorem
Denote by 7(H) the collection of all thresholds. Define

O(E) = infrerm), x<e 2(E — NE(E — 1) (13.47)

where u = infy\{\ : X\ € 7(H)} and ¢ is the indicator function of R*. One
has then the following theorem proved for the case N = 3 by Mourre [1] and
then extended to the N-body case in [2]

Theorem 18.3 (Mourre) [5]

Let V and x.VV satisfy (43). Let E; be the spectral projection of H associated
to the interval J. Then

i) VE € R, € > 0 there exists a compact operator K such that

By(H) = iE;[H,A|E; > (O(E) — €)E; + K (13.48)

ii) The eigenvalues of H which are not thresholds have finite multiplicity and
can have only a threshold as limit point. Therefore the set 7(H) is closed and
denumerable.

&

We shall use the notation J,, — {Ey} to indicate a sequence of decreasing
intervals which have {Ey} as limit. Multiplying (48) from the right and from
the left by per F; and recalling that K is compact and that £; —; 0 when
Jn — {Ep} and Ej is not an eigenvalue of H we conclude that if E is not an
eigenvalue then

limp—oo|KEy, || = (E;, K*KE; )"/* =0
and therefore if J is sufficiently small
B;(H) = (6(Eo) — €) (13.49)

Proof of Mourre’s theorem

We proceed by induction. The result holds if P = ). Suppose that it holds
for HY with P > () (the symbol > denotes the partial ordering in the lattice).

In this case E,(HT) are the eigenvalues of H? V(@ > P and the threshold
OF(E) is defined relative to E(H?). Therefore (48 ) reads

By(HY) > (O(E) — €)E;(HY) + K on L*(HF) (13.50)
By(H?)=iE;(HY)[H” AT) i[H, A"] = —AF — (2P vVF (7))

vP= 3" Vi, (13.51)
i,jEa(P)
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We have denoted AP the generator of the dilation group on the variables
xP). If the theorem holds for H” it follows from that if E is not an eigenvalue
of HY then B;(H?) > (OF(E) — €)E;(HT) and therefore since OF (E) >
O(E)

B;(H?) > (6(E) — €)E;(HT) (13.52)

Let now E be an eigenvalue of H with projection operator IT5. We must
prove (52) with ©(E) = 0. The dimension of IT5 may be infinite.

Choose an increasing sequence of projection operators P, < IIL that

converge strongly to I15. Since E is an eigenvalue, from the virial theorem
one derives

By = (I =I,)By(I = I,) + (I, B;(I = IIy) + (I = I1;))B; Iy (13.53)
(From (52) and (53)
By > —eE;+ (1 — II,)K(I — I1,,)) — 2||IT,B;yE;(I — IIE)||I >

—€By—||K (g —IL,||I—|| K B, (I-Ig) || =2|| 11, E;(I-ITg || (I-11,) B;(I-Iy)
+(I,By(I —IIY) + (I — IF)B, 1IN (13.54)

Since K and II,, B are compact and since E;(I — ITL) converges strongly
to zero when J — {E} one can choose first n sufficiently large and then J
sufficiently small in such a way to obtain (52) also when O(E) = 0.

We want now to improve on this estimate and prove that for any open set
S C R, E € S and for any given € > 0 one can choose § > 0 in such a way
that for all E € S and |J| < § one has

By(HP) > (O(F +¢) — 2¢)E;(HT) (13.55)
Indeed of this were not true, the inequality wold not hold for a sequence
E,—E, E,eS E,€dJ,, lim—olJn] =0 (13.56)

Choose n so large that |E,, — E| < €/2. It follows from the definition that
O(E +z) <O(E) 4 « for all x > 0 and therefore

O(E) > O(En+¢) — e+ E—EN > O(E, — ) —

(13.57)
Keeping into account that |J,| < |J| By(HF) > (6(E) —¢/2)E;(HT)

we derive
B;(H?) > (O(E, +¢) —2¢)E;, (HY) (13.58)

and this proves (57). In order to give an estimate for B;(H) we must now
supplement (57) with an estimate B;(H®). To achieve this we prove that for
every E € R and for every ¢ > 0 there exist an interval J containing F and
such that
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B;(Hp) =z (O(E +¢) — 2¢)E;(Hp) (13.59)

To prove (57) take Fourier transform with respect to z. In this represen-
tation vectors in L?(X) are represented by function in L?(X,) with values in
L?(X*) and one has

(Hpy)(k) = (K + H)p(k),  (E;(Hp)y)(k) = Ey_p2(H ) (k)

i([Hp, AJp)(k) = (k* +i[H”, A"])y (k) (13.60)
Set ¢ = E;(Hp)t. Therefore

(6, Bs(H")¢) = /X [(@(K), (K* + By_s=(H"))d(k)]dk (13.61)

where we have denoted by (,) the scalar product in L?(Xp) and with [,] the
scalar product in L?(XT). Since H” is bounded below the integrand vanishes
outside a compact set. From (57) one derives

(k% + O(E =k + ) = 26)[|6(k)[|* = (O(E + ¢) — 20)[o(k)||*  (13.62)

and this completes the proof of (61). To conclude the proof of Mourre’s the-
orem we use now the localization formula we have discussed above

1
H= Z]a P)Hja(P)+ Ja(p)a(p); Z]a(P Hjoupy—5 Z Viae)?

3
(13.63)
where {jq(p), } is a partition of unity by means of C* on X. Choose f € C*°,
real valued and such that f=1in J, F € J. Then

if (H)[H, szf VjalHa, Aljaf(H) + K (13.64)

where K is compact. We shall prove
L= f(H)jap) = Jap)f(H) €K (13.65)
Given (65) equation (61) reads
P (), Af(H) > (O(F + ) — 20 f2(H) + K (13.66)

Multiplying both terms by E, one has By, (H) > (O(E+¢)—2¢)E;, + K
This inequality is equivalent to (48) if E is not an eigenvalue (indeed if F is
not an eigenvalue one has O(E + €) = O(F) if € is sufficiently small).

To achieve the proof of Mourre’s theorem we must therefore prove (65).
Let f the Fourier transform of f and define Rp = (i + Hp)~!. Therefore

LRp = /dtf(t T Gopy — e jopye ™) Rop)
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:i/dtf(t) / eI emisHr (13.67)
0

K = (Hja(p) = ja(pyHa(p)Ra(p)) = (0%, Ja(P)] = Ja(P)la(p)) Ra(p) (13.68)

and we have proved that this operator is compact. Since ||LRp|| < C||K]|| it
is sufficient to consider the case in which K has rank one, i.e. K1 = (u,)v.
But then the integrand reads

¥ — ft)(eHrip)e it y (13.69)

which is norm continuous both in ¢ and in s. Therefore LRp is compact. Set
f(x) = (i + x)g(x). Then the operator

9(H)jo(p) = ja(p)9(Hp) = LRo + g(H)([p?, ja(p)|RP + ja(pyIpRp) (13.70)

is compact. Since g was arbitrary (65) is proved. This concludes the proof of
Mourre’s theorem.

Q

Mourre’s theorem is useful both for giving a-priori estimates for the ex-
ponential decay of the eigenfunctions of H and for proving the absence of
singular continuous spectrum and asymptotic completeness in the N-body
problem. A typical estimate of the asymptotic behavior of the eigenfucntions
is given in the following theorem, which we will state without proof.

Theorem 13.5 (Froese-Herbst I) [3]
Under the hypothesis of Mourre’s theorem, let Hp = E¢ and let a = sup {b €
R, ¢ c L*(X)}. If E+ %aQ is finite, then it is a threshold for H.

Remark that both Froese-Herbst’s theorem (and the ones that we will state
later) can be proved along the lines of Mourre’s theorem under the following
assumptions on V and on its virial.

i) V belongs to Kato’s class.
ii) For every non-trivial partition P when x is sufficiently large one has a
decomposition

V() =V"(@") +1Ip(x),  |Ip()| < f(lzp)) (13.71)

with lims—ocf(s) = 0. In the case V = 37, . V; j(x; — ;) these conditions
are satisfied if each term in the sum is of Kato class and vanishes at infinity.

&

13.8 Absence of positive eigenvalues

(From the theorem Froese-Herbst I one derives an important result

Theorem 12.6 (Froese-Herbst II) [7]
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Under the assumptions of Mourre’s theorem H has no positive eigenvalue.

&
Proof

From theorem 12.5 we know that if H has no positive thresholds and
H¢ = E¢, ¢ € L? then

e®lg(z) e L2(X) VYa >0 (13.72)

By induction starting with & = X it is enough to prove that if (74) holds,
then there are no positive eigenvalues. Choose py such that

| @< [P (13.73)
r<po r>2p
and choose F(r) € C* with the property
F(r)y<m, F(r)y>0 r>rg— F(r)=r (13.74)
Set ¢q(|z|) = e*F 2D g|eaFUzD|p=1, From (74) one derives flx|<po dz|dq (z)]? <
e~ 2P0 Notice that there exists ¢; > 0 such that for every a > 0
(o, Hby) > E + a®/2 — cra’e 2P0 (13.75)

Indeed set H, = e*" He F' = H — §|VF|2 +i%(VF.p+ pVF). One has

2
a
Hado=Boo, (60 How) =B+ % 0ulVFPO)  (1876)
and |VF| =1 for |z| > pg. Therefore
|(¢aa |vf|2¢a) - 1‘ < 61672(1#0 (1377)

from this one derives (76).
In the same way we can estimate i(¢q, [H, Al¢,). One obtains

) ia? 1 .
(P, [H, Al¢a) = 7((15(17 [|VF|27A]¢a)_2aR6(¢a77A¢a) Y= i(VF.p—l-p.VF)
(13.78)
The first term in (79) is bounded by c?a?e~2%0. For the second term

. d x
2Re(¢u, vAda) = pi(exFi + Fawr) = 5 Fu — 5 Fa (13.79)

The first term in (79) is positive and the remaining two are bounded.
Therefore there are positive constants cs, c3 such that

i(Pa, [H, Alpa) =< P* >0 — < 2, VV >,< caa®e ™2 +ac3.79  (13.80)

where <,. >,=< ¢q, .04 > . Subtracting ( 75) from (80)
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2
1 <P > =<V >, —<aVV>,<—FE— % + (c1 + e2)a’e %" + acs
(13.81)
Inequality (81) leads to a contradiction. Indeed the term to the left is
bounded below for every value of the parameter a because both V and .VV
are small relative to p?). The term to the right diverges to —oo when a — oo.
Since the only assumption we have made is Hp = E¢, ¢ € L*(X), E >0
we conclude that there are no positive eigenvalues.

[\V]

Q

A second important consequence of Mourre’s theorem is an accurate esti-
mate of the rate at which the essential support of the states in the continuous
part of the spectrum of H leaves any compact in X (dispersive estimates).

As a corollary of the estimates we shall prove that there is no singular
continuous part of the spectrum.

(From the local compactness (expressed in Mourre’s theorem) it follows
that if ¢ belongs to the continuous part of the spectrum then

limy—oo|re” 1 p| = 0 (13.82)

Remark that Ruelle’s theorem implies only convergence in the mean.

Under further assumptions on the potential it will also be possible to
estimate the rate of convergence. Equation (82) can also be proved if one makes
the assumption that the second virial (i.e. [V, A]A]) satisfies the assumption
made for the potential and its first virial. For potentials of the form V =
> i<j Vij(zi — ;) this new condition means that for each pair i # j the
function (z; — x;)?V?V; ;(z; — ;) be a Kato class potential. .

The following theorem is useful to prove that in the N-body problem
under the stated conditions on the potential the singular continuous part of
the spectrum is empty.

Theorem 13.6 [2] [5]

Assume that V(z) and x.VV satisfy the hypothesis i) and ii) of Mourre’s
theorem and assume also that the second virial is bounded. Denote with S the
collection of the thresholds and eigenvalues of H. Then if Ej¢p = ¢ for every
a > 1/2 and compact in R — S one has, for a suitable constant c4(J, a)

/OO dt|(1 4 22)79 27 ¢|2 < ¢y (J, a)|@)? (13.83)

—0o0

o

We shall not prove this theorem but we shall state and prove a corollary.

Corollary
If the conditions in Theorem 13.6 are satisfied, then the singular continu-
ous spectrum of H is empty.
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¢

Proof
Let f € C§° and ¢ = E;¢. From (82) one derives

(423 F f(H)9) < o / atf I+ o) F et o] < |flalg|  (13.84)

Taking point-wise limits this inequality extends to the characteristic func-
tions of bounded Borel sets. Therefore ¢ € H, ... Since R — S us open the
states which satisfy ¢ = E ¢ for some compact J € S+ span the range of
Er_gs. As a consequence the range of Er_g is contained in Hg,,.

On the other hand the range of Eg contains all bound states since S is
denumerable and contains all eigenvalues.

Q

We shall now use theorem 13.6 to derive inequalities which will be useful
in the proof of asymptotic completeness.

Lemma 13.7
Set R = (i + H)~'. If AR™(1 + 2%)% is a bounded operator for some
a>1/2 m > 1 then for every compact J C R — S one has

/ |Ae ™M B (H)ep|? < c|¢]? (13.85)
0
¢
Proof
One has
[Ae™ M E,; (H)¢| < [AR™(1+ %) 2|1+ 2*) 2" E, (i + H)" E ;0|
(13.86)
If a > % the second factor is less than c1]¢|.
Q

In the following it will be convenient to make use of the following notation
A=0p,(z]7%) — AR™(1 + |2|*)% € B(H) (13.87)

and also of the following inequality
A= Oo(|z|7%) « App = O1(]z|~*) Va = maz(1,b) (13.88)

To prove (88) set < z >= (1 + |z|?)2. Making use of [< z > R] = R[<
x >% H|R one has

AppR < x >%= A <z > ppR+A[pi, < © >R+pLR[< z >, H|R (13.89)
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If @ < 1 all the terms in the right-hand side are bounded. They remain
bounded a < b e A = Og(|z|~?). This proves (88) A further important conse-
quence is contained in the following lemma

Lemma 13.8
Suppose that the operator A can be written as A = B.C where B and C
are Oy, (|z|=) for some a > 1. Then the following limit ezists

T
limr oo / dtE;(H)e'™ Ae "M E;(H)¢ (13.90)
0

¢

Proof
Denote by ¢(t) the integrand in (92). Then

| /; At () = supjyi_i] L at(, () <

Ssup|w|=1|/ dt|BEJ(H)e*“H¢|2/ dt|Ce " B ;(H)wp|? (13.91)
T T

By assumption J is separated from the eigenvalues of H and also from the
thresholds. Therefore the first factor is bounded and the second converges to
zero as t, T — oQ.

Q

13.9 Asymptotic operator, asymptotic completeness

We want now to use these estimates derived from Mourre’s theorem to prove
asymptotic completeness in the N-body problem if the potentials V; ;(x; —z;)
are of short range and satisfy a further regularity property that we will state
presently .

Definition 13.2 (short range)
The potential V(x) is short range if, for every partition « one has for ||
sufficiently large

V(z) =V xq) + J(z, [TJ(xY)| <|z*|7*, p>1 (13.92)

We have set |zq| = ming x(msme)*/?(m; +my)~Y?|z; — 21| where with
the symbol z; 1 z; we mean that x; and xj belong to different clusters .

&

Under the conditions for the applicability of Mourre’s theorem and if all
potentials are of short range one can prove asymptotic completeness. An im-
portant role has the following theorem of Segal and Soffer; we only outline
the proof (see [6],[8])
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Theorem 13.9 (Sigal-Soffer)
Assume that V (z) is short range, satisfies the conditions in Mourre’s theorem
and moreover that

[VIp(z)| <clzp|™, pu>1 (13.93)

Then Ht = H. = H, and each orbit in these spaces has the asymptotic
behavior
pp=ec My~ N M (I@ IMp(H))pp (13.94)
P#£{0}

where I g(Hp) is the projection operator on the bound states of channel P
and we have used the notation

u(t) = v(t) < limi—oolu(t) —v(t)] =0 (13.95)

&

IfV(z)=>_,.; Vij(z; —x;) the conditions for the validity of the theorem
of Sigal-Soffer are that each V; ; be small in the sense of Kato with respect to
the Laplacian and for every term of the sum one has

WViiLIVViiw)l <cly|™, p>1 (13.96)

We shall give only a brief outline of the proof of Theorem 13.9 The proof
uses iteration starting with the partition which has no bound states. An im-
portant role is taken by the generators of partial dilations in which only part
of the coordinates are dilated.

More precisely, if one wants to analyze the asymptotic behavior in time of
a given decomposition P in clusters one makes use of the generator of dilations
of the center-of-mass coordinates of the clusters .

This has the effect that, roughly speaking, the evolution of the cluster
Pbaccording to the full hamiltonian and that according to HY tend to coin-
cide. The method of Mourre is efficient because of this property.

The proof of the Sigal-Soffer theorem is therefore based on the construction
of a collection of observables which commute locally with the hamiltonian H
and have the property that their evolution gives a control of the asymptotic
behavior of the system in the various channels.

An important role is played by the asymptotic behavior in time of the
operator vp = i[H,gp| where gp are smooth functions that characterize a
regular partition asymptotically linear (so that on a large scale it is similar to
the partition according to hyper-planes).

One has v = vy + >_pyp where for each P we have denoted by 71% an
approximate dilation operator that is used to describe the asymptotic behavior
of the solution of the Schroedinger equation in the P sector.

Correspondingly we introduce the asymptotic operator
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v =5 —limiqooe™ype 1P E A (Hp) (13.97)

Is easy to prove that v maps H into itself and on H the relation v =
>p 'y; holds. Every vector 1 € Ha can be written

V=) 1hd ¢€Ha (13.98)
P

and therefore
by = e~ it ~ vae_ithb _ Z e tHP GitHp o o =itH o p=itHp ),
P e}
(13.99)
where ¢p = W; ¢ e W}J{ is the wave operator in channel P

Wi =s—limy_oce™Pype " EA(H) (13.100)

From this one develops an iteration procedure that leads to the proof of
the Sigal-Soffer theorem and asymptotic completeness.

13.10 References for Lecture 13

[1] W.Hunziker, I.Sigal The General Theory of N-body Quantum Systems
CRM Lecture Notes vol 8, 1995

[2] M.Reed, B.Simon Methods of Modern Mathematical Physics,vol IV
ch. XTII.

[3] W.Hunziker, I.M.Sigal Journ. Math. Physics 41 (2000) 3448-3510)

4] R.G Froese, I.Herbst I Duke Math. Journal 49 (1982) 1075-1085)

5] E. Mourre Comm. Math. Phys. 91 (83) 279-300

6] I.Segal, I.Soffer Comm. Math. Phys. 132 (1990) 73-101

7] R.G. Froese, L. Herbst II Comm. Math. Phys.87 (1982) 429-447))
]

[
[
[
[
[8] I.Segal 1.Soffer Ann. of Math. 1126 (1987) pg 35-108






14

Lecture 14
Positivity preserving maps. Markov
semigropus. Contractive Dirichlet forms

In Volume I we have remarked that in order that the operator U = —A+V
be self-adjoint the conditions on the positive part V. of V are much weaker
than the conditions on its negative part. In particular it not required that V,
be small with respect to the laplacian.

Notice that, as multiplication operators, the positive function preserve
positivity.

This trivial remark admits a non trivial extension, since the the multipli-
cation operators are not left invariant, as a set, by a generic transformation
in the Hilbert space H while the property to be small with respect to another
operator (e.g. the Laplacian) does not depend on the representation.

In the case H = L?*(X,du) and V is the cone of positive functions, by
using properties of the Laplacian (e.g. to have a resolvent that is described
by a positive kernel), it is possible to associate to e *# a stochastic process,
a modification of Brownian motion.

We are led therefore to consider the case in which in the Hilbert space
there exists a convex cone V that is left invariant by a suitable class of trans-
formations.

14.1 Positive cones

Let Y be a linear topological space and consider in Y a strict convex cone
generating cone K (Y is spanned by the convex combinations of the element
in —K UK). Let Ky be the interior of K. We shall call positive the elements
of K, strictly positive the elements of K.

Definiton 14.1 (preservation of positivity )

We say that a map T of Y into itself is
1) positivity preserving if T'(z) € K for every x € K.
ii) positivity improving if T(x) € Ky for every = € K.
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We shall study in some detail only the case Y = L?(X,du) where X is a
measure space, and we often specialize to the case in which X = R? ,d < +o0
and p is Lebesgue measure. In this case K will be the cone of positive-valued
functions and Ky will be the cone of functions that are strictly positive in
very compact.

Analogous results are obtained in the case Y is a C* algebra and K is the
cone of its positive elements.

We shall consider only linear maps. In this case definition 14.1 takes the
form

Definition 14.2
The operator T on L?(X, p) is
1) positivity preserving if f > 0 implies (Tf)(x) > 0;itis
ii) positivity improving if f > 0 implies T f(x) > 0 on compact sets.
¢

Definition 14.3 (ergodic)

The operator T on L?(X, ) is ergodic if it is positivity preserving and for
any positive function g and strictly positive function f there exist an integer
n such that (f,7"¢g) > 0.

¢

Note that if T is positivity improving, it is ergodic since the relation is
satisfied for every integer n. If z — ¢(t,x) is a dynamical system in X, the
evolution f — T f(z) = f(¢(t,x)) is positivity preserving but not improving.

One can prove that the semigroup 7; is ergodic iff the dynamical system
in the traditional sense (the only invariant sets are the empty set and X).

The evolution described by the semigroup e!? on L?(R%, dx) is positivity
improving. For every t > 0 one has

(€4 f) (@ / S )y > 0 Va (14.1)

and the integral kernel of e*? is strictly positive. If H is self-adjoint and
positive, the semigroup e~ is positivity preserving (resp. improving) iff (H+
A)~Y X > 0 has the same property.

This is a consequence of the following identities

o t
(H4+ )1 = / e tHN g e HAN — i (1 — —(H+X\)™
0 n
(14.2)

Lemma 14.1

If p is absolutely continuous with respect to the Lebesgue measure and
T is positivity preserving, then |Tf|(x) < T(|f|)(z) Vf € L*(R",dz) (the
inequality is understood to hold a.e.).

¢
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Proof

By density it is sufficient to give a proof when f is continuous. If f is
real valued |f| £ f > 0. Since T is linear and positivity preserving, T'|f(x)| £
|Tf|(x) > 0. Therefore T|f(x)| > |Tf|(z).

If f is not real valued, | f(x)| = supgegRe(e® f(z)) (Q is the set of rational
numbers). Since @ is denumerable and f is continuous

supgeQRe(eieTf(x)) = TsupgeQRe(ewf(x)) <T|f|(z)

14.2 Doubly Markov

Definition 14.4
Assume p finite. A bounded positivity preserving operator 1" which satisfies

Te=1, Tr=1, vx)=1 Vz (14.3)

)

is said to be doubly Markov. This notation is due to the fact that ¢ is an
eigenfunction to the eigenvalue one for both T and T*.

&
Lemma 14.2
If T is doubly Markov then
T fllp < IIfllp 1<p<+oo (14.4)
(T is a contraction on LP for 1 < p < 400)
&

Proof

By interpolation it suffices to give the proof when p =1 and p = +o0. If
F=Z0Tflli=(Tf)=T*, f)=(,f)=||fll1. If f is not positive, from
the preceding lemma IT|ly < IT1f1ll] = |1/l

If f, g€ L?, f >0, g>0then (f,Tg) > 0. It follows that also T* is
positivity preserving, and therefore ||T* f||1 < ||f]]1. By definition ||g||cc =
supy || flli=1/(g, f)| and therefore

TGl = suppip1=11(Tg, N = supy s =1l(g: T* )| < supf,llT*le:l}(ga NI =llgllo
14

a&

We remark that the integral kernel T'(x, ") of a doubly Markov operator
can be used to define the transition probability of a stochastic process, in
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analogy to what we have seen in the cases of Brownian motion and of the
Ornstein-Uhlenbeck process.

We shall see in this Lecture (Beurling-Deny Theorem) that if the quadratic
form associated to H has suitable contraction properties then e=* (x, 2') de-
fines a doubly Markov semigroup. We shall describe now the relevant proper-
ties of the positivity preserving operators.

Theorem 14.1

Let the operator T be bounded, closed and positive on L*(X,du). Let T be
positivity preserving and assume that ||T|| be an eigenvalue (and then the
largest eigenvalue). The following statements are equivalent to each other

a) |T|| is a simple eigenvalue and the corresponding eigenfunction ¢ can be
chosen to be positive.

b) T is ergodic

¢) L>® U{T} is irreducible i.e. if a bounded operator A commutes with T and
with the operator of multiplication by any essentially bounded function, then
A is a multiple of the identity.

%

This theorem is an extension of the classic Frobenius theorem on matrices;
L™ takes the place of the collection of matrices which are diagonal in a given
basis.

Proof of Theorem 14.1
a) implies b)
Let B = ﬁ, and let A\, be the eigenvalues B in decreasing order. By

assumption
=1 A<l Vn>1 (14.6)

It follows that s — lim B™ = P, the orthogonal projector onto ¢g. Therefore
for ¢ € L?(X,dp) one has

(the last inequality follows because ¢q is strictly positive on compact sets).
Therefore there is at least one ny such that (¢, B"¢) > 0.
b) implies ¢)

Let the closed subspace S € L be left invariant by L and by T. If f € S

define g(z) = ‘ﬁgg‘ if f(x) #0. Then g € L™ and gf = |f| € S. In the same

way one proves that if g € S* then also |g| € S*. But then (|g|, T"|f|) = 0 Vn
and therefore f = 0.
c¢) implies a)

Let ¢g be eigenfunction of T to the eigenvalue ||T|.

(From lemma 19.2 it follows that also |¢(x)| is an eigenfunction to the
same eigenvalue, because (¢, T'¢g)| < ||T|| for any ¢. We must prove that for
every compact K one has infic|¢o(z)] > 0. Let '={f € L? f¢ =0 a.e}.
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By construction I" is a closed subspace invariant under multiplication by
L functions. Let I' =TIy —I'_+il —ily, I ={f eI, f(x)>0}. Then
TTy C Iy because if f € I’y one has (T, |6]) = (£.T16]) = [ITII(f, (16]) = 0.

Analogous inclusions hold for the other three terms in the decomposition
of I'. Therefore TI" C I.

JFrom c) one has the alternative I" = {0} or I' = L?(z,du). The second
alternative is excluded because ¢g ¢ I'. Therefore I" = {0} and this implies
that no function f € L? such that a.e. f(x)¢o(x) = 0.

Uniqueness follows because it is not possible for two functions to be strictly
positive and orthogonal to each other.

Q

14.3 Existence and uniqueness of the ground state

)

We make now use of theorem Theorem 14.1 to prove the following result
which provides necessary and sufficient conditions in order that the ground
state be simple. Later we shall give necessary and sufficient conditions for the
existence of a ground state (here we assume existence).

Theorem 14.2

Let H be self-adjoint and bounded below. Let E = inf o(H). The following
statements are equivalent to each other

a) E is a simple eigenvalue and the corresponding eigenfunction can be chosen
to be strictly positive

b) There exists X < E such that (H — X\ I)~! is ergodic

¢) There exists t > 0 such that e*H is ergodic

d) VA < E the operator (H + \)~! is positivity improving

e) Yt > 0 the operator e is positivity improving.

o

Proof

(From theorem 14.1 we know that a), b), ¢) are equivalent to each other,
that d) implies b) and that e) implies c¢). We shall now prove the two remaining
implications
¢) implies d)

By assumption there are so > 0 and non-negative functions u, v which
are not identically equal to zero such that (u,e *°v) > 0 . By continuity
(u,e*Hv) > 0 when s is in a neighborhood of sg. Then

(u, (H+\)"1v) = / eMu, e *Hv)ds > 0
0

and therefore ((H + \)~1v)(z) >0 Vaz.
¢) implies e)
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Let u, v be non-negative functions not identically equal to zero. Define
N ={t >0 (u,e”*v) > 0}. The function (u,e~"v) is analytic in a neigh-
borhood of RT therefore the set ((0,00) —A) cannot have 0 as accumulation
point. It follows that A contains arbitrary small numbers.

In order to prove that N' = (0,+400) it suffices therefore to prove that
t>s, s€ N impliest € N. Let 5o € M. By assumption (u,e~*°#v) > 0 and
then @(z)(e~*Hv)(z) is not identically equal to zero.

Let w(z) = ming{u(z) , (e~*Hv)(z)}. Since the operator e~
preserving

tH {5 positivity

(u, e (e v)) > (u, e Hw) = (u,e " w) > (w,e Hw) = |e*%w| >0
(14.8)
It follows that if ¢ > 0 and s € N then ¢ + s € N. This ends the proof of
Theorem 14.2
V)

Ezxample
Let A > cI, ¢ > 0 an operator on H; = L?(R?) and denote by H =
dI'(A) on ‘H = I'(H;) its second quantization. Identify H with L?(X,du) for
a suitable measure space X, u
In Quantum Field Theory H; is the one-particle space (e.g L*(R3)) , A
is the one-particle hamiltonian, X is a space of distributions in R3 and p is
a Gauss measure on X). Denote by {2 the vacuum state in Fock space. By
construction
H =0, Hoi >cl (14.9)

Therefore H has a ground state which is simple and can be chosen positive.
From theorem 14.2 one derives that if e~ *4 is positivity preserving, then
I'(e7t4) = e~ is positivity improving in L?(X, dpu).

&

We apply now theorem 14.2 to the N-body problem in Quantum Mechan-
ics.

Theorem 14.3
Let H be the hamiltonian of the N-body system in the frame in which the
center of mass is at rest. If the infimum of the spectrum is an eigenvalue,
then this eigenvalue is simple, and the corresponding eigenfunction can be
chosen positive.

o

Proof

According to theorem 14.2 it is sufficient to prove that e *# is positivity
preserving and that {e=* U L (R3N=3)} is irreducible. We know that both
statements hold for Hy = — ) A,. Set Vllg(x) = inf{N,V;;(z) if |Vi;}.

Then e~ Vi (®) € L™ and is invertible.

t
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Therefore the algebra A generated by e~ tHoFV) together with the ele-
ments of L (R3*¥~3) (considered as multiplication operators) is irreducible.

Moreover e_t(HO"'Zi,j vis is positivity preserving (use Trotter-Kato formula
and remark that each factor has this property).

It is easy to verify that E” VZAJ/ converges in L?, when N — o0, to
> Vi,j- Therefore when N — oo Ho + >, . Viv ; converges in the strong
resolvent sense (and therefore in the strong sense for the associated semi-
groups ) to Ho + 2, ; Vi ;.

Since the strong limit in L? preserves positivity and A is weakly closed ,
the proof of theorem 14.3 is complete.

Q

Recall (lemma 14.4) that if T is bounded and doubly markovian on
L?(X, du) with u finite measure, then T is a contraction on all LP, 1 < p < oo.

We now introduce a stronger condition on 7', namely we require that T
be a contraction from LP to L? where p and ¢ are positive constants , with
p<q.

Recall that , since the measure has finite total weight, one has always
[I.1lg = II.llp if p < ¢ and the inequality is strict unless the measure is carried
by a finite number of points.

14.4 Hypercontractivity

Definition 14.5
Let (X, u) a measure with finite total weight. A bounded operator T is
said to hypercontrative if there exist ¢ > 2 such that T be a contraction from
L? to L7 (ie. Vf € L? |Tfly <|f|2)
¢

The importance of this notion is given by following theorem

Theorem 14.4 (Gross) [1]

Let H > 0 be the generator of a positivity preserving semigroup and Suppose

that there exist to > 0 such that e~"H is hypercontractive between L* and L*.
Then

1) inf o(H) = E is an eigenvalue

2) The eigenvalue E is simple

3) The corresponding eigenfunction can be chosen positive.

¢

Proof

It follows from theorem 14.3 that it suffices to to prove point 1) since the
2) and 3) follow. Consider a finite partition a = {S1,..Sy} of X, i.e. a finite
collection of measurable sets such that
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Denote by &£(Sk) the indicator function of Sy and call P, the operator
1
(Puf)(@) = Y ——€(S0a) [ Fntin) (14.11)

Then one easily verifies that
1) P, < Pz if the partition § is finer that o and P,, converges strongly to
the identity when the partition is refined indefinitely
2) P, is positivity preserving
3) P, is a contraction on every LP as one sees by interpolation: by construction
|Pofloo < |floo and P, contracts in L' because it is symmetric and Pyt = ¢.

Set A =e %" and A, = P,AP,. From properties 1),2),3) one derives (
the notation lim,_. ., indicates the limit when the partition if refined indefi-
nitely)

a) s — limg—ooAa = A
b) ||AH = limaﬁooHAozH
c) for every ¢ € L? there exists an integer K such that [A,¢[s < K ||A]|a]0|2

Property c¢) follows from a) e b) and the assumptions we have made on
e tH TFor every finite partition we can identify the operator A with a N x N
matrix that preserves positivity. From the Perron-Frobenius theorem follows
the existence of ¢, € P,H such that

Aa(yba = ||A‘|a¢o¢ (1412)

Normalizing this vector with |¢|e = 1 it follows from c¢) |¢o |4 < K. Holder
inequality gives

L 2 1
(ala < [6al¥loal]  10ah = [ Ioul@lane) > 55 (1433)

The unit ball in in L?(X,du) is compact for the weak topology, and we
can extract a sequence ¢, with a,, < an41 that converges weakly to ¢ and
it follows

(ol = /X Gadyt — /X o(@)dp = |6 (14.14)

Notice that ||¢||; > 7 and therefore ¢ # 0. On the other hand, a) and
b) imply for every element 1 € L?(X, dpu)

(¢, Ad) = (A, ¢) = limg(A, ¢) = limg||Al|s(4), Pp) = I\All(w,éb) |
14.15
Since this relation holds for every 1 one derives A¢ = || A4]|¢.
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Remark that if the measure space has total measure p(X) > 1 and
|Agl, < M|pls, M >0 (14.16)

an analysis similar to that presented above [1] proves that if || A]| is an eigen-
value of T its multiplicity m is bounded by

m < mo = <”AT4”>5—“2M<X> (14.17)

The proof makes use of the fact that for every solution of Ap = ||A||¢ one

has
(¢,0) > (”ATTH)Q% (14.18)

From this one derives that the number of orthogonal solutions cannot be
greater than mg.

&

We study now conditions on the operators A and B under which if A
has the properties we are considering (preserve or improve positivity, being
doubly Markov, be hypercontrative...) also the operator A 4+ B has the same
property.

We are particularly interested to the case A = —A and B is a multiplica-
tion operator by a function V(). .

Theorem 14.5
Let H = L?(R%, 1), Hy > 0 where p is absolutely continuous with respect
to Lebesque measure, and assume (Ho + N\)™1 is positivity preserving for all
A > 0. Let U(z), —Wi(x) be real positive functions. Denote by Q(H) the
form-domain of the operator H.

Let Q(Ho)NQ(U) be dense in H and let W be small with respect to Hy in
the quadratic-form sense. Define

H=Hy+U+W (14.19)

as quadratic forms. Let \g be the infimum of the spectrum of Hy + W. Then
for X > Ao the operator (H — X\ I)~1 is positivity preserving.

¢
Proof
Denote by nr the indicator function of the set F. Set
Ur(@) = o<k (@)U(z),  Wh=nw)<n(@)W(2) (14.20)
Consider
Hpp=Hy+ Ui +W, (14.21)

Since U and W}, are bounded the series



336 14 Lecture 14Positivity preserving maps. Markov semigropus. Contractive Dirichlet forms

(Hen+A1)" = (Ho+ A1) i[(Uk + Vi) (Ho +XD)7H™  (14.22)

n=0

is absolutely convergent for A sufficiently large and each term in the series
preserves positivity. But if Hy + W > —b I for each value of the parameter h
one has Hy + W3, > —b I. It follows that Hj, j + b is invertible and

(Hn +0 D)7 = (Hog + A DT I+ Y (A= b)(Hup +0 1)~ (14.23)

The series converges uniformly and each term preserves positivity . There-
fore (Hp . +b I)~! preserves positivity for b > \g with Ao the infimum of the
spectrum of H + W.

Since the cone of positive functions is weakly closed, to pass to the limit
h, k — oo it is enough to prove that H}, ; converges to H in strong resolvent
sense.

This has been proved, under the assumptions of theorem 14.5, in Book I
(convergence of operators).

Q

Remark that the (open) cone of strictly positive functions is not closed
under weak convergence. Therefore even if each of the resolvent of each of the
Hj, ;. improves positivity this needs not be true for H.

Recall also that in the Feynman-Kac formula for the proof of the self-
adjointness of Hy + V an important role is played by the requirement that
Q(Ho) N Q(V) be dense in H.

Theorem 14.6
Let H = L?(X,dn) Ho >0 Hppg = 0, ¢o € H and let ¢ be strictly
positive. Assume that (Ho + X\ I)™! be positivity preserving for each A > 0.
Let V(z) > 0, (¢0,Vo) < +oo. Then D(Hy) N D(Vy) is dense in H and
therefore Q(Ho) N Q(Vo) in dense in H.

¢

Proof
Define L = {f : £f < t¢o} for some t > 0. Notice that from ¢o(x) >
0 Vz it follows that L;‘; is dense in ‘H and also that

(Ho+AI)"' Ly C LP19.13 (14.24)

Indeed (Ho + A I)"'f < t(Ho+ A I)"tgy = §¢0. By assumption V €
L'(X, ¢3(x))dz) and therefore L C Q(V). Therefore

(Ho+ A I)"'Lg € D(Ho) NQ(V)19.14 (14.25)

Since Lg is dense in H we conclude that (Ho + A I)’lLZ‘(’) is dense in
(H() + A I)_lH = D(HQ)
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&

As a consequence of theorem 14.5 and of the theorems we have proved
for quadratic forms we know that H + V is self-adjoint. We prove now that
D(Hy) N D(V) is a core for it.

Theorem 14.7
Let Hy >0, ¢o € L?, ¢o(x) > 0 and suppose that (Hy + X\ 1)~ is positivity
preserving. Let V € L*(X,¢¢dx). Then Ho +V is essentially self-adjoint on
D(Hp) N D(V).

¢

Proof

We must show that D(Hp) N D(V) is dense in D(H) in the graph topology.
We know that if X is sufficiently large (H — X\ I)~! preserves positivity and
leaves LgY invariant. Set K = (H — A I)~' L. Then

K C D(H)NLE = D(H) N D(V) (14.26)

If g € H, Hog € H it follows g € D(H) and therefore K C D(Hp) N D(V).
But LY is dense in H and therefore L3 is dense in (H — X I)~"H. The closure
of (H— X\ I)"'H in the graph topology of H coincides with D(H); therefore
K is dense in D(H) in the graph topology of H.

Notice that X C D(Hp) N D(V) and therefore also this set is dense H in

the same topology.
v

JFrom theorem 14.1 we know that for a bounded positivity preserving
operator the smallest eigenvalue is simple if the operator is ergodic.

14.5 Uniqueness of the ground state

In the ergodic theory for classical ergodic systems it is known that ergodicity is
equivalent to indecomposability (metric transitivity) . An analogous definition
can be introduced for operators on L?(X,du); this definition coincides with
the classical one if the operators are obtained by duality from maps X — X.

We give here the definition in the operator case, prove that indecompos-
ability implies uniqueness of the ground state and we give two conditions
on V under which if Hy satisfies indecomposability also H + V satisfies this
property.

Definition 14.6 (indecomposable)
The bounded and closed operator T on L%(X,du) is indecomposable if
it does not commute with the projection on L*(Y,du) where Y C X is a
measurable proper subset with p(Y) # 0.
¢
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Theorem 14.8

Let T be an operator on L*(X, du) bounded self-adjoint and positivity preserv-
ing. Let ||T|| be an eigenvalue. T is indecomposable iff the eigenvalue ||T|| is
simple and the corresponding eigenfunction can be chosen positive.

¢

Proof
Assume Tu = ||T||u, u € L*(X,du). We can take u real because T
preserves reality. Then

ITlfuf* = (u, Tu) < (Jul, Tlul) = |ul = u (14.27)

therefore Tu, = %||T|ju If f > 0, f € L*(X,du) one has (T'f,uy) =
IT||(f,ux) Since T is indecomposable either u_ = 0 or u4 = 0. This implies
uniqueness.

Conversely, assume that |T|| is a simple eigenvalue with eigenfunction
u > 0 and that there exists a measurable set Y, such that the the orthogonal
projection Py onto Y commutes with 7.

Therefore Pyu = u. But this is only possible if (YY) =0or p(X —-Y) =
0.

Q@

In the case of unbounded self-adjoint operators the definition of irreducibil-
ity requires more attention.

Definition 14.7

Let A be self-adjoint unbounded on L?(x,du). A is indecomposable if one
cannot find a measurable subset ¥ of X with 0 < p(Y) < p(X) such that
f € D(A) implies Py f € D(A), PyA— APy =0 on D(A).

If A is bounded below the condition is equivalent to (A + A I)~! be inde-
composable (in the sense of the previous definition) for A sufficiently large.

¢

We consider now conditions under which if Hy is indecomposable so is
Hy + V. If Hy + V is bounded below, this implies that if Hy has a unique
ground state, also Hy + V has this property.

Theorem 14.9

Let H = L?(X, u), and Hy positive. Let U and —W measurable positive func-
tions on X. Let Q(U) N Q(Hyp) be dense in H and let W be form-small with
respect to Hy. Define H = Hy+U + W as sum of quadratic forms and denote
by Hy the self-adjoint operator associated to the closed positive quadratic form
obtained by closing the quadratic form of Hy restricted to Q(Hy) N Q(W). If
Hyis indecomposable so is also H.

¢

Remark that if U satisfies (¢, U¢o) < +00, and Q(Ho) N Q(U) is dense
in Q(Hyp), then Hy = Hy and H is indecomposable.
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Proof of Theorem 14.9
It is easy to verify that P(Y) commutes with H iff g € Q(H) implies

P(Y)geQH), (ffHP(Y)g) —(P(Y)f,Hg)=0 Vf, g € Q(H) (14.28)
In particular if H > 0 one has

P(Y)Hy=HP(Y)), ¢€DH)=PY)VH¢=vHPY)p, ¢ DVH)

(14.29)

Assume that P(Y') commutes with H. Since P(Y') commutes with U and
W, if Q(H) is dense in Q(Hp) it follows from (29) that

(f, Ho P(Y)g) = (P(Y)f, Ho)g) V[, g€ Q(Ho) (14.30)

and therefore either (YY) = 0 or u(X—Y") = 0, since by assumption H is inde-
composable.If Q(H) is not dense in Q(Hy) notice that (P(Y)g, HyP(Y)g) =
(9,Hog) if g € Q(H). Therefore the map g — P(Y)g is continuous in the
topology of Q(Hy).

It follows that g € Q(Hy) = P(Y)g € Q(Hy) and that g — P(Y)g is
continuous in the topology of Hy. Therefore (30 ) holds also for Hy and P(Y')
commutes H'O.

Q

It is important to have criteria which guarantee that a given self-adjoint
operator be the generator of a positivity preserving semigroup. Of particular
interest are criteria that refer only to the quadratic form associated to the
operator. The basic results are due to Beurling and Deny [2]

Theorem 14.10 (Beurling- Deny I)

Let H >0 su L?(X,dp) and define (1, H) = +o00 if ¢ ¢ D(H). The follow-
ing statements are equivalent

a) et is positivity preserving for each t > 0

b) (lul, Hu|) < (u, Hu) Yu € L*(X,du)

c) et preserves reality for all t > 0 and

(uy, Huy) < (u, Hu)Vu € L*(X,dp) (uy(z) = maz{u(z),0})

(g, Huy) + (u—, Huy) < (u, Hu) v =1uy —u_ (14.31)

&

Remark that the thesis of the theorem have a simpler form if expressed
in terms of the corresponding quadratic forms. Denote by &g the quadratic
form associated to the operator H and with Q(&p) its form domain.

In what follows we omit the suffix H. With these notations conditions b),
¢), d) become

b)
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u€ Q€)= |ul € Q) E(lul,|ul) < E(u,u) (14.32)
c’)
ueQE)=ur €QE), E(up,uy) <E(uwu) (14.33)
d’)
u€ Q)= ug, u— €Q(€), E(utp,uq)+Eu—_,u_) <E(uwu) (14.34)

&

Proof of theorem 14.10

In the applications we shall see that the interesting part of the theorem is
a) & b).

This the only part which we shall prove. The proof of the other implications
is similar.

Proof
a) = b)
One has 1
(u, Hu) = limt_,oog(u, (I — e ) (14.35)
(e ) = |~ uf2 < | $Hu||2 = (Jul, e~ |u) (14.36)
Therefore
(u, (I — e Myu) > ([ul, (I — e*)]ul) (14.37)

Passing to the limit ¢ — oo b) follow. One may notice that the result is
obtained in the form 2’ because (37) holds for u € L?(X,du) and the limit in
(31) exists esists for u € Q(€) and equals & (u, u).

b) = a)

Let w > 0, A > 0. Define

w=(H+NI)""! (14.38)

We want to prove w > 0. This shows the the resolvent is positivity pre-
serving and then the semigroup has the same property. Set

E(u,u) = (¢, HP) + A9, 9) (14.39)
Performing the calculations one obtains
E@+ 1,0 +¢) =E(¢,0) +E(h,¥) +2 Re((H + N),v) (14.40)
If Re(V) >0
E(w+v,w+v)=E(w,w)+ E(v,v) + Re(u,v) > E(w,w) + E(v,v) (14.41)

One may notice the analogy with the inequality which characterizes dis-
sipative operators. If one has equality in (36) then v = 0 because u > 0. Set
v =w —w. Then
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E(Jwl, w]) = E(w,w) + E(Jw| — w, |w| —w) (14.42)

and identity holds if v = 0. From (38) one derives v = 0 since by assumption
E(|wl, [w]) < E(w, w).
Y%

14.6 Contractions

Theorem 14.11
Let H > 0 be a self-adjoint operator on L?(X.u) generator of a positivity
Preserving Semigroup.

Define (f A1) (z) = inf{f(x),1}. The following statements are equivalent
to each other
a) For all t > 0 the operator e~ is a contraction on LP, 1 < p < oo
b) For all t > 0 the operator "' is a contraction on L™
¢) For all f one has (fAN1L,H fAL)<(f,Hf) (.
d) If F is such that |F(z]) < |z| and |F(z) — F(y)| < |x —y| Vz,y € R, then
(F(f), HF(f)) < (f,Hf) Vfe L2 ,

Remark that we have use the term defines a contraction because initially
the operator e * is defined on L?(X, ). One obtains the extension to LP,
p # 2 by first restricting the operator to L2 N LP and extending the result to
all LP ( e ' is by assumption bounded with bound one on L? N L? in the
topology of linear operators LP).

Also in this theorem the best formulation is by means of quadratic forms.
For example, points ¢) and d) become

c’)

feQé)=rfn1€Q(), E(fAL)fFAL) <EfS) (14.43)
d’)
F@)| < Jal, |F(@) - Fy)| < |o -yl = f € QE) — F(f) € QE) (14.44)

and E(F(f),F(f)) < E(f,f). Notice that F is a contraction with Lipshitz
norm < 1. Therefore d’) is the requirement that © — F(f(x)) leave invariant
the form domain and operate as a contraction.

Proof of theorem 14.11

The implication d) — ¢), b) — a), ¢) — b) are easy to prove. We now
prove ¢) — b), a) — d).
c) —d)

Let u € L?, 0<u(z) <1 Vax. Define for v € Q(€)

P(v) = (v, Hv) + |[u —v||* = (v, (H + I)v) + |[ul|* — 2Re (u,v)  (14.45)



342 14 Lecture 14Positivity preserving maps. Markov semigropus. Contractive Dirichlet forms

and set Ry = (H + I)~!. Then ¥(Ryu) = ||u||* — (u, Riu) and

((Riu—v),(H4+I)(Riu—v)H(Riu—v)) = (u, Ryu)+ (v, (H—1I)v)—2Re (u,v)
(14.46)
Therefore
P(v) =9Gu) + (Riu =), (H + I)(Riu — v)H(Riu —v))
= (u, Ryu) + (v, (H — I)v) — 2Re (u,v) (14.47)
It follows that ¢ (v) reaches the maximum value only in v = Rju. Since
u < 1 one has
u(e) = sup(v(z), )| < [(u(z) —v(z)] (14.48)
Therefore ¥ ((R1 A1) < ¢(Ry u). Since Ryu is a minimum point (RyAl) =
R; and therefore Ryu < 1, It follows that R; is a contraction in L™ (X, du).
In the same way one proves that R, is a contraction in L>°(X,du) and hence
e = limy, oo (I + )" is a contraction in L>(X, dpu).
a) — d)
It suffices to prove that under the hypotheses made of F'

(F(f),(I = e "™MF(f)) < (fre™™F) (14.49)

(From (45) one obtains d) dividing by ¢ and passing to the limit ¢ — 0.
Consider a partition o of X in measurable disjoint sets Si,..Sn(qa). Let I,
be the projection operator on the space of functions that are constant in each
set.These functions are often called simple .

By density it suffices to prove that for any finite partition

(F(Iof),(I — e "F(Ilaf)) < (Haf, e o f) (14.50)

If £ is the indicator function of the set Sand by, = (s,, (I — e )Eg,)
we must prove

ZF’(ah)F(ak)bh,k < de ap bh,k (1451)
h,k

under the assumption |F(a)| < a, |F(a)— F(8)| < |a—f]. Set

e = (€0 &8))s bk = Menk — ang ang = (€s, e Hég,) (14.52)
One has ), apr < Ay and therefore

> zn zbnk =Y anklan — 2P+ Y melzl’, mp ==Y ank >0

h<k k h
(14.53)
Define z; = F(ay); one has

ZF(ah) F(og)bnx = Z an | F(an) — Fog)* + ka|F(Oék)|2
k

h<k

<Y angloan —al? + Y milag* = an axbag (14.54)
h<k & hk

Q
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14.7 Positive distributions

A further characterization is based on the following Lemma [2].

Lemma 14.3 (Levy-Kintchine )

Let F(z) be a complex-valued function on R?, Re F(x) > —c. Define
e V) = Fe~F@) (F is Fourier tranform). The following statements are
equivalent
a) The operator e~ ¥(?V) is positivity preserving
b) Vt >0, e () is a positive distribution (in Bochner’s sense).

F(z)=F(-x), Y Fl(z—2)%2 <0, Vz;€R', 2€C™ Y 2 =0
1

(14.55)
¢
Proof
b) — a)
Set G(z) = e *(®) and denote by * convolution. One has
(F.G(=iV)g) = (2m) % (G * (g * [))(0) (14.56)

Therefore if G is a positive measure then (f, G(—iV)g) > 0.
a) — b)

Assume G(—iV) preserves positivity. Set g,(x) = f(z +y). Taking Fourier
transforms

@m) "2 (G * (f+ ) (y) = 20)"E (G (g, * f))o = (f,G(~iV)g) = 0 (14.57)

Since Re F(z) > —C one has G(z) < e/ Vz. Therefore G(x)is a tempered
distribution and so is G.

Definining f(z) = j.(z) where j. is an approximated § and passing to the
limit € — 0 one has §(k)G(k) — G(k) uniformly over compact sets. It follows
that G(k) is a positive measure.

b) < ¢)

Denote by A the matrix with elements a; ; and with M(t) the matrix
with elements @i, We must prove that M (t) is positive definte iff is positive
definite the restriction of A to the subspace >, & = 0 = (¢,€) (¢ is the vector
with all components equal to one).

The condition is necessary: from M(0); ; = 1 follows (&, M(0)§) = 0 if
(¢,1) = 0. Since (&, M (t)€) >0 ¥Vt > 0 one has

(6 4€) = (6 M(HE) = > 0 (14.58)

The condition is sufficient : denote by I — P the orthogonal projection on 1.
By assumption PAP > C I. One has
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A=PAP+ (Ip)A(Ip)+ PA(I — P)+ (I — P)AP (14.59)

and a;; = a;; + b; + b; where A is positive definite. Hence M(t),; =
e'%i M (t); jet’ i.e. the matrix M is obtained from the positive matrix M
through a linear transformation with positive coefficients and is therefore pos-
itive.

Q

A generalization of the theorem II of Beurling-Deny has been given by
M.Fukushima. It provides a one-to -one correspondence between positivity
preserving semigroups and Dirichlet forms having spacial properties.

Theorem 14.15 Fukushima [2]
In theorem II of Beurling-Deny, the semigroup improves positivity iff the
corresponding Dirichlet form is strictly contractive i.e.

[f1Ze>0, E(fLIf) =B, f) = f =alfl (14.60)

&

For a proof of this theorem and for a detailed description of the relation
between quadratic forms and Markov processes on can see [2] .

Notice that if T is a d-dimensional torus and H is the laplacian defined
on T with periodic boundary conditions, if f € L?(T) for any ¢t > 0 one has
el f € C°(T). In fact

d

FEH =33 e funs (14.61)

k=1ngeN

and the series is uniformly convergent for every ¢ > 0. The same holds true if
X is a compact Riemann manifold and H is the Laplace-Beltrami operator.
In the case of non-compact manifolds and for a general probability space
the improvement in regularity is of different nature and is a generalization of
the hyper-contractivity bound we have mentioned in this Lecture.
Let p a probability measure on X. The following inclusions hold

LP(X.p) € LX), 1<p<q<oc (14.62)

and the inclusions are strict unless the measure p is supported by a finite
number of points. Define

le™  llg—p = suplle™ fll,, feLINLP |flly <1 (14.63)

The relation (57) means |le~*|,—, <1 ¢ > p. The regularization prop-
erty we want to discuss considers the case ¢ < p.
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Definition 14. 7
The semigroup e~ " is said to be (g, p,to) hyper-contractive, with ¢ < p,
if there is g > 0 such that

tH

||€7tOHHq—>p <1, ¢g<p (14.64)
%

Remark that if (60) holds for ¢t = ¢y it also holds for ¢ > to. The (g, p,to)
hyper-contractivity property holds for singular perturbations of the Laplace-
Beltrami (which have no L? — L regularization property. )

It also holds and also in some cases of infinite-dimensional spaces, e.g R™
if one makes use of Gauss measure in some models of Quantized Field Theory
and of the Dobrushin-Ruelle measure (generalization of Gibbs measure) and
in models of Statistical Mechanics for infinite particles systems. If zero is a
simple eigenvalue of H > 0, inequality (60) implies that it is isolated.

14.8 References for Lecture 14

[1] (L.Gross, Journ. Functl. Analysis 10, (1972) 52-109)

[2] M.Fukushima, Dirichlet forms and Markov Processes North-Holland
1980.
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Lecture 15
Hypercontractivity. Logarithmic Sobolev
inequalities. Harmonic group

We ended the previous lecture with an analysis of conditions under which the
semigroup e *¥ has suitable regularizing properties.

In this Lecture we exploit these results. For example if T" is a d-dimensional
torus and H is the laplacian defined on T with periodic boundary conditions,
if f € L2(T) for any ¢ > 0 one has e f € C°°(T) as one proves noticing that
upon taking Fourier transform on has

d
FEH =33 e (15.1)

k=1ngeN

and the series is uniformly convergent for every ¢ > 0. The same hold true if the
manifold is smooth manifold and H is minus the Laplace-Beltrami operator.

In the case of non-compact manifolds and for a general probability space
the improvement in regularity is of different nature and is a generalization of
the hyper-contractivity property.

For a probability measure on a Banach space X one has LP(X,pu) C
Li1(X,p), 1<p<q<ooand the inclusions are strict unless the measure p
is supported by a finite number of points. Define

le™ llg—p = suplle™  fllp, fELINLF |Iflly <1 (15.2)
Therefore |[e ™ |,_, <1 ¢>p.

Definition 15.1
The semigroup e~ ™ is said to be (q, p, to)-hyper-contractive, with q < p,
if there is tg > 0 such that

||67t0HHq—>p <1, ¢g<p (15.3)
%

Remark that if (3) holds for ¢ = ¢, it also holds for ¢ > ty. The (q,p,to)
hyper-contractivity property holds for singular perturbations of the Laplace-
Beltrami operator which have no L? — L regularization property.

tH
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It also holds and also in some cases of infinite-dimensional spaces, e.g R>
if one makes use of Gauss measure.

This property is used in some models of Quantized Field Theory and in
models of Statistical Mechanics for infinite particles systems ( Dobrushin-
Ruelle measure, a generalization of Gibbs measure).

We shall show that if zero is a simple eigenvalue of H > 0, inequality (3)
implies that it is isolated. It is therefore interesting to give a characterization
of the generators of the semigroups are hyper-contractive.

15.1 Logarithmic Sobolev inequalities

Definition 15.2

Let (X, u) be a probability space, and let £(f) be a non-negative closed
quadratic form densely defined on L?(X,du). We will say that £ determines
(or satisfies ) alogarithmic Sobolev inequality (in short L.S. ) if there exists
a positive constant K such that

zﬂ[quﬂwﬁﬁﬁdmmqux VICQE)NLY [0 (154)

&

The greatest constant K for which the inequality is satisfied will be called
logarithmic Sobolev constant relative to the triple &£, u, X). We remark that
by construction both terms in (3) are homogeneous of order two for the map
f— Af A& RT. Therefore (3) can be written

K\/X |(f (@)Plog|f()|dp(x) < E(F),  [Ifll2=1 (15.5)

We will show that (3) provides a necessary and sufficient condition that
the Friedrichs extension associated to the quadratic form £ be the generator
of a hyper-contractive semigroup. Before proving this, let us compare in the
case X = R? d < oo and pu = Lebesgue measure, inequality (3) with the
classic Sobolev inequalities i.e.

110 < Coal ¥ o Z=3 =G0 1<p<qstoo (159
where C), 4 are suitable positive constants. The inequalities (3) are established
first for f € C§°(RY), and remain valid by density and continuity for functions
such that the right-hand side is defined. We shall denote these inequalities with
Sap (S for Sobolev).

Comparing (3) with (5) one sees that Sy, contains more information than
S.L. on the possible local singularity of f.
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However these information becomes less relevant when d increases and
lose interest in the limit d — oo. In this limit the L.S. inequality give useful
information

For the behavior of the functions at infinity (if X is not compact) , notice
that inequalities Sy, are valid only for those functions that are contained in
the closure of the C§° in the norm ||V f]|,.

This set does not contain all function which have finite L, norm. In the
case X is not compact the comparison should be rather with the coercive
Sobolev inequalities
1 1

1
-—=—-——-, 1<p< > 15.7
<" d (15.7)

1fllg < collV £l + pll £l

for suitable constants c,, b, > 0. In (7) the symbol | f||, means

12 = /X (@) Pdu(z) (15.8)

where p is a measure continuous with respect to Lebesgue measure.

For completeness we remark that in R? (or on a non-compact manifold of
dimension d) inequalities (3) with b, > 0 imply L.S. .

To see this, e.g.in case p = 2, choose f positive and set dv = f2du. Jensen’s

inequality gives
2
log / F12dy == 1
—9 q—

(in the last inequality we have used @ > 1 — log a < av — 1.
These inequalities imply that if f is positive there are constants ¢ > 0, b >
1 such that

/f2log”f”2 /|Vf| dp+ (b— 1 /|f\ dp  (15.10)

If X is not compact, it is not possible to derive L.S. from the Sobolev
inequalities because L.S. require more stringent conditions to the behavior of
the function at large distances.

However L.S. can be derived from Sy if one requires that the function
satisfies the following Poincaré inequality.

2 _ q
—— [ logf*%dv < l 2 < —=—(IIfl2-1
25 [roarr i < - stogll /12 < 5 (1712-1)

(15.9)

aallf =BG < [ 94Pauto) = £(7.1) (15.11)
where we have denoted with £ the energy form, oy is a suitable constant and
= [ fadua), 1 e (15.12)

Notice that Schwartz inequality implies that £(f) is well defined since
f € C®(RY) NL2(RY, dp).
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Roughly speaking, if a function satisfies Poincaré inequality, then its norm
|| f]l2 is controlled by its mean value and the L? norm of its gradient.

JFrom the Poincaré inequality one derives that, if the mean of f is zero,
then aq||f||3 < &(f, f) and therefore the logarithmic Sobolev inequality is
implied, for d < oo, by the Sobolev inequality Sg 2.

One should note, however, that ag in (11) is such that limg_.aq = 0. If
E(f) # 0 set ~

f=f-E() (15.13)

If 11 is a finite measure one has f= 7(f), where 7 is the orthogonal projection
in L?(X,du) on the constant function. Explicit computation shows

2 ~ 2
[ rea( 2 yante) < [ 17 Rrog L o) +2 [ 1)t
(15.14)

and therefore there exists a constant K, for which
Ko [ P@ogihat) <) w7 =cat M2 s

Suppose now that on L%(X, du) acts a semigroup T} has the contractive and
Markov properties and that its generator is the Friedrichs extension associated
to the positive quadratic form &

limt—rot_l(th_f) = g(f? f) = _(fv Lf) (1516)

The function ¢ identically equal to one is a simple eigenvector L and the
corresponding eigenvalue is zero. If it is isolated

SpLC{0}U[a,00, a>0 (15.17)
and from spectral theory

| f = E(N)I> < E(f, f) (15.18)

We shall see that the L.S. inequality (15) implies (18) (with 2K < «).

15.2 Relation with the entropy. Spectral properties

The presence of a logarithm in L.S. suggests a relation between L.S. and the
entropy.

Recall that the relative (von Neumann) entropy of a probability measures
@ on X relative to another measure v is denoted H(u|v) and is defined as
follows
1) if p is not absolutely continuous with respect to v, H(ulv) = oo
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2) If p is absolutely continuous with respect to v with Radon-Nikodym deriva-
tive f, then

) = [ ful@)logfu(@yiv(z) (15.19)

It is easy to verify the reflexive property
H(ulv) = H(vln) (15.20)

and that H(u|v) =0 iff p = v. For the Radon-Nikodym derivative of f,, of u
with respect to v one has [ f(z),dv(z) = 1.
Making use of Schwarz inequality and of the inequalities

3y—12<@+2y)(ylogy—y+1)  ylogy—y+1>0 Yy>0 (15.21)
one derives
1 1
[l = vllvar = 3 fulx) = Urrw) < 14 =2f)> (fulogfu — fu+ D1, <

<|[4+2fllrw [1fulog fu = fu+ i) = 6H(plv) (15.22)

In the last identity we have used

[fulog fu=FutllLrw) = /[fu(x)logfu(w)—fu(x)ﬂ]dl/(fﬂ) = /fu(x)logfu(x)dV(x)
(15.23)

We study now the relation between the logarithmic Sobolev inequality and
the spectral properties of the Laplace-Beltrami operator on a compact Rie-
mann surface. We shall then generalize to semigroups on probability spaces.

Let X be a compact Riemann surface. Denote by p the Riemann-Lebesgue
measure which satisfies Py = p.P = p.

We have denoted P, the semigroup generated by the Laplace-Beltrami
operator £ defined by (u, Lu) = — [ |Vu|?du, u € D(L). Denote with f;
the Radon-Nikodym derivative of P;v with respect to p.

d(I/Pt)
fi = 15.24
¢ an (15.24)
A straightforward calculation gives
d .
@H(Pt vip)= [ (Lf) (15.25)
b's

(we have integrated by parts and used the relation (Pfv)(g) = v(P:g). Equa-
tions (22) and (25) imply

d N 101
ZH(Piv.p) < —AE(f7, £7) (15.26)
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L1
In these notation the L.S. inequality reads K H(v|u) < E(f2, f2). Equa-
tion (26) implies

d
%H(Pt*l/“/,) < —4K H(P]v|u) (15.27)

and therefore
H(P;vl) < e~ H(v|u) (15.28)

(From (27) one derives

P v — il var < V2H (uv)e 25, t>0 (15.29)

which can be rewritten as

1P.f = ellzr () < V2H (ulp)e !, Vfe Ly, |Ifloy =1 (15.30)

We conclude that the semigroup generated by the Laplace-Beltrami op-
erator converges strongly in L'(u) with exponential speed to the projection
onto the ground state.

If the converence takes place also in the L,% topology, the spectrum of the
operator L is contained in {0} U [2K, +00) and zero is a simple eigenvalue.

Inequalities of the type (26) can hold in more general contexts, and is
useful in the study the case X = R* with a suitable measure.

It is sufficient that one can define a quadratic form

E(u,u) = Z \%Pu(dm) (15.31)

n=1

and that integration by parts (to define (26) be legitimate.

The bilinear form F(u,v) in (31) can be defined for functions on R which
depend only on a finite number of coordinates (cylindrical functions) and are
in the domain of the partial derivative with respect to these coordinates.

Denote by Dy the collection of such functions. It can be shown, under
suitable conditions on p(dz), that the quadratic form defined by (31) on Dy
is closable.

15.3 Estimates of quadratic forms

We have seen that the constant K in the logarithmic Sobolev inequality gives
an estimate from below of the gap between the lowest eigenvalue and the rest
of the spectrum. For this reason the following problem is relevant:

Let p a probability measure on a Riemann on a d-dimensional manifold
X. Consider the quadratic form

£(6,0) = /X Vo du(x) (15.32)
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defined on C§°(X) and closable. Assume that S.L. is satisfied with constant
K

2 ¢($) ?
K / HPLog - dule) < 0.0 (15.33)

for any real-valued function ¢ € D(E)NL2. For any given function U € C>(X)
integrable with respect to v define a new probability measure vy on X by

vy(dz) = Z7 e V@ y(dx) (15.34)

(Z is a normalization factor). Consider now the quadratic form&y
&= [ IVoPdn(0) = 27" [ [VoPe @ nto) (15.35)

Lemma 15.1

If U € C§°(X) the quadratic form Ey (¢, ¢) = [y [Vo(x)[*dvy () satisfies
a logarithmic Sobolev inequality. Moreover and Ky > Ke~2%¢(U) where the
oscillation of U (denoted by osc(U)) is defined as osc(U) = mazgexU(x) —
mingexU(x).

¢

Proof
For any probability measure v on X, for any real valued function ¢ € L?
and for any t € R™ the following holds

¢ ()
61220,

(the term to the left is a convex function of ¢ that reaches its minimum at ¢t =
/2y = lI¢ll,). Integrating with respect to v(z) = ¢(x)?du(z), choosing
t = ||¢||,. and keeping onto account that £ satisfies L.S. one has

)
/¢ H¢>I|y) dv <

[ o@itogotwrav - [ olatoglol, ~ [ otrav+ [ ola <

e—minU(z) 9 log((b(x) e—minU(z) ) €_OSCU 9
< <
7 [ o < [ IVoPdu < [1vePay

1412
(15.37)
Q

0 < ¢*(@)logi—m—— < @(x)?log(¢(x)?) — ¢*(x)log t* — ¢*(x) +1* (15.36)

If a quadratic form @ is defined on H = QH,, by Q = Zﬁlzl Q., and each
@, satisfies L.S. with constant K, then @ satisfies L.S. with constant not
smaller that the minimum of the K. We shall use later this property to prove
that the Gauss-Dirichlet form, defined by
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&= [ IVIPdo() (15.33)

satisfies L.S. Here dug is a Gauss probability measure.

We shall use the fact that the quadratic form Q(f) defined on X = {1} U
{=1} by Q(f) = 2(f(1) — f(—1))? satisfies L.S. With an analogous procedure
one can prove that L.S. inequalities hold for the are verified for the Gauss-
Dirichlet form in R*°.

This property is at the basis of the analysis by E.Nelson of the properties
of the scalar free quantum field and of some interacting ones.

15.4 Spectral properties

We discuss now some spectral properties that are derived form the fact that
the generator of the semigroup satisfies the L.S. inequalities.

Theorem 15.1 (Federbush, Gross, Faris)
If the quadratic form € satisfies L.S. with constant K and V(x) is a real valued
function on X and satisfies |[e™V |2 < oo, then the following holds

FED (V) = logle V113 VT € Q(E) (15.39)

Conversely, if |le=V |2 < oo implies that (39) holds for every f € L?*(X) N
Q(E), then & satisfies L.S. with constant K.
¢

Proof

For the first part of the theorem we consider in detail only the case
le=V| < o and V bounded from above.The general case follows by inter-
polation and continuity.

The integral [, V()| f(2)|*du(z) is well defined. Using the inequality st <
slogs—s+e' s>0, t& R and setting s = t? one has

V1) = 5 [ 1F@PIogl @) = 1@ + 5 [ e aufa)

-2
< Le(r) + 17 1Ptogl £ = 21712 + Ty (15.40)
=K g 2 2 '
Therefore
1 1
ED) + WV ) = 7 Plogf1l+ 3 (1717 — eV ) (15.41)

Since the L.S. inequalities are homogeneous (invariant under f — Af) it
suffices to verify them for || f| = |[e™"]|. But in this case (19.63) coincides
with L.S.
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We prove now the second part. Consider a generic function f € Q(€) N
L?(X,du) and set V(z) = —log|f(x)|. Then ||e~V]| = ||f|| < oo. By assump-
tion (39) holds. Therefore

%E(f)—/le(x)lzloglf(m)du(w) > —||f[*log]lf] (15.42)

Hence L.S. holds for f and f is arbitrary in Q(€) N L?(X,du). Thus &
satisfies the L.S. inequality.
Q

The next theorem states, under some supplementary assumptions, that if
Q satisfies L.S. the lower boundary of the spectrum of the Friedrichs extension
is an isolated simple eigenvalue.

Theorem 15.2 (Rothaus, Simon)

Let u(X) =1 and let E(f), [ real, satisfy L.S. with constant K and moreover
i) E()=0

it) L (X)NQ(E) is a core for €

Then for any real g
gLi—&(9)>Kl|gl3 (15.43)

(we have denoted by v the function identically equal to one). This implies that
there is a gap in the spectrum and gives a lower bound to it.

&
Proof

Denote by £(f,g) the bilinear form obtained from £(f) by polarization.
From E(f,1) < E(f)E(e) it follows E(f,¢) =0 Vf € Q(E) and

E(t+s9) =€), Ilv+sgl=1+5g]* Vg€ Q) (15.44)

Let ¢ € L* and of mean zero. For s sufficiently small we can develop
log(1 + sg(z)) in powers of s; inserting in L.S. one obtains

s29%()
[+ 20000+ 7 s9t) — “L i) < (15.45)
< %52(9) + %(1 + 5%||g||* + O(s%) (15.46)
By assumption [ g(x)dx = 0 and then
Ks?|g|* < s%E(g) + O(s®) (15.47)

Dividing by s* and passing to the limit s — 0 we obtain (42) for all g €
L, (g,1) =0.
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Let now f € Q(E), (f,¢) = 0. From assumption ii) there exists a sequence
{fn}, fn € Q(E)N L> such that

LMool fn — FIl =0 limnooo€(fn — f) =0 (15.48)

Since limp—oo(fn — f,t) = 0 we can substitute f,(x) with f,(z) —
(¢, fn)fn(z) and assume (f,,t) = 0 Vn. Taking the limit we obtain (42)
for all functions f € Q(€), (¢« f)=0.

Q

15.5 Logarithmic Sobolev inequalities and
hypercontractivity

We study next the relation between the logarithmic Sobolev inequality and
and the hyper-contractivity of the semigroup generated by the Friedrichs op-
erator associated to a positive quadratic form.

We shall use the following notation: for p > 1 f, = signf |f|P~! (with the
convention that sign0 = 0).

Definition 15.3 (principal symbol)

Let £2, 1 be a probability space and let p € (1,00). An operator H on
L?(p) is a Sobolev generator of index p if it is the generator of a continuous
contraction semigroup in LP(u) and there exist constants K > 1 and v € R
such that

/UWWVWkWN%MWbSKRMH+wﬁh)fEDW7(54%

The constant K is called principal symbol of H and - is its local norm

¢

Notice that If p = 2 and f > 0 the inequality (47) is the logarithmic
Sobolev inequality

Definition 15.3 (Sobolev generator)

Let 0 < a < b < 0o. The operator is a Sobolev generator in the interval
(a,b) if the exist in this interval functions K (s), ~(s) and a family of strongly
continuous semigroups e~ *#< on L* such that

—tH

e S g<s<r<b (15.50)

Lr =€

and the generator of the semigroup e~*s has principal symbol K (s) and local
norm ().

¢

Using Jensen’s inequality and (46) one can prove
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ICH +5+ M)l = Al (15.51)

and therefore, according to the Hille-Yosida theorem |e~* )|, < 1. In
particular if y(p) = 0 the semigroup e~ contracts in LP.

o

Theorem 15.3
If H is a Sobolev generator in (a,b) then the semigroup generated by H is
hyper-contractive.

¢

Proof
We shall give the proof only in the case

(s = [ Vi) (15.52

where p is absolutely continuous with respect to Lebesgue measure with a
Radon-Nikodym derivative of class C*°.

The theorem holds in greater generality under the condition that H be
self-adjioint on L2(£2,du) where £2, i is a probability space and that e~/ be
positivity preserving and act as a contraction in L (for a proof, see e.g. [1] )

We limit ourselves to the case f € C*° and positive. Derivation of com-
posite functions gives

IV(f(x))]? = §Q(f(x)%—1)2\w(x)|2 (15.53)
and also
V(@) V@) = (p— D)2 (@) |V (15.54)
Therefore )
T (VH VI = VP (15.55)
and, if H satisfies
/ 12 (@)logf(x)du(z) < K(f, 1)+ [ f[2log| ] (15.56)

then, substituting f withj f% one obtains

Kp
[ r@hoss(a)duta) < T HD I legl (1557

The proof in the case f is positive and in the domain of H is obtained by
approximation.

Q

An important relation between Sobolev generators and hyper-contractivity
is given by the following theorem that we quote here without proof.
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Theorem 15.4 [1]

Let H be a Sobolev generator in (a,b) with principal coefficient K(s) and local
norm y(s). If ¢ € (a,b) denote by p(t,q) the solution of

dp
KEp)Z=p  p0)=¢ t20 (15.58)
and set .
E/ v(p ))ds1 (15.59)
0
Yy(t,q) e t,q) are defined if p < ne has then
(v(t.q) e M(t,q) are defined if p(t.q) <b). One has th
le™ g p(t.q) < €M (15.60)
¢

We remark that if the local norm is zero, the semigroup generated by H
is a contraction from Lg toLy,q)-

15.6 An example: Gauss-Dirichlet operator

To exemplify theorem 15.4 we shall now prove the following hyper-contractive
result for the Gauss-Dirichlet form in R?, due to E.Nelson.

The result, with a similar proof, holds in R* and can be used to study the
free relativistic field. It leads to rigorous results for polynomial interactions in
the theory of relativistic quantized field in two space-time dimensions.

Let v be Gauss measure on R¢ with mean 0 and covariance 1. Denote by
N the Gauss-Dirichlet operator associated to the quadratic form

(NS Dy = [ (V1.5 Pavta) (15.61)

Integrating by parts

N~ 0 of
(N, f) :Z + " o ] feD(N) (15.62)

Theorem 15.5 (Nelson)
- -1
Ifl1<gp<oco e < Iz then

HeitNHq—m =1 (15.63)
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¢
Proof [1]

;From (60) and (61) , substituting f > 0 with f% one obtains

P P p—1 P
| ariont@ave) < s (L )+ U togl 1, (1564

We have made use of the fact that L satisfies a logarithmic Sobolev in-
equality with local norm zero and coefficient one.

We will prove this fact later in this Lecture. Therefore for the local norm
of the function f is zero and its principal coefficient is K(p) = ﬁ.

The semigroup e~V is positivity preserving and contracts in LP for all

p € [1,00). We can apply therefore theorem 15.5.
In the present case the solution of (55) is

p(t,q) =1+ (¢g—1)e*, ¢>2, t>0 (15.65)

Moreover v = 0, e ™y =1 Vt, v € LP for all p, and [le™™N ||,y <
1 q>2.
Q

Using the duality between LP and L4, ¢ = p% it is possible to prove the
the thesis of Theorem 15.6 hold for any 1 < ¢ < p < oc.

Nelson theorem proves hyper-contractivity of the heat semigroup in R%. It
is an optimal result as seen in the following lemma.

Lemma 15.2
Let N be the hamiltonian of the harmonic oscillator in d = 1. If p >
1+ e?(q — 1) the operator e *V is unbounded from L9 to LP, t > 0.
¢

Proof
The Kernel of the semigroup e~ is

(™)) = /Rf(e‘t:v VI Ty dy (15.66)

Consider the function fy(z) = e** X € R. It belongs to the domain of N
and )
—2t
(N fu)(@) = eT e fre (15.67)

A straightforward computation gives
2 ot
Ie™™ f)llp = ex e D= g (15.68)

This quantity is not bounded above as function of A € Rif p—1 > e?!(qg—1).
Q
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Theorem 15.6

Let Ty be an hyper-contracting semigroup on L*(X, u) such that Ty : L —
L. Then for all 1 < ¢ < p < oo there exists a positive a Cq, and time
tqp > 0 such that

| Tl < Copllully, — £2tg, VueLi(X,p)  (15.69)

¢

Proof

Since Ty, : L*(X,u) — LPo(X, ) and Ty, : L> — L* the interpolation
theorem of Riesz-Thorin provides a constant C' such that for every r > 2
[Tt ull» < Clull 2o holds.

Consider two cases:
a) If ¢ > 2 choose n large enough in order t satisfy 2(% )™ > p. Then

||Tm0u||2(,;)02 < C™||ul|2 Since T} is a contraction in every LP, 1 < p < 0o
2

[ Teoully o2 < C*[lullz < C™lullg (15.70)

b) if ¢ < 2 choose n large enough so that

2(%)" >p>q¢>Ca  a '+ (2(%”))—1 ~1 (15.71)

Since T, is a bounded map from L? to L208)", by duality Ty, is a
bounded map from LE toL?.
We have assumed that T coincides with its adjoint and therefore T, is
bounded from LC* to L2(3)".
The thesis of the theorem follows then from the remark that , by construc-
tion, C' < g <p <2(8)".
Y%

15.7 Other examples

Example 1
The harmonic oscillator is hyper-contractive
We shall now give an alternative proof that the harmonic oscillator semi-
group is hyper-contractive. Recall that in L?(R, %e’ﬁdx, the operator of the
harmonic oscillator is
1 d? d
2 dx? te dz
The operator Hy is essentially self-adjoint on the finite linear combinations
of Hermite polynomials P, and HyP, = nP,. Using this information one can

Hoy = (15.72)
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see that T, = e *Ho acts as contraction semigroup on LP for all p > 1. For
each T the semigroup e *Ho preserves positivity.

It is a contraction from L to L and also on L' since e *fo, = ;. By
interpolation it contracts on every LP, 1 < p < oo). We show that there exist
to > 0 such that

e tHoul|y < Cllulls v € L*(R, pg), t>to (15.73)
Setting x = %(a +a*), [a,a*] =1 one has

1 ]. n
Palw) = (@) By = —=2% s (@) s Ry (15.74)

where : .. : is Wick ordering of a polynomial in a, a* ( obtained placing the
a® to the right of the a*)

Ei’;;);)% <qm (15.75)

12" P ()]l L2(R,dpe < 2"(
1
It is easy to verify that ||2™||14(r,aue) = ||m"PnHi2(R dr)- Setting
¢ = anz" € L*(R,dpc) N S(R) (15.76)

one has
‘|€7tHO Z ant"||p2 < Z |an|67tn”pn(1’)HL4(R,duc)

1 —2tn 4n 1

<Q_lanl)* Qe 4") 5 < ClldllLamue) (15.77)

for t > %log 4
@

Example 2
Let
1

X={L-1} w({}=p{-1}=3 (15.78)

If f: X — R define Vf = Z[f(1) — f(—1)]. Define the quadratic form
QN = [ IVIP@dn) = 0 - F-DP 5)
X

Lemma 15.3
@ satisfies a logarithmic Sobolev inequality with constant one.

¢

Proof
Since Q(|f]) < Q(f) it suffices to consider the case f > 0. Any function on
X has the form f(z) = a + bz and the condition f > 0 gives a >0, |b] < 1.
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Due to homogeneity it suffices to take a = 1 and by symmetry it suffices
to consider 0 < b < 1.
Set fo(x) = 1+sz, 0<s<1. Onehas ||fs]|? = 1+s2. Define the function

( entropy)
Hi(s) Z/fslogfsdu—/IIsz%ongstu (15.80)

Explicit calculation shows
1 1
H(s) = 5(1+s)210g(1 +5) 4 (1—5)%log(1 —5)] — 5(1—1—52)109(1 +5%) (15.81)

JFrom the definition of @ one has Q(fs) = s2. Therefore to verify the L.S.
inequality it suffices to prove H(s) < s?, 0<s<1.

Since H(0) = 0 it suffices to prove H'(s) < 2s and since H'(0) = 0 it
suffices to prove that H”(s) < 2. One easily computes

1—s2 252

T 15.82
1452 1452 (15.82)

H"(s) =2+ log
and the L.S. is satisfied since for 0 < s < 1 the second and third terms are
non positive.

Q

Example 3
The Gauss-Dirichlet quadratic form is

e(t.h= [ IViPda(o) (15.53

The gradient is meant in distributional sense and pg is Gauss measure
with mean zero an covariance one R%.
We must prove that if f € Q(£)N LZ then

[ 1P loglr@)auta) ~ I Poglf1 < [ 95 Pdute) (158
R4 R4

Because of the additivity theorem it suffices to give the proof for d = 1.
Identify, as measure space, R with Gauss measure with the direct product
of denumerable copies of the measure space used in Example 2, and use the
additivity property.
We have previously employed this procedure to give a representation of
Brownian motion as measure on the space of continuous trajectories. Set
Qi =7\ X5, e =1y (15.85)

where X, u; are identical copies of X, 1. The additivity theorem gives

i F(@)?log|f (@)ldpx () < Exc (f) + 1/l logl fll e (15.86)
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where

) =% [ @1 au( @)

1
= i[f(ml,x—lxj,h1,wj+1..xK) — flz, 2 —2,25_1,—1,2j41..0x) (15.87)

Set y = \/%(xl + ...+ 2x) and evaluate (85 ) on a function ¢(y) € C§°.

The Central Limit Theorem, applied to the sum of gaussian random vari-
ables identically distributed with mean zero and variance one, states that the
left hand side of inequality (85) converges when K — oo to

/R 16(6)Ploglé (D] du(t) (15.88)

For the same reason the right hand side converges to

Iolloglioll,  ll¢l* = %/|¢(t)|2e’§dt (15.89)

It remains to be proved that Ex(f) verifies

limi—oofrc (f) = / 16(8) 2dut) (15.90)

Since ¢ € C§° Dini’s theorem gives the existence of a bounded function
g(t,z,h) on R x {1,—1} x (0,2) such that

%[qﬁ(t —ha 4 h) — (t — ha — )] — & ()h = K2g(t,, ) (15.91)
One has
(6;(f)(z) = %[(i)(y—hxfrh)—éf’(y—hfﬂj—h) = @' (y)h+h*g((y,x;,h) (15.92)

and then Zfil |(6; F)(@)]? = |¢'(y)|> + Y (z,h) where 1k is the sum of K

terms each of which is of order h® o h*. Taking h = \/% one derives

Exc(f) = /X 16/ () dpu(y) + /X (e, hdu(z) (15.93)

with ¢(z, h) = O(h) uniformly in z. Using once more the central limit theorem

limg—oofx (f) = /R FAGIRZ0) (15.94)

This proves (88) when f € C§°.
To extend the proof to Q(€) N L%(R, dv) one makes use of a limiting proce-
dure. If f € L?(R, dv) and its distributional derivative satisfies f' € L?(R, dv),
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there exists a sequence of C§° functions f,, which converges to f in the
£l 22y + 1f']l L2 (@) norm.

The function t?logt is bounded below for t > 0 and therefore one can apply
Fatou’s lemma (passing if needed to a subsequence that converges almost
everywhere).

The logarithmic Sobolev inequality is thereby proved for any f € Q(€) N
L?(R,dv).

Q

15.8 References for Lecture 15

[1] D.Stroock, An introduction to the theory of large deviations Springer 1984
[2] L.Gross, Journ. Functl. Analysis 10, (1972) 52-109
[3] M.Fukushima, Dirichlet forms and Markov Processes North-Holland 1980.
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Lecture 16
Measure (gage) spaces. Clifford algebra,
C.A.R. relations. Fermi Field

In Book I of these Lecture Notes we have studied the Weyl algebra and its
infinitesimal version, i.e. canonical commutation relations.

In that context we have considered the Fock representation, which can
be extended to the case of an infinite (denumerable) number of degrees of
freedom to construct the free Bose field.

In the preceding Lectures we have also mentioned that this field can be
constructed by probabilistic techniques through the use of gaussian measures
and conditional probabilities.

In this Lecture we seek an analogous procedure for algebra of canonical
anti-commutation relations

anaj, + apan = Ok aran, +apar =0

but this time we have to resort to non-commutative integration.
We start with a general outlook on non-commutative integration on gage
spaces [1]]2][3]

16.1 gage spaces

Definiton 16.1 (gage spaces)

A gage space ( regular measure space) is a triple {H, A, m} where H is a
separable Hilbert space, A is a concrete von Neumann algebra of operators on
‘H with identity e and m is a non-negative function on the projection operators
P in A with the following properties
1) m is completely additive

m(U*PU) = m(P) for every unitary operator U € B(H)

m(e) < +oo (e is the unit element of the algebra)

2)
3)
4) m is regular i.e. P #0 — m(P) >0
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Under these conditions there exist a unique function (the Dixmier trace)
that extends m(P) to A We shall denote it with the symbol T'r.

The trace has the following properties:
If A> 0 then TrA > 0.
If the Hilbert space H has dimension N and P projects onto a Mdimensional
space, then TrP = %

One has Tre = 1 VN and this property holds also in the infinite-
dimensional case.

The trace T'r is normal (completely additive). One has Tr(AB) = Tr(BA)
and if A > 0 then Tr(A) >0

If A is self-adjoint with spectral projections FE), using Riesz theorem and
the Gelfand construction one has

TrA = / Adm(E))

We define for a € A
lal| = (a*a)%, all, = [Tr(a*a)]? 1<p<+oo (16.1)

With these definition ||a||~ coincides with ||a|| i.e with the operator norm
of a.

We define LP(A) to be the completion of A in the L? norm. Notice that
LP for 1 < p < +00 can be regarded as a space of unbounded operators on H.

With these definitions Holder inequalities hold.

The space of operators which are measurable is closed for strong sum
(closure of the sum), strong product and conjugation.

If the algebra A is commutative, by the Gelfand isomorphism one recovers
the usual structure of integration theory (the projection operators are the
indicator functions of the measurable sets).

Since

lazl,ll < lallocliel, — llzal,ll < lallollly (16.2)

one can define in every LP left and right multiplication by an element of a € A.
We shall denote them by the symbols L,, R, .

Definition 16.2 (Pierce subspace)
We define Pierce subspace P, associated to the projection e the range of
P, =L, R, i.e. the closure of eA .

¢

Pierce subspaces are closed in all LP and also in L*°

Notice that we are defining a non-commutative integration from the point
of view of functional integration, i.e. defining non commutative LP spaces.
This is possible because we have a functional (the trace) that has the same
property of an integral.
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In the commutative case (Lebesgue) integration over a space X can be
defined through the introduction of measurable sets and their indicator func-
tions. In the non-commutative gage theory that we are considering the Pierce
subspaces play the role of measurable sets.

Notice that if e; e2 = 0 then P., L P., (if the product of two measurable
characteristic functions is zero then they have with disjoint support).

More generally an integration theory (in the sense of defining LP spaces
) may be defined if the algebra admits a cyclic and separating vector as we
have seen in Vol 1 of these Lecture Notes.

Indeed in this case the Tomita-Takesaki theory establishes a duality be-
tween the algebra A and the algebra of functions over the A and therefore
allows for the definition of non commutative integration based on measurable
sets.

If a tracial state exists, as in a gage theory, the probability space has
measure one and one can define a non-commutative measure theory (which is
the basis for non-commutative Lebesgue integration theory).

If a tracial state does not exists a Lebesgue-like, non-commutative algebraic
integration theory is still possible (algebraic in the sense that LP spaces and
Radon-Nikodym derivatives can be defined) but the construction of a non-
commutative measure theory requires a different approach.

For an introduction to non-commutative measure theory which leads to a
non-commutative Lebesgue integration theory one can consult [3] [4][5] .

In non-commutative gage theory the algebra A is a subalgebra of B(H). If
the projector P projects on ¢ € H, then the Pierce subspace associated to P
is the set generated by the action of A on ¢.

By definition the support of a € A is the union Range a U Range a*. If
z € A is real then there a unique pair z,y € AT such that z = z — y.

The positive cone is the set of positive elements x € A1 such that there
does not exist a projection e for which exe = 0.

We say that B € L(A) (the set of linear functionals on A) is positivity
preserving if a > 0 implies Ba > 0. It follows for the definitions that the
following Lemma holds

Lemma 16.1
Let {H, A,m} be a regular gage space. Set

(o, B) =Tr(ap) (16.3)

If « >0and 8 > 0 then a8 > 0 and if @8 = 0 then a and 8 have
orthogonal supports.

&

We use this Lemma to prove [3]

Theorem 16.2
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Let {H, A, m} be a reqular gage space. Let a € L*(A) be positivity preserving.
If a does not leave invariant any Pierce subspace, and if X = ||a|| is an eigen-
value, then this eigenvalue has multiplicity one and the associated eigenvector
1s strictly positive.

¢

Proof
Let z be an eigenvector associated to A. Let z = x —y =z, y > 0. Then one
has

Azl |2]) = (Az, z) = (Az, ) +(Ay, y)—(Az, y)—(Ay, ) < (Alz],[2]) < \(IAH(I)Z\, |2])
16.4

and the equality sign holds only if |z| is an eigenvalue. Therefore ax =

Ax  ay = Ay If 7 is the projector onto the null space of x consider P, = LR,

and let b > 0. Then

(z,aPrb) = (ax, Prb) = Ax, Prb) = A, Prb) = A(Prx,b) =0 (16.5)

and the Pierce subspace of 7 is invariant under A.
It follows that m = 0 and therefore the range of x is the entire space H.

Q

Definition 16.3 (ergodic)

A map T of the algebra A is ergodic if for any x, y € L?*(A), z, y > 0
there exist n € Z such that (T"x,y) > 0 We say that the algebra A is
indecomposable if it leaves invariant no Pierce subspace.

¢

Proposition 16.3
If A preserves positivity and is bounded over L?(A) then it is ergodic if
and only if it is indecomposable.

O
Proof
=
Ifre A n+#0and aP, = Pra, a € A for any element z,y > 0, P,z =
x, Pry =y one has
(a"x,y) = (a" Prx,y) = (Pra"z,y) = (a"z, Pry) =0 Vn (16.6)

«—

Let T be not ergodic. Choose x, y > 0 and (T"z,y) =0 Vn € N. Denote
by N(B) the null space of B. Then the projection 7 onto A (A™)z belongs to
A and is not the null element.

If c € L?(A), 0 < c < P.cone has (a"c,c) = 0 Vn Since a”x > 0, and
¢ > 0 it follows that the range of Ac is contained in N (A™z) for all n. It
follows P;(Ac) = Ac and the range of P is left invariant by A.

v
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16.2 Interpolation theorem

In the present non-commutative setting one has the following non-commutaitve
equivalent of Stein’s interpolation theorem.

Proposition 16.5

Let {H,A,m)} and {K,B,n} be two finite regular gage spaces.

For every z € C', 0 < Rez < 1 let T, be a norm continuous map from A
to L' (B).

Assume that for all a € A, b € B the function ¥(z) = Trg(T,(a)b) be
bounded and continuous for 0 < Rez < 1 and analytic in 0 < Imz < 1.

Choose 1 < pg, p190, ¢1 and define, for 0 < s <1

1 s 1 1 S

1
-—=1-s)—+— —-=(1-8)—+ — 16.7
p ( )po g ( )CIO q1 ( )

Assume moreover that there exist ag, a; such that
1Ty Allgy < aollAllpy 1 T14iy (Al < ar[[Allp,Vy € RVA€ A (16.8)
Then for all a € A one has
ITs(A)llg < a(s)lAll, YA€ A a(s)=ay "] (16.9)
¢

We do not here give the proof of Proposition 16.5 [1][2].[5]

It can be reduced to the commutative case by using the polar decompo-
sition of the elements in A and the spectral decomposition of the positive
elements of A as operators on H.

16.3 Perturbation theory for gauge spaces

We now give some basic elements of perturbation theory in gage spaces.

In the non-commutative setting it is natural, in the description of pertur-
bation of a free hamiltonian, to substitute the potential with the sum of right
and left multiplication by a real (= selfadjoint) element of the algebra. This
operation preserves reality.

Let Hy be a positive operator on H with 0 as simple eigenvalue with
eigenvector I Choose o € L?(A) and define

H,=Hy+ L, + R, (16.10)

With this definition the operator H, is symmetric.

Assume that H, is self-adjoint on D(Hy) N D(Ley) N D(R,), and that
H, > —C'. Assume moreover that AN D(H,,) coincides with AN D(Hy). This
is certainly true if a € A.
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In this case one has Hyb = Hob + {a,b}. Then one has

Proposition 16.6 [1][2]
There is no Pierce subspace that is left invariant by the operator H,

&

We end this brief outline of non-commutative integration by a condition
on the existence and uniqueness of the ground state. Also in this case the
proofs follows the same lines as in the commutative case

Proposition 16.7 [1][3]
Let {H, A, m} be a finite regular gage space and let Hy > 0 on L?(A)
Assume
1) e~to ig a contraction in LP for all T' > 0 and there exists Ty > 0 such that
e~THo ig a contraction from L?(A) to LP(A)
2) e~ tHo is positivity preserving.
3) Hop=0—¢p=cec A
4) v is a self-adjoint element in L2(A) , v € LP(A) for some p > 2 and e™? € LP
for every p < 400

Set V =L, + R, Then
a) Ho+V is essentially self-adjoint on D(Hj) and its closure is bounded below.
b) Define Ey = inf X (H). Then Ej is a simple eigenvalue and the correspond-
ing null space is trivial.

&
Proof
Since e Vu = e~ ue~ one has of v is bounded
H,
e tHOFV — 5 limnﬁoo[e_t% et (16.11)

Therefore e *(Ho+V) is positivity preserving (if V is unbounded, V =
J AdE(X) one considers the sequence V,, = [" AE(X).)

Notice then that if a sequence 1, € L?(A) is such that ||[¢,|| < ¢ Vn then
l]lp < cfor all p > 2 (use Tr(yn, ¢) < c||o| if 1% + 1% =1)

Point b is proved along the lines of the commutative case [3]

16.4 Non-commutative integration theory for fermions

We now apply the theory of integration in gage spaces to formulate an in-
tegration theory for particles which satisfy the Fermi-Dirac statistics and
are therefore quantized according the canonical anti-commutation relations
(C.AR)

We recall that the algebra C.A.R. of canonical anti-commutation relations
for a system of N < +o00 degrees of freedom is the C* algebra Ay generated
by elements that satisfy the relations
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aap +apa; =06, aar +aga; =0 i,k=1,...N (16.12)

As a consequence of these relations a}a; + a;a; = 1 and since both terms
are positive it follows that on any realization as operators on a Hilbert space
the operators a; have norm bounded by one.

The Fock representation of the algebra C.A.R is obtained by requiring
that in the Hilbert space there exists a vector {2 for which a2 = 0 Vk.

From the defining relations it follows that for each value of the index k
the pair aj,aj, can be realized faithfully and irreducibly by two dimensional
complex-valued matrices and if N is finite the entire algebra can be realized
faithfully and irreducibly in the Hilbert space C2V.

If N < oo all irreducible faithful representations of Ay are equivalent and
in any such representation there is a vector 25 (called vacuum ) such that
a2y =0, k=1...N.

A basis in this representation is made of the vectors

|i1, g >= a; -~-a;“KQ (16.13)

where 0 < K < N and the indices are all distinct.

Correspondingly the representation is called Fock representation and each
element of the basis is labelled by a sequences N of numbers n; which are zero
and one according to whether the index appears in (14).

The operators a} are called creation operators (since they change a zero
in a one) and ay, are called destruction operators.

Notice that according to (13) one has ajli;, ix >=01if k € {i1, ik}
(the occupation number for each index is at most one).

For this reason the algebra C' AR is suitable for the description of particles
which satisfy the Fermi-Dirac statistics (the Pauli exclusion principle holds) .

16.5 Clifford algebra

We give now a connection of the algebra C AR with the Clifford algebra.

Definition 16.4 (orthogonal space)
Given a topological vector space M we define orthogonal space the space

(M & M*, ) (16.14)

where M* is the topological dual of M and S is the quadratic (symplectic)
form
SNz dN)=N(z)— Az (16.15)

Definition 16.5 (Clifford structure )

Let L = M & M* | and let {L,S} be an orthogonal space. A Clifford
structure on {L, S} is a pair (K, ¢) where K is a complex Hilbert space and
¢ is a linear continuous map from L to B(H) such that
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$(2)9(2") + ¢(2')(2) = S(z, )1 (16.16)

¢

Definition 16.6 (Clifford system)
Let H be a complex Hilbert space , and let H* its presentation as a pair of
real Hilbert spaces. Let (S(z,2') = Re(z, 2).

Then (H*,S) is a Clifford system on H* If there is a self-adjoint operator
on H such that S(z,z") = Re(z, Az’") we will say that the pair {H*, S} is a
Clifford system with covariance A.

&

The relation of the CAR with a Clifford algebra is as follows:

Definition 16.7 (Clifford algebra)

Let H be a complex Hilbert space and set H* = H,. & Him.

Then the Clifford algebra is the only associative algebra on the field of
real numbers generated by H* and by a unit e and defined by the following
relations

xy +yx = Re(x,y) e (16.17)

¢

Notice that if H is finite dimensional for the Clifford algebra there exist a
unique functional FE such that

E(ab) = E(ba) Va,be B(H) E(e)=1 (16.18)

and a unique adjoint map such that * = x Vx € H%st.

Definition 16.8 Clifford field [1]
Let H be the closure of Cl with respect to the scalar product < a,b >=
E(b*a). Let a € Cl and denote by L, (left multiplication by the element a)
the map b — ab, b € A.

Similarly denote by R, (right multiplication by the element a) the map
b — ba. It is easy to verify that the following holds true for z € H*

< a,L,b>= E(b*za) (16.19)

This identifies L, with an hermitian operator densely defined in H.

It extends uniquely to a self-adjoint operator which is bounded since L? =
2||z]|I>1. We shall call L. Clifford field and denote it with the symbol ()

If V is an orthogonal map on H (it preserves S) and () is a Clifford
systems, also ¥y (z) = ¢¥(Vx) is a Clifford system.

Moreover if ¥ and ¢ are anti-commuting Clifford systems,

P(@)o(y) = —¢(y)i(x) (16.20)

and a, b are real numbers with |a|? + |b|> = 1 also
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' (x) = ap(z) + bo(x) (16.21)

is a Clifford system.
Denote by T the automorphism z — —z in C1 . Then T anticommutes
with L, and with R, and T? = I. It follows that

z— 1L, T, z — iR, T (16.22)

define Clifford system and L.T and R,,T anticommute for every z,w € H. It
follows that for every a, b ¢ € Rt the map

z—aL. +ibR.T (16.23)

defines a Clifford system with variance ¢ such that |a|? + |b]? = 2.

Remark that H* = H, ® H; is regarded as a real Hilbert space and S is a
symplectic form, while C1 is the algebra over the complex field generated by
H*.

For the Clifford system on H* one can define [1] creation and annihilation
operator by

1 1
c(z) = —=[o(2) —ip(—2 c(2*) = —=[o(2) +id(—= 16.24
(2) ﬂ[qﬁ( ) —ip(—2)] (%) \/5[¢( ) +ip(—2)] (16.24)
These operators are bounded and satisfy the canonical anticommutation
relations

c(z)c(w)* + c(w)*c(z) = C(z,w) c(z)c(w) + c(w)e(z) =0,  c(iz) =ic(z)
(16.25)

Conversely, every system of operators on a complex Hilbert space H which
satisfies (25) define a Clifford system on H = Hg & Hg.

In the case of a finite-dimensional Hilbert space all the irreducible repre-
sentations of (26) are equivalent; this is not the case if the Hilbert space is
infinite-dimensional.

The conditions for equivalence are the same as in the case of the Canonical
Commutation relations as discussed in Vol L.

16.6 Free Fermi field

Definition 16.9 ( Free Fermi field I) [1][4]

The free Fermi field on the complex Hilbert space H is a Clifford system
together with
1) A map which satisfies (26) with C(z,w) =(z,w)
2) A continuous representation I" of the unitary group on H on the unitary
group of K which satisfies

I(w)e(z)IHu) = c(uz) YzeH YueU (16.26)
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3) An element v € H which is cyclic for the algebra generated by the ¢(z) and
such that I'(u)v =v Yu € U
&

Let A be a non-negative element of B(H) and denote by 9I'(A) the gen-
erator of the unitary group I'(e4).
Then 0I'(A) is positive. One has [1]

Theorem 16.8 (Segal)
The free Fermi field as defined above is unique up to unitary transformations.

&

We shall later see a different but equivalent definition. We do not give here
the proof of theorem 16.8. It follows the same lines as the analogous theorem
in the bosonic case proved in Volume I of these Lecture Notes.

The explicit construction of the Fock representation can be done as in the
bosonic case (with the simplifying feature that all operator considered are
bounded).

16.7 Construction of a non-commutative integration

We are interested here in the construction of a non-commutative integration
on function of the Clifford algebra (as one constructs a commutative gaussian
integration theory in the bosonic case).

Recall that if H.,. is a real Hilbert space of dimension 2n we have defined
Clifford algebra Cl,, on H, with variance C' the C*-algebra A over the complex
field which is the norm closure of the algebra generated by the unit element
e and by elements in B(H,) which satisfy the relation

xy+yr =Clx,y)e Vr,y € H, (16.27)

If n > m there is a natural injection of B(R?™) in B(R?") given by C' —
C ® Isp_9m. Therefore Cl,, is naturally immersed as a subalgebra of Cl,, for
n > m by the map b — b ® Izn_m)-

Each of the algebras Cl, is a C* algebra with the natural norm. The im-
mersion preserves the norm and satisfies obvious compatibility and immersion
relations if one considers a sequence n; < no < ....

In the infinite dimensional case one can therefore consider therefore the
Clifford algebras C1,, as subalgebras of a normed algebra Cl. We denote by A
the norm closure of CI. It is isomorphic to the algebra of canonical anticom-
mutation relations.

Theorem 16.9
There exists on A a unique functional E with the properties

E(e)=1 E(ab) = E(ba) Va,be A (16.28)



16.7 Construction of a non-commutative integration 375

( e is the unit of A).
¢

The functional E has the properties of a trace. With this functional we
construct an integration theory. We shall denote by 7 the canonical injection
of H, in the complex Hilbert space H.

The functional E is constructed the following way. If the dimension 2n is
finite, the algebra 4 is made of all real matrices of rank 2n and F is the usual
trace normalized to one on the identity.

If n = oo the algebra A is generated (as norm closure) by the algebras
which are constructed over a finite-dimensional space.

Continuity and uniqueness follow from the fact that the finite-dimensional
algebras are unique and uniformly continuous.

To prove existence notice that every element of CI is based on R*™ for
some finite n and there is a natural immersion of B(R?™) in B(R*") n >m
given by D—-D® I2n72m-

This immersion does not alter the value of the functional E (recall that it
is normalized to one on the unit element) . Therefore E is defined on a dense
set , is continuous (and bounded) and extends to A.

Remark that steps we have followed to define the functional E are the
same as those followed to define a probability measure on the infinite product
of measure spaces on each of which is defined a probability measure satisfying
suitable compatibility conditions.

Therefore the construction of the functional E parallels in the non-
commutative case the construction of a theory of integration in the com-
mutative setting.

The functional E has been constructed over the C*-algebra A. The GNS
construction based on the functional E provides a representation mo(A) of A
as an algebra of bounded operators on a Hilbert space Hy. The representation
can be extended to the weak closure of my(.A).

Notice that this representation is different from the Fock representation.
In the infinite-dimensional case they are inequivalent.

It indeed easy to verify from the construction that on the projection oper-
ators in mo(Ap) the functional E takes values which cover the interval (0, 1].

It is important to notice that if P is a projection operator in A it projects
on a infinite dimensional subspace.

We conclude that in the infinite-dimensional case the representation my of
the C.A.R. is a von Neumann algebra of type II in von Neumann classification.
In this representation there is a vector {2

E(ajal *...a}) = (2,w(a})m(a3) ... 7(a})2) (16.29)

n

where 7(a)* is either the creation or the destruction operator .
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16.8 Dual system

Definition 16.10
If (K, ®) is a real Clifford system the dual system is defined as

(K, P(x), Q@)} P()=o(z), Q) =o(ia), e H,  (16.30)
%

Notice that this definition depends on the choice of the conjugation in
H =H, &H; Conversely of {K, P(x) Q(x)} is a dual system, the real system
is given by ¢(z) = P(z) + Q(y) if z = z + iy.

The complex representation can be regarded as the analog of the Segal-
Bargmann representation for bosons.

Since there is no complex quadratic form which is invariant under the
unitary group, in the Clifford algebras A4 only real space are considered and
the complex representations depend on the choice of conjugation.

Define ¢ — ¢ the conjugation in CI(H*), H* = H, & H,. It is the unique
operation that extends n(z) + in(y) — n(zx) — in(y).

The connection of the algebra A with the fermionic free field is as follows:

Theorem 16.10
Let H be a Hilbert space, and let K' be the space of function s which are
anti-holomorphic in L?(CI(H)) . For x € H define the operator ¢(x) as

o(x) = %[Lm + iRy (16.31)

For every unitary on H let Ih(U) the second quantization of U. Let ¢ be
the function identically equal to one in L*(CI(H),E) .The space K' is left
invariant under the action of ¢(x) and of I'v(U). Denote by ¢(x) , Io(U)
the restriction of these operators to K'.

Then the algebra generated by the operators ¢p(x)' is isomorphic the algebra

A.
&
16.9 Alternative definition of Fermi Field
Definition 16.11
The free Fermi field on H is the quadruple XK', ¢', I}, ¢ .
%

Theorem 16.11
The free Fermi field is self-adjoint and satisfies the Clifford relations.
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Proof
If z € H*, z=mn(x)—in(iz) the following relations hold true

1 _ _ 1 .
o(z) = E[LZ —iR,] ¢(2) = E[Lg + iRz (16.32)
Moreover if U(t) = e one has
n(U(t)z — in(iU(t)z = e (n(x) — in(ix)) (16.33)
Q

Recalling the definition of gage space (Definition 16.1) we see that the free
Fermi field is an example of non-commutative integration theory.

In the case of the free Fermi field one can define a gage as follows. Consider
the Hilbert space

A(H) = i A™(H) (16.34)
n=1

where A™(H) is the Hilbert space of the antisymmetric tensors of rank n on
the complex Hilbert space H.
Let J be a conjugation in H . Define for each z € H

B, =Cy+ Ay, Ay =C,e (16.35)

where )
Cou=(Mn+1)2zxAu (16.36)

n is the rank of the tensor u and A, = C} . Let M be the smallest von
Neumann algebra that contains all B,, x € H. These data define a gage space.

Theorem 16.12
{H,m, M} above define a gage if one takes m(u) = (uf2, 2) where 2 is the
vacuum state i.e. the unit of A°(H) Moreover u — uf2 extends to a unitary
operator from L*(Cl) onto A(H).

¢

Proof

Let C; the algebra generated (algebraically) by the B,. One has B = By,
and therefore C; is self-adjoint. Let M be its weak closure.

The function Tr defined by T'r(u) = (uf2,(2) is positive and Tr(I) = 1.
Repeated use of Ay, =0 and 4,C; + C Ay = (x,y)I leads to

(BaBy, ... By, 2,2) = (=i) " Mx,y;)(By_1-+ By, ... By, 2,02) (16.37)

Jj=1

where the hat signifies that the symbol must be omitted. In the same way one
has
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n
By, -+ By, Cx82 = Z(_l)n_jByl o Bwj By, 2+ CeBy, - By, 2
j=1

(16.38)
It follows

(Bay By, 2,2) =Y (=1)"(2;,2)(Bx, ... Ba, - Bz, 2,02)  (16.39)

j=1
Define BY = (B,, - - Bz, ). If n is even, one has
(BI'B,2, B,Q2) = B,B!'B,, 2) (16.40)

If n is odd, B2 {2 is a tensor of odd rank, therefore (By B, (2, B,§2) =0 It
follows that (BC2, 2) = (CB{2, (2) for every B, C € A.
Therefore the function

TrB = (12,B) (16.41)
is a central trace. The map A — AS2 is faithful since
|ABR|* = (B*A*, ABf2) = Tr(B*A*AB)

= Tr(BB*A*A) = Tr(A*AB*B) = (BB*A* AQ) (16.42)

and therefore
A =0— AB2=0 VB (16.43)

Moreover the function (2, K2),K € A is clearly c— additive and for
every unitary U one has Tr(U*KU) = TrK. Therefore

{H, A, m} m(A) = (w, AR) (16.44)

is a regular finite gage

Q

16.10 Integration on a regular gage space

We shall give here some results of integration theory on a regular gage space.
Later we shall give an outline of the integration of a fermionic field in presence
of an external field.

We begin by giving a definition that is equivalent to the support of a
function in the case of a measure space. Recall the definition
Definition (Pierce subspace)

Let {H, A, m} be a regular finite gage space, and e a projection operator
in A.
Define P, = L. R.. The range of P. is called Pierce subspace of e
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¢

Definition 16.14 (positivity preservation)

A bounded operator A on L?(A) is positivity preserving if > 0 — Ag > 0.
The support of a densely defined operator B is the convex closure of the union
of the range of B and the range of B*.

¢

Lemma 16.13
Let {H, A, m} be a regular finite gage space, If a > 0, b > 0 then
Tr(ab) > 0, If tr(ab) = 0 the elements a and b have disjoint support.
¢

Proof

The first statement is obviously true. For the second, notice that Tr(a%ba%) =
o implies azbaz = 0 Setting b = ¢? with ¢ self-adjoint and measurable one
has |cazz|| = 0 for every z in the support of azba? = 0. Therefore caz = 0
on a dense set, and then caz =0 and ba =0

Q

Theorem 16.14 (Gross) [3]

Let {H, A,m} be a regular finite gage space. Let A on L?*(A) positivity pre-
serving. Suppose that || A|| is an eigenvalue of A and that A does not invariant
any proper Pierce subspace. Then || A|| has multiplicity one.

&
Proof

By assumption A maps self-adjoint operators to self-adjoint operators and
has a self-adjoint eigenvector to the eigenvalue || Al

It is easy to see that the positive and negative part of this eigenfunction
separately belong to the eigenspace to the eigenvalue ||A]|.

Let now z > 0 belong to the eigenspace to the eigenvalue || A|| and let e be
the projection to the null space of x. Set P. = L. R, and let b € L?(A). Then

(z, AP.b) = (Az, P.b) = || A||(z, P.b) = | A||Tr(Pez,b) = 0 (16.45)

But AP.b > 0 and therefore the support of AP, is contained in the range
of P,.. Therefore the Pierce subspace of e is invariant under the action of A.

The eigenspace associated to || A|| is therefore spanned by its self-adjoint
elements and these can be chosen to be positive. It follows that the eigenspace
has dimension one

Q

Definition 16.13 (strongly finite)
A regular gage {H, A m} is strongly finite if A contaions a family A, of
finite-dimensional subalgebras, directed by inclusion , and such that U, A,, iis
dense in L?(A).

¢
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Theorem 16.16 (Gross) [3]
Let {H, A m} be a regular strongly finite gage. Let A be a bounded operator
positivity preserving. If the exist a number p > 2 such that

| Ad|l, < M|||2 M >0 VY¢eL*(A) (16.46)

then || A|| is an eigenvalue of A.

&

Remark that the hypothesis p > 2 is an hypothesis of hyper-contractivity.
This theorem has a counterpart in the integration theory on the Bosonic Fock
space based on gaussian integration.

Hypercontractivity is at the root of the construction given by Nelson [4]
of the free Bose field as a measure in the space of distributions.

Proof
Let P, be conditional expectation with respect to A,. By definition it is
the only element of A, such that

Tr(Pyx,y) =Tr(z,y) Yy € A, (16.47)

This defines P, for every x € L*; when restricted to L'(A) it is the
orthogonal projection on A,.
It is now easy to prove that P, preserves positivity. Moreover

| Pazllp = sup{Tr(Paz)y) y € Aas |lyllg <1} = sup{Tr(zy); y € Ao, [ylly <1}

11
<A{Tr(zy); y € A lylly <13 = Izl » T 1 (16.48)

It follows that the restriction of P, to L?(.A) has norm one.

Since Uy Ay, is dense in L?(A) the net P, converges strongly to the identity
map. If A € A define A, = P, AP .

The operator A, preserves positivity , leaves A, invariant , and there-
fore by the Perron-Frobenius theorem has an eigenvector &, € A, to the
eigenvalue A\ .

(From the fact that P, increases to the identity it follows A\, < ||A|| and
limaAa = ||A]| . On the other hand, by density, for each & € L?(A) there
exist an index 3 such that that for every ¢ € L?(A)

(¢, Psp — )| <€ — (A, Pgyp —¢) <€ (16.49)

It follows that weakly
Pgyp — o Ay = [|A|ly (16.50)

We must now show that 1 is not the zero element of L?(A. For this we
use the hyper-contractivity assumption For any choice of a; b with % + % =1
we have by interpolation [5]
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a _ p—2 o p
Ifllz < IAIEIAIE a= -0 T (16.51)

Since P, has norm one in LP(A) one has

[A1Yally = |Aa¥all, < Mlthalla = M (16.52)
It follows
M (16.53)
1= wa 2 S ¢a T A 16.53
[¥alle < Wl
and therefore 1]
[all > (57)7 (16.54)
Since 1, > 0 for all « one has
i iy _ JAlL 2
(6,1) = lin(tha, 1) = lim ] = (15 1) 72 (16.55)
Therefore ¥ # 0. @

In the proof of the previous theorem we have used the non-commutative
version of Stein’s Lemma [5].

For a comparison, notice that in the Bose case the fields ¢(x) and 7 (x)
are real valued distributions, and therefore

o(f) = / f(@)dx)dz, m(g) = / o(e)m(z)de (16.56)

are symmetric operators that are self-adjoint in the Fock representation.
Therefore for them integration theory hods in the classical sense if one
makes use of suitable gaussian measures.

16.11 Construction of Fock space

As an application of the theory of gage spaces we formulate now a theorem
that is useful in the construction of the representation for a free Fermi field.
We begin with a construction of Fock space. Let A be a self-adjoint operator
on the complex Hilbert space H. Denote by I'(e”*4) the strongly continuous
group of unitary operators defined by

I(e™) = e @ .. @t (16.57)

where the n” term act on antisymmetric tensors of rank n and by convention
the first term is the identity. Also here the map A is called second quantization.
We have discussed it in Volume I in the case of the Bose Field. Denote by
dI'(A) he infinitesimal generator of I'(e®*4) so that formally
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I(e't) = etira (16.58)

Denote by A(H) the direct sum of antisymmetric tensors over H.

Lemma 16.17
Let D be the extension of the map u — wu, of an unitary operator from
L?*(Cl) to A(H). Define

B=I(-1) a= DB, (16.59)

Then
DL,D'=C,+A;, DR,D'=(C,— As,)p (16.60)

The operator (3 is one on the even forms and minus one on the even forms
(this reflects the anti-commutation properties of the ).

¢
Proof
The first relation follows from
DL,D 'Du= DL,D 'u, = DL,u — Dau = B,u (16.61)
For the second relation notice that for any y € H one has
[Cy —Ajz, By =0 (16.62)

It follows that setting £ = C, — A, one has

Eu? =uER =uC, =u(Cy + Ja, )2 =ua + R, 2 =R, (16.63)

Therefore
(ED—-DR,)2=0 (16.64)
and by (69) the same relation holds in L?(Cl).
@
Lemma 16.18
Let x, y € H. Define
1 1
o= §B$By - 5(35, Jy)I (16.65)
Then o € Cl, Tro =0 and
1
D(L,+R,)D'=0C,Cy+ Aj,A;, Do = 5CaCy 02 (16.66)
¢

Proof
(From the Clifford relations it follows

BB, — +B,B, = 2(x,y)I (16.67)
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Defining
R, = (z,y)I — RyR, (16.68)

from the preceding Lemma
1 1
DR,D™ " = (z,y)I — 5(Cy = Cra)B(Cy = Aya = 5w, y)] (16.69)
Using 3% = I and {Cy, — A;,, 3} = 0 and the preceding Lemma one has

1 1
DR,D™"' = §(Cc + Ase)(Cy + Aga) — 5(%9)[ (16.70)
To conclude the proof of Lemma 16.18 note that Tr(B.B,) = (z,y).
Acting on {2 with A, and C, and using D{2 = I we have

2Do = C,C, 02 (16.71)

Q

We can formulate the following Theorem [3][4]

Theorem 16.19.
Let ‘H be a complex Hilbert space, J a conjugation. Let A be a self-adjoint
operator in H, A >mI, m > 0. Set

H=D'dr(A)D (16.72)

If A commutes with J then
1) e *H s a contraction in LP(Cl) for every t > 0 and a contraction on
LP(Cl) U L3(H) for every p € [1,+00]
2) If t > Llog3 then e~ is a contraction from L?(Cl) to L*(Cl)
3) For every t > 0 thee ' is positivity preserving.

&

To simplify the presentation, we will prove first this theorem assuming the
validity of Lemma 16.20 and Lemma 16.21 below. We shall then prove these
Lemmas.

Lemma 16.20 [3]
LetU = D™1dI'(I)D. Ift > $log3 then e~"* is a contraction from L?(Cl)
in L*(CI).
¢

Lemma 16.21 [4]
Let
A>0 [A,J]=0, H=D'I(A)D (16.73)

Then for every t > 0 the operator e *H s positivity preserving. Moreover it

is a contraction in L>°(Cl) and in L*(CI). O
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Proof of Theorem 16.19 assuming the validity of Lemmas 16.20 and
16.21.
1) If H > 0 and if a sequence of operators A,, > 0 is such that

eTtHAn g tH (16.74)

then
e tdl(An) _, ,—tdI'(H) (16.75)

This follows because the sequence is uniformly bounded.
2) If A has finite range and commutes with J , then J leaves invariant the
the range Ry4. In fact, define

A(K) = CI(K) (16.76)
with C(K) based on on R(A). By Lemma 16.19 one has
u>0—e iy >0, Hy=D'dI'(A)D (16.77)

and moreover by Lemma 16.18 ||e~*7aqy|| < ||u]|.

The union of of subspaces that are invariant under J and which contain R 4
is dense in L?(C1) and also dense in L'(Cl) due to Lemma 16.19 (contraction
implies convergence of the iterations)

Therefore for any u € L?(CI) there exists a sequence u,, € L?(C,) which
converges to u in the L? norm and then

(e7™u, ¢) <ull1]|¢]locVo € Cl (16.78)

and moreover
(e"Hu,p)>p>0 —eHu>0 (16.79)

If A > 0 and bounded and not of finite range, one can repeat this proce-
dure with A, of finite range. If A > 0 self-adjoint unbounded with spectral
projections E , take

Anz/o MA [E(),J] =0 (16.80)

and consider
A, — A; et et (16.81)

It follows that e—t(PTAD™" preserves positivity and is a contraction in
LY(C1).By duality it is a contraction in L®(Cl) and by the Riesz-Thorin
theorem it is a contraction from L?(Cl) to L*(Cl) if mt > l‘)?g?’.

Now set N = dI'(I) (in Fock space this is the number operator). Acting
on any finite-dimensional subspace K the operator e~tD'ND Jeaves CH(K)
invariant and is a contraction form L'(C1) to L*(C1).

Since the finite-dimensional space K is arbitrary
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-1
(lle™ NPu,¢) < Jul2|¢|s (16.82)

and this inequality extends by continuity to all L*(CI). If A > ml, one
has dI'(A) > mN and therefore e~tdl'(A) < o=tN Tt follows that E =
e"tN e—tdI'(A) hag norm not greater than one and

e~tHo = =mtDT'ND -1 pp (16.83)
is a contraction from L?(Cl) to L*(Cl) if mt > %.

Q

We now prove lemmas 16.20 and 16.21,

Proof of Lemma 16.20

It is sufficient to prove the lemma in the case A has discrete spectrum. In
this case by factorization it sufficient to give the proof in the one.-dimensional
case.

Then every element of He = {x € H, Jz = x} can be written as

w=u+av a = By, r1 € H, (16.84)

and one has ey = u, ey = v. Recall that a'a = I, a* = a a = Bz

and set z = r + sa Then
2z =r*r+e Hs*s — e H(s*ar + r*as) (16.85)

We have |z|* = (2*2)% and ||z||; = Tr|z|* . Making use of the cyclic
property of the trace and of the expression of z*z one verifies

|2]|* = Tr(r*r + e *'s*s)? + e *(s*ar) + r*as)? (16.86)
and therefore
211* < llullz + e~ *[loll3 + 6e~|ull3]v]? (16.87)
IfT > lo793 one has 6e~2! < 2 and therefore
12115 < (lull3 + [lv]l3) (16.88)

Since ||w||3 = Tr((u + av*(u + av* = Tr(u*u + v*v) the case N = 1 implies
the generic case.

Q
Proof of Lemma 16.21
Let K be finite-dimensional and let
[A.J]=0, A>0 H=D'dI'(A)D (16.89)

Then e~ is positivity preserving and is a contraction on LP(CI) for p = 1
and p = oo If A is a one-dimensional projection Lemma 16.20 gives
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e (w*w) = e tw w4+ (1 — e ) (w*'U +v*v) > o0 (16.90)

If A is not a one-dimensional projection, let A = Y \;P; where P; are
one-dimensional projections. Then

e tH — [T e~ tAeH Hy, = D~ 'dr(p,)D (16.91)

and each factor is positivity preserving. To prove the contraction property,
begin again with the case in which A is a rank-one projector. Then one has

U (u+av)U = u—av (16.92)

where if A = P; then U is the unitary operator which corresponds to the
operation z; — . — z;, x; — x; for j # i. Notice that

_ 1+et 1—et
H (u+ av) +

e w:u+e*tav:

(u— av) (16.93)

This implies [le "7 w|s < ||w|oc. If A = 3", \;P; one proceeds similarly. It

follows also that et is a contraction in L' and since L' and L are dual for
the coupling < u,v >=Tr(vTu) and e

—tH is is auto-adjoint for this coupling
since (e~ tHv)* = e~tHy*,

Notice finally that if a map is a contraction both in L' and in L then it
is a contraction in L? for 1 < p < +4o0. Q
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