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Preface

Preface to the second edition

Oneof the main goals motivating this new edition was to enhance the
elementary material. To this end, in addition to some rewriting and reorgani-
zation, several new sections have been added (covering, for example, spin, and
conservation laws), resulting in a fairly complete coverage of elementary topics.

A second main goal was to address the key physical issues of stability of
atoms and molecules, and mean-field approximations of large particle systems.
This is reflected in new chapters covering the existence of atoms and molecules,
mean-field theory, and second quantization.

Our final goal was to update the advanced material with a view toward
reflecting current developments, and this led to a complete revision and reor-
ganization of the material on the theory of radiation (non-relativistic quantum
electrodynamics), as well as the addition of a new chapter.

In this edition we have also added a number of proofs, which were omitted
in the previous editions. As a result, this book could be used for senior level
undergraduate, as well as graduate, courses in both mathematics and physics
departments.

Prerequisites for this book are introductory real analysis (notions of vec-
tor space, scalar product, norm, convergence, Fourier transform) and com-
plex analysis, the theory of Lebesgue integration, and elementary differential
equations. These topics are typically covered by the third year in mathematics
departments. The first and third topics are also familiar to physics undergrad-
uates. However, even in dealing with mathematics students we have found it
useful, if not necessary, to review these notions, as needed for the course.
Hence, to make the book relatively self-contained, we briefly cover these sub-
jects, with the exception of Lebesgue integration. Those unfamiliar with the
latter can think about Lebesgue integrals as if they were Riemann integrals.
This said, the pace of the book is not a leisurely one and requires, at least for
beginners, some amount of work.

Though, as in the previous two issues of the book, we tried to increase
the complexity of the material gradually, we were not always successful, and
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first in Chapter 12, and then in Chapter 18, and especially in Chapter 19,
there is a leap in the level of sophistication required from the reader. One
may say the book proceeds at three levels. The first one, covering Chapters 1-
11, is elementary and could be used for senior level undergraduate, as well as
graduate, courses in both physics and mathematics departments; the second
one, covering Chapters 12 - 17, is intermediate; and the last one, covering
Chapters 18 - 22, advanced.

During the last few years since the enlarged second printing of this book,
there have appeared four books on Quantum Mechanics directed at mathe-
maticians:

F. Strocchi, An Introduction to the Mathematical Structure of Quantum Me-
chanics: a Short Course for Mathematicians. World Scientific, 2005.

L. Takhtajan, Quantum Mechanics for Mathematicians. AMS, 2008.

L.D. Faddeev, O.A. Yakubovskii, Lectures on Quantum Mechanics for Math-
ematics Students. With an appendix by Leon Takhtajan. AMS, 2009.

J. Dimock, Quantum Mechanics and Quantum Field Theory. Cambridge Univ.
Press, 2011.

These elegant and valuable texts have considerably different aims and rather
limited overlap with the present book. In fact, they complement it nicely.

Acknowledgment: The authors are grateful to I. Anapolitanos, Th. Chen, J.
Faupin, Z. Gang, G.-M. Graf, M. Griesemer, L. Jonsson, M. Merkli, M. Miick,
Yu. Ovchinnikov, A. Soffer, F. Ting, T. Tzaneteas, and especially J. Frohlich,
W. Hunziker and V. Buslaev for useful discussions, and to J. Feldman, G.-M.
Graf, I. Herbst, L. Jonsson, E. Lieb, B. Simon and F. Ting for reading parts
of the manuscript and making useful remarks.

Vancouver / Toronto, Stephen Gustafson
May 2011 Israel Michael Sigal

Preface to the enlarged second printing

For the second printing, we corrected a few misprints and inaccuracies; for
some help with this, we are indebted to B. Nachtergaele. We have also added
a small amount of new material. In particular, Chapter 11, on perturbation
theory via the Feshbach method, is new, as are the short sub-sections 13.1
and 13.2 concerning the Hartree approximation and Bose-Einstein condensa-
tion. We also note a change in terminology, from “point” and “continuous”
spectrum, to the mathematically more standard “discrete” and “essential”
spectrum, starting in Chapter 6.

Vancouver / Toronto, Stephen Gustafson
July 2005 Israel Michael Sigal
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From the preface to the first edition

The first fifteen chapters of these lectures (omitting four to six chapters
each year) cover a one term course taken by a mixed group of senior under-
graduate and junior graduate students specializing either in mathematics or
physics. Typically, the mathematics students have some background in ad-
vanced analysis, while the physics students have had introductory quantum
mechanics. To satisfy such a disparate audience, we decided to select material
which is interesting from the viewpoint of modern theoretical physics, and
which illustrates an interplay of ideas from various fields of mathematics such
as operator theory, probability, differential equations, and differential geome-
try. Given our time constraint, we have often pursued mathematical content
at the expense of rigor. However, wherever we have sacrificed the latter, we
have tried to explain whether the result is an established fact, or, mathemat-
ically speaking, a conjecture, and in the former case, how a given argument
can be made rigorous. The present book retains these features.

Vancouver /Toronto, Stephen Gustafson
Sept. 2002 Israel Michael Sigal
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1

Physical Background

The starting point of quantum mechanics was Planck’s idea that electromag-
netic radiation is emitted and absorbed in discrete amounts — quanta. Einstein
ventured further by suggesting that the electro-magnetic radiation itself con-
sists of particles, which were then named photons. These were the first quan-
tum particles and the first glimpse of wave-particle duality. Then came Bohr’s
model of an atom, with electrons moving on fixed orbits and jumping from or-
bit to orbit without going through intermediate states. This culminated first in
Heisenberg and then in Schrodinger quantum mechanics, with the next stage
incorporating quantum electro-magnetic radiation accomplished by Jordan,
Pauli, Heisenberg, Born, Dirac and Fermi.

To complete this thumbnail sketch we mention two dramatic experiments.
The first one was conducted by E. Rutherford in 1911, and it established the
planetary model of an atom with practically all its weight concentrated in
a tiny nucleus (10713 — 107!2 c¢m) at the center and with electrons orbiting
around it. The electrons are attracted to the nucleus and repelled by each
other via the Coulomb forces. The size of an atom, i.e. the size of electron
orbits, is about 108 cm. The problem is that in classical physics this model
is unstable.

The second experiment is the scattering of electrons on a crystal conducted
by Davisson and Germer (1927), G.P. Thomson (1928) and Rupp (1928), after
the advent of quantum mechanics. This experiment is similar to Young’s 1805
experiment confirming the wave nature of light. It can be abstracted as the
double-slit experiment described below. It displays an interference pattern for
electrons, similar to that of waves.

In this introductory chapter, we present a very brief overview of the basic
structure of quantum mechanics, and touch on the physical motivation for
the theory. A detailed mathematical discussion of quantum mechanics is the
focus of the subsequent chapters.
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1.1 The Double-Slit Experiment

Suppose a stream of electrons is fired at a shield in which two narrow slits
have been cut (see Fig. 1.1.) On the other side of the shield is a detector
screen.

N < shield
> _
electron '\1‘
N slits
gun 1 /
- _
- screen

Fig. 1.1. Experimental set-up.

Each electron that passes through the shield hits the detector screen at
some point, and these points of contact are recorded. Pictured in Fig. 1.2 and
Fig. 1.3 are the intensity distributions observed on the screen when either of
the slits is blocked.

P, (brightness)

n

NN N AN %

Fig.1.2. First slit blocked.
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NN NN N
N

Fig.1.3. Second slit blocked.

When both slits are open, the observed intensity distribution is shown in
Fig. 1.4.

PP +P,

_ \

s

NN N 2N N ¥

Fig.1.4. Both slits open.

Remarkably, this is not the sum of the previous two distributions; i.e.,
P # P; + P,. We make some observations based on this experiment.

1. We cannot predict exactly where a given electron will hit the screen, we
can only determine the distribution of locations.

2. The intensity pattern (called an interference pattern) we observe when
both slits are open is similar to the pattern we see when a wave propagates
through the slits: the intensity observed when waves E; and Es (the waves
here are represented by complex numbers encoding the amplitude and
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phase) originating at each slit are combined is proportional to |E; + E5|? #
|E1)? + |E2)? (see Fig. 1.5).

<
<

N 2N NN

Fig.1.5. Wave interference.

We can draw some conclusions based on these observations.

1. Matter behaves in a random way.
2. Matter exhibits wave-like properties.

In other words, the behaviour of individual electrons is intrinsically random,
and this randomness propagates according to laws of wave mechanics. These
observations form a central part of the paradigm shift introduced by the theory
of quantum mechanics.

1.2 Wave Functions

In quantum mechanics, the state of a particle is described by a complex-valued
function of position and time, ¢ (x,t), + € R®, ¢ € R. This is called a wave
function (or state vector). Here R? denotes d-dimensional Euclidean space,
R = R!', and a vector x € R? can be written in coordinates as = (1, ... )
with T; € R.

In light of the above discussion, the wave function should have the following
properties.

1. |¢(-,t)|* is the probability distribution for the particle’s position. That
is, the probability that a particle is in the region 2 C R? at time ¢ is

Jo [z, t)[*dx. Thus we require the normalization [, [¢(z, t)[*dx = 1.
2. 1 satisfies some sort of wave equation.

For example, in the double-slit experiment, if ), gives the state beyond the
shield with the first slit closed, and 15 gives the state beyond the shield with
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the second slit closed, then ¢ = 11 + 1o describes the state with both slits
open. The interference pattern observed in the latter case reflects the fact that

|12 # [1]? + ||

1.3 State Space

The space of all possible states of the particle at a given time is called the state
space. For us, the state space of a particle will usually be the square-integrable
functions:

PE) = (R~ [ [@)Pde <oc)
R3

(we can impose the normalization condition as needed). This is a vector space,
and has an inner-product given by

W.0) 1= [ Gt

In fact, it is a Hilbert space (see Section 23.2 for precise definitions and math-
ematical details).

1.4 The Schrodinger Equation

We now give a motivation for the equation which governs the evolution of
a particle’s wave function. This is the celebrated Schridinger equation. An
evolving state at time ¢ is denoted by (x,t), with the notation ¢ (t)(x) =
U(,t).

Our equation should satisfy certain physically sensible properties.

1. Causality: The state 1(tp) at time ¢t = t¢ should determine the state 1 (t)
for all later times t > tg.

2. Superposition principle: If () and ¢(t) are evolutions of states, then
a(t) + Bp(t) (o, B constants) should also describe the evolution of a
state.

3. Correspondence principle: In “everyday situations,” quantum mechanics
should be close to the classical mechanics we are used to.

The first requirement means that 1 should satisfy an equation which is first-
order in time, namely 5
7V = Ay (1.1)

for some operator A, acting on the state space. The second requirement implies
that A must be a linear operator.

We use the third requirement — the correspondence principle — in order
to find the correct form of A. Here we are guided by an analogy with the
transition from wave optics to geometrical optics.
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Wave Optics — Geometrical Optics

! !

Quantum Mechanics — Classical Mechanics

In everyday experience we see light propagating along straight lines in accor-
dance with the laws of geometrical optics, i.e., along the characteristics of the
equation

o¢

i +c| V9| (¢ = speed of light), (1.2)

known as the eikonal equation. On the other hand we know that light, like
electro-magnetic radiation in general, obeys Maxwell’s equations which can
be reduced to the wave equation (say, for the electric field in the complex
representation)
0%u
ot?
where A = Z?:l 8? is the Laplace operator, or the Laplacian (in spatial
dimension three).
The eikonal equation appears as a high frequency limit of the wave equa-
tion when the wave length is much smaller than the typical size of objects.

= Au, (1.3)

Namely we set u = ae%, where a and ¢ are real and O(1) and A > 0 is the
ratio of the typical wave length to the typical size of objects. The real function
¢ is called the eikonal. Substitute this into (1.3) to obtain

i+ 2N Yad — A\ 2ad? + ixrad
= (Aa+2iN"'Va- Vo — A"2a|Vo|? + A\ Ladg)

(where dots denote derivatives with respect to ¢). In the short wave approxi-
mation, A < 1 (with derivatives of @ and ¢ O(1)), we obtain

—aq'b2 = —c%a|Vg|?,

which is equivalent to the eikonal equation (1.2).
An equation in classical mechanics analogous to the eikonal equation is
the Hamilton-Jacobi equation

oS
5 = —h(@,V9), (1.4)

where h(z, k) is the classical Hamiltonian function, which for a particle of mass
m moving in a potential V is given by h(z,k) = 5|k[* + V(x), and S(z,t)
is the classical action. We would like to find an evolution equation which
would lead to the Hamilton-Jacobi equation in the way the wave equation
led to the eikonal one. We look for a solution to equation (1.1) in the form
Y(x,t) = a(x, t)e?S@D/M where S(x, t) satisfies the Hamilton-Jacobi equation
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(1.4) and A is a parameter with the dimensions of action, small compared to a
typical classical action for the system in question. Assuming a is independent
of h, it is easy to show that, to leading order, ¥ then satisfies the equation

inLp(w,t) ) Wz, t) + V(2 (a,t) (1.5)
ot om T " '

This equation is of the desired form (1.1). In fact it is the correct equation, and
is called the Schréidinger equation. The small constant h is Planck’s constant;
it is one of the fundamental constants in nature. For the record, its value is
roughly

h = 6.6255 x 10727 erg sec.

The equation (1.5) can be written as

0
i = HY (1.6)

where the linear operator H, called a Schrddinger operator, is given by

h2
Hy =~ Ay + V.

Example 1.1 Here are just a few examples of potentials.

Free motion : V = 0.

A wall: V' =0 on one side, V' = oo on the other (meaning 1) = 0 here).
The double-slit experiment: V' = oo on the shield, and V = 0 elsewhere.
The Coulomb potential : V(z) = —a/|z| (describes a hydrogen atom).

Ol -

The harmonic oscillator : V(z) = mng|x|2

We will analyze some of these examples, and others, in subsequent chapters.






2

Dynamics

The purpose of this chapter is to investigate the existence and a key property

— conservation of probability — of solutions of the Schrédinger equation for

a particle of mass m in a potential V. The relevant background material on

linear operators is reviewed in the Mathematical Supplement Chapter 23.
We recall that the Schrodinger equation,

o
h— = H 2.1
where the linear operator H = —%A + V is the corresponding Schrodinger

operator, determines the evolution of the particle state (the wave function),
t. We supplement equation (2.1) with the initial condition

Yle=0 = 1o (2.2)

where 19 € L?(R?). The problem of solving (2.1)- (2.2) is called an initial
value problem or a Cauchy problem.

Both the existence and the conservation of probability do not depend on
the particular form of the operator H, but rather follow from a basic property
— self-adjointness. This property is rather subtle, so for the moment we just
mention that self-adjointness is a strengthening of a much simpler property —
symmetry. A linear operator A acting on a Hilbert space H is symmetric if
for any two vectors in the domain of A, 1, ¢ € D(A),

(Ay, ¢) = (¢, Ad).

2.1 Conservation of Probability

Since we interpret |1(z,t)|? at a given instant in time as a probability distri-
bution, we should have
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/, (. t)[*de = 1 (2.3)
R3

- / (z, 0)2da
R3

at all times, t. If (2.3) holds, we say that probability is conserved.

Theorem 2.1 Solutions ¥ (t) of (2.1) with ¢(t) € D(H) conserve probability
if and only if H is symmetric.

Proof. Suppose 9(t) € D(H) solves the Cauchy problem (2.1)-(2.2). We com-
pute

S000) = (00 + (9 = (o H, ) + (6, - HY)
= ({0, H) — (H, )

(here, and often below, we use the notation ¥ to denote op/ot). If H is
symmetric then this time derivative is zero, and hence probability is conserved.
Conversely, if probability is conserved for all such solutions, then (H¢, ¢) =
(¢, Ho) for all ¢ € D(H) (since we may choose ¥y = ¢). This, in turn,
implies H is a symmetric operator. The latter fact follows from a version of
the polarization identity,

1 . ) . )
(W,8) = 7o+ ¥l* = lle = ¢II* —ille +iw]* +illg — i), (2.4)
whose proof is left as an exercise below. [J
Problem 2.2 Prove (2.4).

Problem 2.3 Show that the following operators on L?(R3) (with their nat-
ural domains) are symmetric:

1. x; (that is, multiplication by z;);

2. pj = —ihOy;
3. Hy:= —1Z A,
4. for I Rgb — R bounded, f(z) (multiplication operator) and f(p) :=

“Lf(k)F (here F denotes Fourier transform);
5. 1ntegral operators K f(z) = [ K(z,y)f(y)dy with K (z,y) = K (y,z) and,
say, K € L*(R? x R?’)

2.2 Self-adjointness

As was mentioned above the key property of the Schrédinger operator H
which guarantees existence of dynamics is its self-adjointness. We define this
notion here. More detail can be found in Section 23.5 of the mathematical
supplement.
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Definition 2.4 A linear operator A acting on a Hilbert space H is self-adjoint
if A is symmetric and Ran(A4 £+ 1) = H.

Note that the condition Ran(A £ i1) = H is equivalent to the fact that the
equations

(Atip=f (2.5)

have solutions for all f € H. The definition above differs from the one com-
monly used (see Section 23.5 of the Mathematical Supplement and e.g. [RSI]),
but is equivalent to it. This definition isolates the property one really needs
and avoids long proofs which are not relevant to us.

Example 2.5 The operators in Problem 2.3 are all self-adjoint.

Proof. We show this for p = —ihd, on the space L?(R). This operator is
symmetric, so we compute Ran(—:h0, + i). That is, we solve

(—ihdy + i)Y = f,

which, using the Fourier transform (see Section 23.14), is equivalent to (k +
1)y (k) = f(k), and therefore

b(x) = (2nh) V2 /R e’im/’ig(—f)i dk.

Now for any such f € L?(R),
(1+[EI)Y2(k)| = | f (k)| € L*(R),

so 9 lies in the Sobolev space of order one, H!(R) = D(—ihd,), and therefore
Ran(—ihd, +i1) = L?. Similarly Ran(—ihd, —il) = L. OJ

Problem 2.6 Show that x;, f(z) and f(p), for f real and bounded, and A
are all self-adjoint on L?(R?) (with their natural domains).

In what follows we omit the identity operator 1 in expressions like A — z1.
The next result establishes the self-adjointness of Schrodinger operators.

Theorem 2.7 Assume that V is real and bounded. Then H := —%A+V($),
with D(H) = D(A4), is self-adjoint on L?(R?).

Proof. It is easy to see (just as in Problem 2.3) that H is symmetric. To
prove Ran(H +1i) = H, we will use the following facts proved in Sections 23.4
and 23.5 of the mathematical supplement:

1. If an operator K is bounded and satisfies || K|| < 1, then the operator
1 + K has a bounded inverse.

2. If A is symmetric and Ran(A — z) = H for some z, with Im z > 0, then it
is true for every z with Im z > 0. The same is true for Im z < 0.
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3. If A is self-adjoint, then A — z is invertible for all z with Im z # 0, and

1
[Tm 2|

I(A = 2)71I < (2.6)

Since H is symmetric, it suffices to show that Ran(H + i\) = H, for some
A€ R, £X > 0, i.e. to show that the equation

(H+iNy=f (2.7)
has a unique solution for every f € H and some A € R, £\ > 0. Write
Hy = —%A. We know Hj is self-adjoint, and so Hy + i\ is one-to-one and
onto, and hence invertible. Applying (Hy +i\)~! to (2.7), we find

v+ KNy =g,

where K (\) = (Ho+i)\) "'V and g = (Ho+iX) "' f. By (2.6), [K(N)|| < £ [[V].
Thus, for |A] > ||V], |[K(A)|| < 1 and therefore 1 + K(\) is invertible,
according to the first statement above. Similar statements hold also for
K(\)T := V(Hp + i)\)~!. Therefore

v=(1+KN) g
Moreover, it is easy to see that
(Ho +iN)(1+K\) = 1+ KN)T)(Ho + 1))

and therefore 1) = (Ho+i)\) ~ L (1+K (N\)T) (show this). Sovp € D(Hy) = D(H).
Hence Ran(H +i\) = H and H is self-adjoint, by the second property above.
d

Unbounded potentials. The Coulomb potential V(z) = a7 1s not bounded.
We can extend the proof of Theorem 2.7 to show that Schrodinger operators
with real potentials with Coulomb-type singularities are still self-adjoint. More
precisely, we consider a general class of potentials V satisfying for all ¢ €
D(Ho)

IVl < allHoo|| + bl (2.8)

(Hop-bounded potentials) for some a and b with a < 1.

Problem 2.8 Show that V(x) = ﬁ satisfies (2.8) with a > 0 arbitrary and

b depending on a. Hint: Write V (z) = Vi(z) + Va(x) where

V@ wi<1 _fo o i<t
Vie) = {0 lz| > 17 Va(e) = {V(m) |z| > 1.

Use that |Viv|| < sup|¢]||V4]|, that by the Fourier transform sup |¢)| <
([(|k]? + ¢)72dk)=Y2(|| AY|| + c||2]]), and the fact that [(|k|? + ¢)"2dk — 0

as ¢ — OQ.
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Theorem 2.9 Assume that Hj is a self-adjoint operator and V' is a symmetric
operator satisfying (2.8) with a < 1. Then the operator H := Hy + V with
D(H) = D(H,) is self-adjoint.

Proof. As in the proof of Theorem 2.7, it suffices to show that ||V (Hy —
i\) 71| < 1, provided A is sufficiently large. Indeed, (2.8) implies that

IV(Ho —iA) "' ¢l| < allHo(Ho —iX) ™ || +b]| (Ho — i\) "¢l (2.9)

Now, since ||Hog|* < [[Hog|I* + [AP[|glI* = [[(Ho — iN¢||* and [|(Ho —
iN)"1o|| < A7 4|, we have that

IV (Ho —iN) "¢l < allgl +bAI 7 4] (2.10)

Since a < 1 we take A such that a+b|A\|~! < 1, which gives ||V (Hy—i)\) Y| <
1. After this we continue as in the proof of Theorem 2.7. [

Problem 2.10 Prove that the operator H := —RA I%I (the Schrodinger

2m
operator of the hydrogen atom with infinitely heavy nucleus) is self-adjoint.

Theorem 2.9 has the following easy and useful variant

Theorem 2.11 Assume that Hy is a self-adjoint, positive operator and V' is
symmetric and satisfies D(V) D D(Hp) and

(¥, V) < aly, Hot)) + bl (2.11)

with @ < 1. Then the operator H := Hy + V with D(H) = D(H,), is self-
adjoint.

For a proof of this theorem see e.g. [RSII], Theorem X.17.
Now we present the following more difficult result, concerning Schrodinger
operators whose potentials grow with x:

Theorem 2.12 Let V(z) be a continuous function on R? satisfying V' (x) > 0,
and V(x) — oo as |z| — co. Then H = —QﬁA + V is self-adjoint on L?(R?)

m

The proof of this theorem is fairly technical, and can be found in [HS], for
example.

Remark 2.13 Here and elsewhere, the precise meaning of the statement “the
operator H is self-adjoint on L?(R?)” is as follows: there is a domain D(H),
with Cg°(R?) € D(H) C L?(RY), for which H is self-adjoint, and H (with
domain D(H)) is the unique self-adjoint extension of f%A + V(x), which is

originally defined on C§°(R%). The exact form of D(H) depends on V. If V is
bounded or relatively bounded as above, then D(H) = D(A) = H?(RY).
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By definition, every self-adjoint operator is symmetric. However, not every
symmetric operator is self-adjoint. Nor can every symmetric operator be ex-
tended uniquely to a larger domain on which it is self-adjoint. For example, the
Schrédinger operator A := —A — ¢/|z|? with ¢ > 1/4 is symmetric on the do-
main C§°(R?*\{0}) (the infinitely differentiable functions supported away from
the origin), but does not have a unique self-adjoint extension (see [RSII]). It is
usually much easier to show that a given operator is symmetric than to show
that it is self-adjoint, since the latter question involves additional domain
considerations.

2.3 Existence of Dynamics
We consider the Cauchy problem (2.1)- (2.2) for an abstract linear operator
H on a Hilbert space H. Here ¢ = 1(t) is a differentiable path in H.

Definition 2.14 We say the dynamics exist if for all ¢y € H the Cauchy
problem (2.1)- (2.2) has a unique solution which conserves probability.

The main result of this chapter is the following
Theorem 2.15 The dynamics exist if and only if H is self-adjoint.

We sketch here a proof only of the implication which is important for us,
namely that self-adjointness of H implies the existence of dynamics, with
details relegated to the mathematical supplement Section 23.6 (for a proof
of the converse statement see [RSI]). We derive this implication from the
following result:

Theorem 2.16 If H is a self-adjoint operator, then there is a unique family

of bounded operators, U(t) := e~ /" having the following properties for
t,s e R:

ih%U(t) =HU(t)=U(t)H, (2.12)

U(0) =1, (2.13)

Ut)U(s) =U(t+s), (2.14)

U @)l = 4. (2.15)

Theorem 2.16 implies the part of Theorem 2.15 of interest to us here. Indeed,
the family 1 (t) := U(t)1)o is the unique solution of the Cauchy problem (2.1)-
(2.2), and also conserves probability. (The uniqueness follows from (2.3).)

The operator family U(t) := e~ /" is called the propagator or evolu-
tion operator for the equation (2.1). The properties recorded in the equa-
tions (2.14) and (2.15) are called the group and isometry properties. The
operator U(t) = e /" is furthermore invertible (since U(t)U(—t) = 1).
Hence, as well as being an isometry (i.e. [|[U ()| = ||¢]|), each U(t) is more-
over unitary (see Section 23.6), and such a family is called a one-parameter
unitary group.
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Sketch of a proof of Theorem 2.16. We begin by discussing the exponential of
a bounded operator. For a bounded operator, A, we can define the operator
e” through the familiar power series

(oo}

A'V‘L
A=y

n=0

which converges absolutely since
i A" _ i Al"
n!l = n!
n=0 n=0

With this definition, for a bounded operator A, it is not difficult to prove
(2.12) - (2.14) for U(t) = e~ /" and if A is also self-adjoint, (2.15).

Problem 2.17 For A bounded, prove (2.12) - (2.14) for U(t) = e~"#A4/" and,
if A is self-adjoint, also (2.15).

= elAl < .

Now for an unbounded but self-adjoint operator A, we may define the
bounded operator e** by approximating A by bounded operators. Since A is
self-adjoint, the operators

Ay = %A?[(A N 4 (A—iN)TY (2.16)

are well-defined and bounded for A > 0. Using the bound (2.6), implied by
the self-adjointness of A, we show that the operators A, approximate A in
the sense that

Axyp — Ay as A — oo for ¢ € D(A). (2.17)

Since Ay is bounded, we can define the exponential e*4* by power series as
above. One then shows that the family {e*4*, XA > 0} is a Cauchy family, in
the sense that

| (e — e )yl — 0 (2.18)

as A, N — oo for all v € D(A). This Cauchy property implies that for any
Y € D(A), the vectors e ¢) converge to some element of the Hilbert space
as A — 0o0. Thus we can define

ety = Jim e (2.19)

for 1 € D(A). It follows from (2.15) that [[e'4¢| < [j1] for all ¥ in D(A),
which is dense in H. Thus we can extend this definition of €4 to all ¥ € H.
This defines the exponential e’ for any self-adjoint operator A.

If H is self-adjoint, then so is Ht/h for every t € R. Hence the conclusions
above apply to Ht/h. This defines the propagator U(t) = e /" Using
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Problem 2.17 and (2.19), we can prove that U(¢) has the properties (2.12) —
(2.15). This implies Theorem 2.16. OJ

The theorem above, together with the Fourier transform (see Sec-
tion 23.14), also provides one method of defining functions of self-adjoint
operators:

Definition 2.18 Let A be a self-adjoint operator, and f()) be a function on
R whose inverse Fourier transform, f, is integrable: [ | f(t)|dt < oo. Then the
operator

f(A) = (27rh)_1/2/Rf(t)e_iAt/hdt (2.20)

is well-defined, is bounded, and is self-adjoint if f is real. It is a function of
the operator A.

Example 2.19 Theorem 2.16 allows us to define exponentials of the self-
adjoint operators on L?(R*) with which we are familiar: z;, p; := —ihd,,,
Hy = —%A, f(z) and f(p) (for f a real function).

Problem 2.20 Determine how the operators e/ and e act on functions
in L2(R3).

To summarize, if H is self-adjoint, then the operators U(t) := e *Ht/h
exist and are unitary for all ¢ € R (since Ht/h is self-adjoint). Moreover,
the family (t) := U(t)yo is the unique solution of the equation (2.1),
with the initial condition ¥ (0) = vy, and it satisfies ||¢(¢)]| = ||¢o]|. Thus
for the Schrodinger equation formulation of quantum mechanics to make
sense, the Schrodinger operator H must be self-adjoint. As was shown in
Theorem 2.9, Schrodinger operators H := —ﬁA—i—V(x) with potentials V' (z)

2m
satisfying (2.8) are self-adjoint, and therefore generate unitary dynamics.

2.4 The Free Propagator

We conclude this chapter by finding the free propagator U(t) = etHot/h i e

the propagator for Schrédinger’s equation in the absence of a potential. Here

Hy = —%A acts on L?*(R3). The tool for doing this is the Fourier transform,
whose definition and properties are reviewed in Section 23.14.
_alkl?

Let g(k) = e~ "2 (a Gaussian), with Re(a) > 0. Then setting p := —ihV
and using Definition 23.76 and Problem 23.73 (part 1) from Section 23.14, we

have
_lz—y|?

o(pyi(a) = (2ral?) /2 / e~ 5 p(y)dy.

Since —h?A = |p|?, we can write this as

_lz—y?

(" 42y (z) = (2mah?)~*/2 / e 2 P(y)dy. (2.21)
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Taking a = ni—% here, we obtain an expression for the Schrodinger evolution

operator e~iHot/h o1 the Hamiltonian of a free particle, Hy = —%A:
4 omiht\ ~%/? imlz—y|?
(eszot/ﬁw)(x) _ ( m > / e%w(y)dy (222)
m R3

One immediate consequence of this formula is the pointwise decay (in time)
of solutions of the free Schrédinger equation with integrable initial data:

i/t ()| < (2”—’”)3/2 [ 1wt (223)

m

As another consequence, we make a connection between the free Schrodinger
evolution, and the classical evolution of a free particle. Using the relation
|z —y|? = |z|?> — 22 -y + |y|?, we obtain

N\ —3/2 ;
et/ () — <27rzht) e% /eﬂ'y-y/h <6W¢(y)) dy.

m

,77;\@\2

Denoting ¢ (y) := €' 2at 1)(y), we have

it .mlz|? ~

—3/2
e ot/ My () = (E) e' 2t Py (ma /1) (2.24)

where (as usual) QZ denotes the Fourier transform of ¢. One can show that if
(k) is localized near ko € RY, then so is 1;(k) for large ¢, and therefore the
right hand side of (2.24) is localized near the point

To = vot, where vo = ko/m,

i.e., near the classical trajectory of the free particle with momentum kq.
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Observables

Observables are the quantities that can be experimentally measured in a given
physical framework. In this chapter, we discuss the observables of quantum
mechanics.

3.1 Mean Values and the Momentum Operator

We recall that in quantum mechanics, the state of a particle at time ¢ is
described by a wave function 1 (x,t). The probability distribution for the
position, z, of the particle, is [1(-,#)|?. Thus the mean value of the position
at time ¢ is given by [z|¢(x,t)|>dz (note that this is a vector in R?). If we
define the coordinate multiplication operator

zj : (a) = wjh(x)

then the mean value of the j** component of the coordinate z in the state 1)
is (¢, z;9).

Using the fact that ¢ (x,t) obeys the Schrédinger equation ih%—lf = H,
we compute

d . . 1 1
= (. 5 Hayo) — (2,5 HY) = (b, 5 [H,;]4)

(where recall [A,B] :== AB — BA is the commutator of A and B). Since
H=-I A4V, and Alzyp) = 2A¢ + 2V, we find

1 ih

7, 2] = ——Vj,

leading to the equation
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<7/)7 7Zhvjw>

1
m

d
EW& x]¢>

As before, we denote the operator —iAV; by p;. As well, we denote the mean
value (1, Ay) of an operator A in the state 1) by (A),,. Then the above becomes

d

me{zi)e = (ps)y (3.1)

which is reminiscent of the definition of the classical momentum. We call the
operator p the momentum operator. In fact, p; is a self-adjoint operator on
L2(R3). (As usual, the precise statement is that there is a domain on which
p; is self-adjoint. Here the domain is just D(p;) = {¢ € L?*(R?) | a%jw €
L2(RY).)

Using the Fourier transform, we compute the mean value of the momentum
operator

() = (i) = (i) = [ bl

This, and similar computations, show that |1ﬁ(k:)|2

tion for the particle momentum.

is the probability distribu-

3.2 Observables

Definition 3.1 An observable is a self-adjoint operator on the state space
L2(R3).

We have already seen a few examples of observables, including the position
operators, x;, the momentum operators, p; and the Hamiltonian operator,
h? 1
H=—-——A+V=—pP+V
2m 2m
(here |p|? = 2?21 p3). But what is the meaning of this observable? We find
the answer below.
The reader is invited to derive the following equation for the evolution of
the mean value of an observable.

Problem 3.2 Check that for any observable, A, and for any solution 1 of
the Schrédinger equation, we have
d i
—(A)y, =( =[H, A . 3.2
v = (FlE.7) (32)

P

We would like to use this result on the momentum operator. Simple com-
putations give [A,p] = 0 and [V,p] = ihVV, so that ¢[H,p] = —VV and
hence
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%@m = (=V;V)y. (3.3)

This is a quantum mechanical mean-value version of Newton’s equation of
classical mechanics. Or, if we include Equation (3.1), we have a quantum
analogue of the classical Hamilton equations.

In general, we interpret (A), as the average of the observable A in the
state ¥. What is the probability, Proby (A € £2), that measured values of the
physical observable represented by A in a state ¢ land in an interval 2 C R?
As in the probability theory, this is given by the expectation

Proby (A € 2) = (xo(4))s (3-4)

of the observable x(A), where x () is the characteristic function of the set
2 (ie xoA) =1,if A € 2 and xn(A) = 0, if A ¢ (2) and the operator-
function x(A) can be defined according to the formula (2.20) and a limiting
procedure which we skip here. We call x(A) the characteristic function of
the operator A. This definition can be justified using spectral decompositions
of the type (23.44) of Section 23.11, but we will not do so here.

3.3 The Heisenberg Representation

The framework outlined up to this point is called the Schrdidinger represen-
tation of quantum mechanics. Chronologically, quantum mechanics was first
formulated in the Heisenberg representation, which we now describe. For an
observable A, define
A(t) — eitH/hAe_itH/h.

Let () be the solution of Schrodinger’s equation with initial condition q:
Y(t) = e~ /M)y Since e~ /M is unitary, we have, by simple computations
which are left as an exercise,

(A py = (At))po (3.5)
and )

F(H. A1) (3.6)

d
%A(t)

Problem 3.3 Prove equations (3.5) and (3.6).

This last equation is called the Heisenberg equation for the time evolution of
the observable A. In particular, taking x and p for A, we obtain the quantum
analogue of the Hamilton equations of classical mechanics:

mi(t) =p(t),  p(t) = -VV(x(t)). (3.7)
In the Heisenberg representation, then, the state is fixed (at 1), and the
observables evolve according to the Heisenberg equation. Of course, the

Schrodinger and Heisenberg representations are completely equivalent (by a
unitary transformation).
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3.4 Spin

Quantum mechanical particles may also have internal degrees of freedom,
which have no classical counterparts. The most important of these is spin. It
has properties of an angular momentum of orbital motion. The state space

for a particle of spin r is
L2(R®;C2r ), (3.8)

the space of square integrable functions with values in C?"*!, i.e. having
2r + 1 components, ¥(x) = (¥1(x),...,Y2+1(x)), each of which belongs to
the familiar one-particle space L?(R?) = L?(R3;C). (Usually such functions
are written as columns, but for typographical simplicity we write them as
rows.) The spin observables S;,j = 1,2,3, are the generators of the group
SU(2) (span the Lie algebra su(2)) and satisfy the commutation relations

[Sk, Si] = ihe™™S,,,. (3.9)

klm klm

Here € is the Levi-Civita symbol: ¢!?® = 1 and ¢ changes sign under
permutation of any two indices. It is an experimental fact that all particles
belong to one of the following two groups: particles with integer spins, or
bosons, and particles with half-integer spins, or fermions. (The particles we
are dealing with — electrons, protons and neutrons — are fermions, with spin %,
while photons, which we will deal with later, are bosons, with spin 1. Nuclei,
though treated as point particles, are composite objects whose spin could be
either integer or half-integer.) For spin r, the spin operators S; act on C?r+1,

For r = %, they can be written as S; = %aj, where o; are the Pauli matrices

al—(?é),UQ—(?_()i),ag—(é_()l>. (3.10)

In this case, if we introduce the spin variable s = £1/2 and use the notation
Y(x,s) = (Y(x,1/2),1(x,—1/2)), we have the relations

511/1(937 8) = h|5|1/1(337 *S)a 521/)(1'; 5) = *ihsw(xa 75)7 SS¢(xv 5) = 551/)(% S)'

The spin interacts with an external magnetic field and the energy of this

interaction (in the case of spin r = 1) is

eh
—o0 - B(x),
2mece (z)
where e and m are the charge and mass of the particle and B(x) is the magnetic
field. Assuming the electro-magnetic field is dynamic and treating it as a
quantum field (i.e. quantizing Maxwell equations, see Chapter 19) leads to
corrections to this expression.
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3.5 Conservation Laws

We say that an observable A (or more precisely, the physical quantity rep-
resented by this observable) is conserved if its average in any evolving state
(t) is independent of t:

(Duwy = (A))yo = (Ao, (3.11)

where g = (0), A(t) := /M Ae=*H/" and 4)(t) solves the Schrédinger
equation:
o

ih - = H. (3.12)

Due to (3.2) an observable A is conserved if and only if A(t) is constant,
which is equivalent to A commuting with the Schrodinger operator H, i. e.
[A, H] = 0 (provided certain domain properties, which we ignore here, hold).
For example, since obviously [H, H| = 0, we have (H), =constant, which
is the mean-value version of the conservation of energy.

Most conservation laws come from symmetries of the quantum system in
question. For example

e Time translation invariance (V' is independent of ¢) — conservation of
energy

e Space translation invariance (V is independent of ) — conservation of
momentum

e Space rotation invariance (V is rotation invariant, i.e. is a function of |x|)
— conservation of angular momentum

e Gauge invariance (invariance of the equation under the transformation
Y — e')) — conservation of charge/probability.

Symmetries are often associated with one-parameter groups Us, s € R, of
unitary operators. We say that Uy is a symmetry if Us maps D(H) into itself
and

1y is a solution to (3.12) — Uty is a solution to (3.12), Vs € R.

Let A be a generator of a one-parameter group Us: d;Us = iAUs. Then (ig-
noring domain questions)

Us is a symmetry of (3.12) — A commutes with H.

Indeed, the fact that Us is a symmetry implies that (here again we disregard
domain questions and proceed formally) 70, Ustpy = HUgtp. Inverting U
gives ihdyp, = U7 HUg1y,. Differentiating the last equation with respect to
s and setting s = 0 and t = 0 we arrive at i[H, AJyyg = 0, where 19 = 14—0.
Since this is true for any 1o, we conclude that [H, A] = 0, i. e. A commutes
with H.

Examples of symmetry groups and their generators:
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e Spatial translations: Uy : ¢¥(z) — ¢(z +y), y € R3, with the generator
%p = —iV, = conservation of momentum

e Spatial rotation: Ug : ¥(x) — (R~ 'x), R € O(3), with the generator
+L =z x (—iV,) = conservation of angular momentum

e Gauge invariance: U, : ¢¥(z) — e"*Y(z), a € R, with the generator i =
conservation of probability.

Actually, U, and Ug are not one-parameter groups, but three-parameter ones:
UyUy/ = Uy+y/ and URUR/ = URR’»

the first one commutative, the second one not. They give unitary represen-
tations of the groups of translations and rotations of R3, respectively, and
together form the group of rigid motions of R?. They can be written as prod-
ucts of one parameter groups, so that the analysis relevant for us can be
reduced to the latter case.

3.5.1 Probability current

We discuss below how the probability distribution changes under the
Schrédinger equation and derive the differential form of the probability con-
servation law and formula for the probability current. A similar discussion
holds for other conservation laws.

Proposition 1. We have 9;|1|> = —divj(¢) where j(v)) is called the proba-
bility current (in the state ¢) and is given by

J() = = Tn(@V). (313)

Proof. We compute O[> = 0,(¢y)) = LHYY + E=Hy= —I Ayy +
I = gdiv(y VY — V). O

Write ¢ as ¢ = ae’n where a and S are real-valued functions. Plug this
into the Schrodinger equation and take the real and imaginary parts of the
result to obtain

08 1 h?
W = —%|vs|2 -V + %aflAa, (314)

Oa

1 1

Problem 3.4 Derive these equations.
Set =0 in (3.14) (classical limit), to obtain

0S5y 1 9
0, gy V= 1
" + 2"n| Sol” + 0, (3.16)
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which is the Hamilton-Jacobi equation of classical mechanics. Hence Sy is the
classical action. The equation (3.15) can be rewritten as

da? 1
a—i = ~div(-—-VSa®). (3.17)
By (3.16), we have j = a?¥2 VS = pv, where p is the probability density and
v = V—S is the classical Ve1001ty Thus j is the current density. Moreover, (3.17)
1mphes
d
md—'j = —divj, (3.18)

The equations (3.16) and (3.18) describe classical non-interacting particles of

density p(x,t) = |¢|?*(z,t) and velocity v(z,t) = vs(x Y in the potential V (z).
Taking the gradient of (3.16), we obtain the followmg equation for the
velocity v = YHS = f)
dv
— =-VV, 3.19
ml — vy, (319)
where 9 = (9, +v - V)v is the material derivative.

Consider a stationary state ¥(z,t) = e*%d)(:c) where H¢ = E¢. Then
S = —Et + x and a = |¢| where y is the argument of ¢, ¢ = |p|e?X = ae’X,
Hence,

oS oa
= —F and % 0
which together with (3.14) and (3.15) imply that
A
VS|2 = om(E— V) =" - a (3.20)
and
div(a®*VS) = 0. (3.21)

In the regime 7/ (classical action) — 0 (the classical limit) we obtain a station-
ary flow of particle fluid. Hence in the classical limit, v = vms is interpreted as
velocity, and p = V.S as momentum. Note that (3.20) implies that in the clas-
sical limit, |p| = y/2m(E — V) (in the classically allowed region V(z) < E).






4

Quantization

In this chapter, we discuss the procedure of passing from classical mechanics
to quantum mechanics. This is called “quantization” of a classical theory.

4.1 Quantization

To describe a quantization of classical mechanics, we start with the Hamilto-
nian formulation of classical mechanics (see supplemental Section 4.4 for more
details), where the basic objects are as follows:

1.
2.

@

The phase space (or state space) R2 x R3.

The Hamiltonian: a real function, h(z,k), on R3 x R} (which gives the
energy of the classical system).

Classical observables: (real) functions on R x R3.

Poisson bracket: a bilinear form mapping each pair of classical observables,
f,g, to the observable (function)

3
af 0Og af 0g
Ut =% (ga oo ot).
; 8l€j G:I:j E)atj 8l€j
Canonically conjugate variables: coordinate functions x;, k;, satisfying
{mi,xj} = {k‘i,k‘j} = 0; {ki,xj} = (Sij. (41)

Classical dynamics: Hamilton’s equations:

i = {h,z}, k={hk}. (4.2)

The corresponding fundamental objects in quantum mechanics are the follow-

ing:
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1. The state space L*(R3).

2. The quantum Hamiltonian: a Schrodinger operator, H = h(x,p) acting
on the state space L?(R3).

3. Quantum observables: (self-adjoint) operators on L?(R3).

4. Commutators: a bilinear form mapping each pair of operators acting on
L?(R3), into the commutator £[-,-].

5. Canonically conjugate operators: coordinate operators z;, p;, satisfying

i
[wi,2j] = i, vl = 0; 5 lpis 2] = b (4.3)
6. The dynamics of the quantum system can be described by the Heisenberg
equations _ ’
i i
r = — H ) = — H .
&= -[H ], p=+[Hp]

The relations (4.3) are called the canonical commutation relations. To
quantize classical mechanics we pass from the canonically conjugate variables,
x;, ki, satisfying (4.1) to the canonically conjugate operators, z;, p;, i =
1,2, 3, satisfying (4.3):

i, k’l — Tiy, Pi- (44)

Hence with classical observables f(x, k), we associate quantum observables
f(z,p). This is a fairly simple procedure if f(z,p) is a sum of a function of =
and a function of p, but rather subtle otherwise. It is explained in the next
section.

If the classical Hamiltonian function is h(z,k) = |k|?/2m + V(z), the
corresponding quantum Hamiltonian is the Schrédinger operator

H=hp) = v = I A v
= h(x,p) = — r)=—— x).
P 2m 2m
Similarly, we pass from the classical angular momentum, /; = (z x k);, to the
angular momentum operators, L; = (z x p)j.
The following table provides a summary of the classical mechanical objects
and their quantized counterparts:
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Object CM QM
state R? x R} and L?(R3) and
space Poisson bracket commutator
evolution path in path in
of state phase space L?(R3)
observable real function self-adjoint operator
on state space on state space
result of measuring deterministic probabilistic
observable
object determining Hamiltonian Hamiltonian (Schrédinger)
dynamics function operator
canonical functions operators
coordinates x and k x (mult.) and p (differ.)

Quantization of classical systems does not lead to a complete description of
quantum systems. As was noted in the previous chapter, quantum mechanical
particles might have also internal degrees of freedom, such as spin, which
have no classical counterparts and therefore cannot be obtained as a result
of quantization of a classical system. To take these degrees of freedom into
account one should modify ad hoc the quantization procedure above, or add
new quantization postulates as is done in the relativistic theory.

4.2 Quantization and Correspondence Principle

The correspondence between classical observables and quantum observables,

f(@, k) — f(z,p),

is a subtle one. It is easy to see that a classical observable f(x) is mapped under
quantization into the operator of multiplication by f(z), and an observable
g(k), into the operator g(p), defined for example using the Fourier transform
and the three-parameter translation group, e~"#'*/":

9(p) = (2mh) =3/ /g(x)e—ip'w/hdx

where ¢ is the inverse Fourier transform of g (see Definition 2.20). However,
the following simple example shows the ambiguity of this correspondence for
more general functions of  and k. The function z-k = k-z could, for example,
be mapped into any of the following distinct operators:

1
r-p, p-x, §(x-p+p-x)-

This ambiguity can be resolved by requiring that the quantum observables
obtained by a quantization of real classical observables are self-adjoint (or at
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least symmetric) operator. This selects the symmetric term above, for exam-
ple. The corresponding quantization is called the Weyl quantization. In this
case the operator A = a(x, p) associated with the classical observable a(z, k)
is given by

A= (2xh)3 / / a(, o) E T P /R ey (4.5)

where @ is the Fourier transform of @ in # and the inverse Fourier transform
in k and therefore

a(z, k) = (2nh) 3 / / a(&,m)el&==m R/ hgeqp. (4.6)

Reversing the quantization procedure one would like to show that classical
mechanics arises from quantum mechanics in the limit as i/ (classical action)
— 0. Assume we passed to physical units in which a typical classical action in
our system is 1, so that & is now the ratio of the Planck constant to the classical
action. First one would like to show that product of quantum observables is
given by a product of classical ones, e.g.

a(x, p)b(x, p) = (ab)(x, p) + O(h), (4.7)

and therefore the former can be identified with latter. Assuming that the
classical observables a and b satisfy [(|¢]+|n])]a(&,n)|dEdn < oo, and similarly
for b (this condition is considerably stronger than needed), one can easily prove
(4.7). Indeed, we use the Baker-Campbell-Hausdorff formula:

eAeB — A+B+3AB] (4.8)

provided [A, B] is a multiple of the identity, which can be verified by comput-
ing

as(esAesB) _ (A + esABefsA)esAesB
=(A+B +/ dre" A, Ble”"")esAesB
0
= (A + B+ s[A, B])e*4e®P.

Using (4.8), (4.5) and the relation [ -2 —7n-p,& -z — 7 - p| = hw, where
w:=¢-n —n-¢, we compute for A := a(z,p) and B := b(z, p),

AB = (2rth)~¢ / / a(&,mb(e n)et he M dednde’ dn . (4.9)

where @ := (£+&')-2—(n+7)-p. Now, we expand e’ = 1+0(|w|) and evaluate
the contribution of the first term using property 5 of the Fourier transform
given in Section 23.14. Together with the definition of the convolution (f *
9)(x) = [pa f(W)g(x — y)dy (see (23.47) of Section 23.14), this gives, after
changing the variables of integration as £ — & — ¢, n—n—1/,



4.2 Quantization and Correspondence Principle 31

(2mh)~ / / (&, mb(E, ) hdednde dn’

= (27771)—6//(& « b) (&, m)el TP/ Mg dn = ab.

The remainder is simply estimated by taking the absolute value under the
integral.

Under the stronger condition [(|¢|%+n|?)|a(&, n)|ddn < oo, one can prove
the stronger statement,

al p)b(z,p) = (ab — hla,b})(z.p) + O(H?). (10)

To prove this, we expand € = 1+ iw + 3 (iw)? + O(|w|?) and use Properties
3 - 5 of the Fourier transform in Section 23.14, to evaluate the contribution
of iw. This is done similarly to the first term above, once we write a(€,n) =
—ih@({, n), na(&,n) = ihV/;;l(ﬁ, 7)) and similarly for b. The remainder term
here is treated similarly to the remainder above. Equation (4.10) implies that
in the next order, the commutators give Poisson brackets:

ia(z,p),b(z,p)] = h{a, b} (z,p) + O(h?). (4.11)

The equation (4.11) allows one to connect the quantum and classical evo-
lutions. Indeed, let ¢: be the flow generated by the Hamilton equations
(4.2), i.e. the map ¢; : (20, ko) — the solution of (4.2) with the initial con-
ditions (o, ko) (see supplemental Section 4.4), and let afla = a o ¢; and
ai(A) = et/h fAe=1Ht/h be the evolutions of classical and quantum observ-
ables (a! is called the Liouville dynamics, and o is nothing but the Heisen-
berg dynamics.) Denote the Weyl quantization map given in (4.5) by @, so
that A = Q(a). One can show that for a certain class of classical observables a,
we have

a(Q(a)) = Q(af'a) + O(n), (4.12)

for t < Csup|V\ as b — 0. Given (4.11), a proof of (4.12) is fairly sim-
ple. We give it here modulo one classical estimate. Using the Duhamel prin-
ciple (i.e. writing a_4(Q(af(a))) — Q(a) as the integral of its derivative

Duae(Q(051(0))) = ao([H, Qo ()] — Q({h, acl(a)}), we obtain
on(A) = Qlao é) = / ds ar_s(R(a o 6,)), (4.13)
0

where R(a) := £[H, A] — Q({h,a}). Since ||y (A)| = || A]|, this gives

le (A) = Q(a o o) S/O ds||R(a o o). (4.14)
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Note that the full evolution «; drops out of the estimate. Using estimate
(4.11) for the remainder R(a) and an appropriate estimate for the classical
observable afla = a o ¢, we arrive at (4.12).

In mathematics, operators obtained by a certain quantization rule from
functions f(x, k) satisfying certain estimates are called pseudodifferential op-
erators, while the functions themselves are called symbols. Differential opera-
tors with smooth coefficients, as well as certain integral and singular integral
operators are examples of pseudodifferential operators. The relation (4.11) is
one of the central statements coming from pseudo-differential calculus.

4.3 Complex Quantum Systems

Here we apply the rules discussed in the previous sections to describe more
complicated quantum systems not considered above.

A particle in an external electro-magnetic field. Here we consider a
quantum particle moving in an external electro-magnetic field. Of course, if
the external field is purely electric, F, then it is a potential field, F = -V,
for some @ : R — R, and fits within the framework we have considered above
with V(z) = §(x).
Suppose, then, that both electric and magnetic fields, F and B, are present.
These are vector fields on R?, which in principle could be time-dependent,
B, E : R3" — R3. We know from the theory of electro-magnetism (Maxwell’s
equations) that these fields can be expressed in terms of the vector potential,
A :R? — R3, and the scalar potential, @ : R? — R via

E=-Vo—0;A, B = curld

(we are using units in which the speed of light, ¢, is equal to one; for more
details see Section 4.4). For simplicity, in what follows we assume that the
electric and magnetic fields, F and B, are time-independent.

It is shown in Section 4.4 that the classical Hamiltonian function for a
particle of charge e subject to the fields E and B is,

1
h(z, k) = %(k —eA(x))? + ed(x).
According to our general quantization procedure, we replace the classical

canonical variables x and k£ with the quantum canonical operators z and
p. The resulting Schrodinger operator is

1
Hy o = %(p —eA)? 4 ed, (4.15)

acting on L%(R3). We remark that the self-adjointness of H4 ¢ can be estab-
lished by using Kato’s inequality (see [CFKS]).



4.3 Complex Quantum Systems 33

An important feature of the operator Ha ¢ is its gauge invariance. We
recall that in the theory of electro-magnetism, the vector potential A is not
uniquely determined by the magnetic field B. In fact, if we add the gradient
of any function x to A (a gauge transformation), we obtain the same magnetic
field B:

curl(A 4+ Vy) = curld = B.

Gauge invariance of the quantum Hamiltonian H 4 ¢ is reflected in the relation
HA+V)(,¢> = eiSX/hHA7gp€7ieX/h. (416)
Problem 4.1 Check that equation (4.16) holds.

Thus if A and A differ by a gradient vector-field, then the operators H (A, ®)
and H(A,®) are unitarily equivalent via the unitary map

'l/) — eiex/hw

on L%(R?). Thus the two Hamiltonians are physically equivalent. Of course,
this is to be expected as A and A correspond to the same magnetic field.
One can impose restrictions (called gauge conditions) on the vector poten-
tial A in order to remove some, or all, of the freedom involved in the choice
of A. A common choice is divA = 0, known as the Coulomb gauge. By an ap-
propriate gauge transformation, the Coulomb gauge can always be achieved.

Many-particle systems. Now we consider a physical system consisting of
n particles of masses my,..., m, which interact pairwise via the potentials
Vij(x; — x;), where x; is the position of the j-th particle. Examples of such
systems include atoms or molecules — i.e., systems consisting of electrons and
nuclei interacting via Coulomb forces.

In classical mechanics such a system is described by the particle coordi-
nates, z; and momenta kj, j = 1,...,n, so that the classical state of the
system is given by the pair (x, k) where = (z1,...,2,) and k = (k1,...,ky)
and the state space, also called the phase-space, of the system is R2" x R‘zn,
or a subset thereof. The dynamics of this system is given by the classical
Hamiltonian function

1
h(z,k) =) T|kj|2 +V(x)
m;

Jj=1

where V' is the total potential of the system, and the standard Poisson brackets

where O%L and % are the gradients in z; and k;, respectively. Since in our
J J
case the particles interact only with each other and by two-body potentials

Vij(x; — xj), V is given by
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= %Zvij(xi — ;). (4.17)

i

Quantizing this system in exactly the same way as the one-particle one,
we associate with particle coordinates x;, and momenta k;, the quantum
coordinates x;, and momenta p; := —ihV,,, which are operators. And so
the classical Hamiltonian h(z, k) leads to the Schrodinger operator H,,

h’(‘rap)7 b= (pla' --7pn)7 ie

LA |
7;2”1]

0?4+ V(x), (4.18)

acting on L?(R3"). This is the Schrodinger operator, or quantum Hamiltonian,
of the n—particle system.

Example 4.2 Consider a molecule with N electrons of mass m and charge
—e, and M nuclei of masses m; and charges Zje, j = 1,..., M. In this case,
the Schrodinger operator, H,,, is

N

M
1 1
Hm0=§— 12 §— 1P+v 4.19
l ; 2m|pj| + . 2mj|QJ| + (x,y) ( )

acting on L2(R3WV+M)) Here x = (21,...,7y) are the electron coordinates,
y = (y1,...ynm) are the nucleus coordinates, p; = —ihV,, is the momentum
of the j-th electron, ¢; = —ihV,; is the momentum of the j-th nucleus, and

z - _m z - z Tt ZZ (4.20)

is the sum of Coulomb interaction potentials between the electrons (the first
term on the r.h.s.), between the electrons and the nuclei (the second term),
and between the nuclei (the third term). For a neutral molecule, we have

M
sz =N
j=1

If M =1, the resulting system is called an atom, or Z-atom (Z = Z7).

_yJI

Identical particles. The issue of the state space for many-body systems is
actually more subtle than what appeared above. Many-particle systems dis-
play a remarkable new feature of quantum physics. Unlike in classical physics,
identical particles (i.e., particles with the same masses, charges and spins, or,
more generally, which interact in the same way) are indistinguishable in quan-
tum physics. To make this more precise we have to take into account particle
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spins. Assume we have n identical particles of spin r. In this case the operator
H,, acts on functions of the form

(w1, 81,...,Tn,8,) € LA(R3, C*H)®" = [2(R3", (C(QTH)") (4.21)

where the term in the middle is the tensor product of n Hilbert spaces
L?(R3,C? 1), defined as the Hilbert space spanned by the products of
elements of orthonormal bases in each L?(R3, C**1) (see Section 23.13 in
the mathematical supplement for a definition for abstract Hilbert spaces).

The indistinguishability of the particles means that all probability distri-
butions which can be extracted from an n-particle wave function (4.21), should
be symmetric with respect to permutations of the coordinates and spins of
identical particles. Since for bound states we can restrict ourselves to real
wave functions, this is equivalent to the property that ¥ (1, $1,...,2Zn, Sy) is
invariant under such permutations, modulo a change of sign.

Recall that all elementary (and composite) particles are divided into two
groups, the particles with half integer spins, which are called fermions (e.g.
electrons, protons, and neutrons have spin 1/2) and the particles with integer
spins, which are called bosons (particles related to interactions). For bosons,
the wave functions, ¥(x1,s1,...,%n, Sp), should be symmetric with respect
to permutations of the coordinates and spins of identical particles, and for
fermions, antisymmetric. In particular, the state space for fermions of spin %
is

Hiermi = {¥ € L*(R*",C*") | T,w = (-1)# ™y} (4.22)

where 7 is a permutation of the n indices,
(e (17 27 s 7n) - (71-(1)771_(2)7 .,.,’/T(TL)),

#(m) is the number of transpositions making up the permutation 7 (so
(—1)#(™) is the parity of 7 € Sy), and

(TrW) (21,51, Tny 8n) = Y(Tr(1), Sx(1)s - Tr(n)s Sr(n))-

Below we will write the space (4.22) as A\, L*(R3,C?).

Since the Hamiltonian H,, does not act on the spin variables, by separa-
tion of variables, we may consider it acting on functions ¥ (x1,...,2,) of the
coordinates only, which arise from (4.22) by, say, taking inner products in the
spin variables with functions of sy, ..., s,. What are the symmetry properties
of these functions with respect to permutations of the coordinates? To answer
this question one has to dip into the theory of representations of the sym-
metric group S, (the group of permutations of n indices). We do not do so
here, but just formulate the outcome of the theory. For fermions, the types of
transformations are labeled by partitions, «, of the number n into k& < 2r + 1
ordered positive numbers a; > ag > -+ > i > 0. These can be visualized
as arrangements of n squares into k columns having aq,as,...,a; squares
each, which are stuck side by side, and which are called Young diagrams. In
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particular, for spin one half, r = %, we have two-column Young diagrams.
With a Young diagram one associates a Young tableau, by filling in squares
with particles. Wave functions associated with a given Young diagram are
then symmetrized with respect to permutations of particles in the same row,
and antisymmetrized with respect to those in the same column. On the other
hand, for bosons, ¥(z1,...,x,) is symmetric with respect to permutations of
coordinates.

To summarize, for identical particles the state space is not L?(R3"), but
rather a subspace of it, defined by certain symmetry properties with respect to
permutations of the particles (in technical terms, determined by an irreducible
representation of the symmetric group S,,). Irreducible representations of S,
can be connected, via Weyl’s theory of dual pairs of groups, to irreducible
representations of SU(2) carried by the spin space C@+Dn and therefore
determine the total spin of corresponding wave functions.

The relation between the symmetry properties of wave functions and the
spin of particles, is known as the relation between spin and statistics. We
will not go into this topic here, and refer the interested reader to any of the
standard books on quantum mechanics given in the references.

4.4 Supplement: Hamiltonian Formulation of Classical
Mechanics

In this supplement we discuss briefly the hamiltonian formulation of classical
mechanics. (For more details and extensions see Mathematical Supplement
Chapter 24.)

The starting point here is the principle of minimal action: solutions of
physical equations minimize (more precisely, make stationary) certain func-
tionals, called action functionals. It is one of the basic principles of modern
physics. The action functional, S : ¢ — S(¢), is the integral of the form

T
S(¢) = /0 L(6(t), d(0))dt, (4.23)

where L : X x V — R is a twice differentiable function, called a Lagrangian
function, or Lagrangian, V is a finite-dimensional inner-product vector space,
called the space of velocities, X is an open subset of V', called the position,
or configuration space, and ¢(t) is a differentiable path in X.

The functional S(¢) is defined on the space of paths P,, = {¢ €
CH[0,T; X) | $(0) = a,¢(T) = b}, for some a,b € X. We can write P,
in the form P, = {po + ¢ | & € Po} = ¢o + Po, where ¢y is a fixed element
of Py, and Py := Py 0. Now, Py is a vector space and consequently P, p is an

affine space. For classical mechanics, L(z,v) = mv? = V(z) : R* x R® - R
and ¢(t) = x(t), and therefore the action functional is given by
T
m., -
S@)= [ (5167 = Vie)a (1.24)
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The dynamics is given by critical points of this functional and dynamical
equation is the equation for critical points

S'(¢) =0, (4.25)

called the Euler-Lagrange equation. Here S’(¢) is the differential or variational
derivative of S at ¢, defined as follows. Let V* be the space dual to V, i.e.
the space of bounded linear functions or functionals on V' (see Section 23.1).
The action of [ € V* is denoted as (I, v). We define S’(¢) : [0,T] — V* by
the equation

T
d
| 8@ @101t = Z5n) oo, (1.20)
0
where ¢y 1= ¢ + A, for any & € Py.
For simplicity, let V' = R™, and denote by 04L and 3d-)L the gradients
of L(¢, (b) in the variables ¢ and ¢, respectively. Using (4.23), we compute
S(éx)|a=0 = fOT (3¢;L(¢)f + 0y L(¢)€)dt. Integrating the first term on the
r.h.s. by parts and using that £(0) = &(T") = 0, we arrive at %S(gﬁ,\)b\:o =
fo (= 0:(9;L(9)) + 0 L(9)) &(t) di. If 5S(da)[a=0 = 0, for any & € Py, this
implies the equation

— 00416, 9)) + 05 L(,$) = 0 (4.27)

(see Section 24.2 for more details and generalizations). Applying this to the
classical mechanics action functional (4.24), we arrive at Newton’s equation
of Classical Mechanics: B

meo = —-VV(p).

Suppose now that the dynamics of a system are determined by the action
principle, with a differentiable Lagrangian function/functional L : X xV — R
defined on a space X x V. We define the energy of a path ¢ as

energy (¢) := g—g p—L

We have

Lemma 4.3 (Conservation of energy) If ¢ is a critical path of the action
(4.23), then the energy is conserved, energy (¢) = counst.

Proof. We compute

. 2
S(Ed-r)-TLs 6+ 24

ds \ O¢ 02 3(;53(;5
8L - oL - )
¢ ¢_3_¢ f/)— 8¢ ¢

_(49L oL\ -
_(dsaq}_aq&)'(b'
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Since for ¢, the expression on the right hand side vanishes, the result follows.
O

We pass now to the new variables (z,v) — (z, k), where k, as a function
of z and v, is given by
k= 0,L(z,v). (4.28)

Note that k belongs to the space, V*, dual to V (see Section 23.1). We assume
that the equation (4.28) has a unique solution for v (which holds if L is strictly
convex in the second variable, which means

L(x,sv+ (1 —s)v') < sL(z,v) + (1 — s)L(x,v"), Vs € (0,1), (4.29)

Vo € X, v,v’ €V, and it is guaranteed by the inequality d?>L(x,v) > 0, Vo €
X, v € V). With this in mind, we express the energy in the new variables, as

h(ka) = (<k,’U> - L(I7U))|v:8vL(m,v):k (430)

where the notation (-,-) stands for the coupling between V* and V (Sec-
tion 23.1). This defines the Hamiltonian function/functional, h : X x V* — R.

Theorem 4.4 If L(z,v) and h(x, k) are related by (4.30), then the Euler-
Lagrange equation (4.27) for the action (4.23) is equivalent to the equations
(called Hamilton’s equations)

& = Ouh(z, k), k = —,h(z, k). (4.31)

Proof. Assume (4.27) is satisfied. First, we note that the equations (4.30) and
(4.28) imply Oxh(z, k) = v+ (k — Oy L(z,v))0kv = v = & and Oyh(x, k) =
—0yL(x,v) + (k — Oy L(x,v))0yv = —0y L(x,v). Now, the last equation and
the equations (4.27) and (4.28) imply k& = —d,h(z, k), which gives (4.31).
Now, assuming (4.31), we obtain (4.27) from (4.28), Ozh(z, k) = —0;L(x, &)
and k = —0,h(z, k). O

Applying (4.30) to the classical mechanics Lagrangian, L(z,v) = m:fz —V(z),
we arrive at the classical Hamiltonian function
1
h(z, k) = —|k|* + V(z), (4.32)
2m
which leads to Hamilton’s equations & = %k, k= -0,V (x), which are equiv-
alent to Newton’s equations.

Another example of a Lagrangian is that for a classical relativistic particle
(in units with speed of light ¢ = 1):

L(z,i) = —mv1 — 32

(ds = V1 — 12 dt is the proper time of the particle.) The generalized mo-

ma

mentum in this case is k = 0,L(z,v) = 4= and the Hamiltonian is

h(z, k) = /TR + m2.
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Problem 4.5 Prove this.
Next, we recognize that Hamilton’s equations (4.31) can be written as
Zr =4z, h}(zt), 2zt = (z(t),k(t) € Z=X x V¥, (4.33)

where now z; and k; together are thought of as a path in the phase space
Z, and for any pair f, g of differentiable functions on Z, {f.g} denotes the
function

{f,9} =Vauf Vig—Vif-Vag. (4.34)
The map (f,g9) — {f, g}, given by (4.34), is a bilinear map, which has the
following properties: for any functions f, g, and h from Z to R,

L {f,9} = —{g. f} (skew-symmetry)
2. {f.{g. h}} + {9, {h F}} + {h. {£.9}} = 0 (the Jacobi identity)
3. {f.9h} = {f,gth+ g{f,h}. (Leibniz rule)

Bilinear maps, (f,g9) — {f,g}, having these properties, are called Poisson
brackets. The map (4.34) also obeys {f,g} =0 V g = f = 0. Poisson
brackets with the latter property are said to be non-degenerate. Note that a
space of smooth functions (or functionals), together with a Poisson bracket,
has the structure of a Lie Algebra.

The space Z together with a Poisson bracket on C°°(Z,R) is called a
Poisson space. A Hamiltonian system is a pair: a Poisson space, (Z, {-,-}),
and a Hamiltonian function, A : Z — R. In this case Hamilton’s equations are
given by (4.33). Classical mechanics of one particle is a Hamiltonian system
with the phase space Z = R3 x R?, with bracket (4.34) and the Hamiltonian
(4.32).

Remark 4.6 Our definition of a Hamiltonian system differs from the stan-
dard one in using the Poisson bracket instead of a symplectic form. The reason
for using the Poisson bracket is its direct relation to the commutator.

Definition 4.7 Functions on a Poisson space, (Z, {-,-}), are called classical
observables.

The classical evolution of observables is given by f(z,t) = f(z¢), where z; is
the solution of (4.33) with the initial condition z. Note that f(z,t) solves the
equation

d
with the initial condition f(z,0) = f(z). Conversely, a solution of this equation
with an initial condition f(z) is given by f(z,t) = f(z¢).

Problem 4.8 Prove this.

The equation above implies that an observable f(z) is conserved or is constant
of motion, i.e. f(z;) is independent of ¢, if and only if its Poisson bracket with
the Hamiltonian, h, vanishes: {f, h} = 0.
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The map t — ¢, where ¢.(2) := z; and z; is the solution of (4.33) with the
initial condition z, is called the flow associated with the differential equation
(4.33).

Particle coupled to an external electro-magnetic field. As an applica-
tion of the above machinery, we consider a system of charges interacting with
an electro-magnetic field. Of course, if the external field is purely electric,
then it is a potential field, and fits within the framework we have considered
already.

Suppose, then, that a magnetic field B, and an electric field, F, are present,
B,E : R3*! —» R3. The law of motion of a classical particle of mass m and
electric charge e is given by Newton’s equation with the Lorentz force,

mi(t) = eB(a(t),t) + Zx A B(x(t), 1). (4.35)

To find a hamiltonian formulation of this equation we first derive it from the
minimum action principle. We know from the theory of electro-magnetism
(Maxwell’s equations) that the electric and magnetic fields, £ and B, can be
expressed in terms of the vector potential A : R3t! +— R3, and the scalar
potential @ : R3T! — R via

1
E=-Vo-— E&,A, B = curlA. (4.36)

The action functional which gives (4.35) is given by

T
5@) = [ (G108 = et(0) + So- Al0)) . (137

Indeed, we find the Euler-Lagrange equation (see (4.27)) for this functional.
Using that L(¢, ¢) = Z[¢[* — eD(¢) + £¢ - A(¢), we compute

05L(9.9) = md + ZA(9), DL(6,6) = —eV(9) = V(6 - A(9)).

Plug this into (4.27) and use the relations 4 A(¢) = D A()+ (- V)A(9), V(v-
A) = (v-V)A(¢) = v A curlA and (4.36) to obtain (4.35).

Now, the generalized momentum is & = ma + £A(z) and the classical
Hamiltonian function is ha ¢(x, k) = k-v — L(z, U)|mi:k,%,4(z), which gives

1 e
hAy@(Z‘, k) = %(lﬁ — EA(.I‘))z + 6@(.%‘)

Defining the Poisson bracket as in (4.34), we arrive at the hamiltonian formu-
lation for a particle of mass m and charge e moving in the external electric

and magnetic fields E and B.
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Uncertainty Principle and Stability of Atoms
and Molecules

One of the fundamental implications of quantum theory is the uncertainty
principle — that is, the fact that certain pairs of physical quantities cannot be
measured simultaneously with arbitrary accuracy. In this chapter, we establish
precise mathematical statements of the uncertainty principle.

5.1 The Heisenberg Uncertainty Principle

We consider a particle in a state 1 and think of the observables x and p
as random variables with probability distributions ||* and |1ﬁ|2 respectively.
Recall that the means of ; and p; in the state ¢ (€ D(z;)ND(p;)) are (z;)y
and (p;)y, respectively. The dispersion of z; in the state ¢ is

(Azj)” = (x5 — (25)9)")e
and the dispersion of p; is
(Apj)? = {(pj — (j)p)*)y-

Theorem 5.1 (The Heisenberg uncertainty principle) For any state
wED(.’lﬁj)ﬁD(pj), "

Proof. The basic ingredient is the commutation relation

1

, x| =1
=[P 2]
(this is a matrix equation, meaning %[pj, xy) = 0;%). For notational simplicity,

we assume () = (p)y = 0. Note that for two self-adjoint operators A, B,
and v € D(A) N D(B),
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(i[A, B))y = —2Im(A, By). (5.2)

So assuming v is normalized (||9|| = 1), and ¢ € D(x;) N D(p;), we obtain

1= <1/m/}> = (¥, E[Pj,fﬂj}ilj) -2 Im(:l?ﬂ/),fvﬂl))
|<pgw,%1b>| < —HPﬂZJHHfUﬂ/JH (APJ)(A%)

This does it. OJ

What are the states which minimize the uncertainty, i.e. the Lh.s. of (5.1)?
Clearly, the states for which —Im(p;vy, z;v¢) = ||p;¥|||lz;9|| would do this.
This equality is satisfied by states obeying the equation p;9 = iux ;1 for some

}1.

ft > 0. Solving the latter equation we obtain ¢, := [, (ﬂh)1/4e X niej/2h
for any p; > 0. Of course, shifting these states in coordlnate and momentum

as

14

Yyquep = H (%) elia-ztio—=32 i (w5 —y;)%/2)/h (5.3)
J

would give again states minimizing the uncertainty principle. These states
are called coherent states. They are obtained by scaling and translating the
Gaussian state ¢ := (7h)~ 3/4 e=12?/2h and can be written as

Pyqup = €’ il yﬂj)/ﬁT q®, (5.4)

where Ty, is the shift operator in coordinate and momentum: T, :=

ei(q'zfp'y)/h. Note that

(Vyape> TiVyaue) = Yir (yaue» Pilyque) = s (5.5)
h

(Vyqup> (T — yj)2¢yq;t¢> = ﬁ’ (5.6)
h

<¢yquwa (p - Qj)QT/)yquw> = 7# (5.7)

Problem 5.2 Prove (5.4) - (5.7).

5.2 A Refined Uncertainty Principle

The following result is related to the Heisenberg uncertainty principle.

Theorem 5.3 (Refined uncertainty principle) On L?(R?),

1
—A> —
= A



5.3 Application: Stability of Atoms and Molecules 43

Recall that for operators A, B, we write A > 01if (¢, Ay) > 0 for all € D(A),
and we write A > B if A— B > 0. So by the above statement, we mean
(W, (—A— ﬁ)zﬁ} > 0 for ¢ in an appropriate dense subspace of D(—A). We

will prove it for ¢ € C§°(R?).

Proof. We will ignore domain questions, leaving these as an exercise for the
reader. Compute

d
Y il pylel g = e 7Y ilp,agllel Tt = hdjz|

j=1 j=1

U

(d = space dimension = 3). Hence, using (5.2) again,

d
hdll|lz| " )12 = =2 Imdja| ™ pyla] 1, a50)

j=1

and therefore, using

_ _ _ _ . L
plel ™ = Jal 70y + [ ol 1) = fal 'y i
we obtain

h(d = 2)|lJ=| 7' l|* = *ZIWZ pﬂb,' |21/1>

Now the Cauchy-Schwarz inequality implies
d
I3 st )] < (o) 2l o)
7j=1

(prove this!), which together with the previous equality gives
hld = 2|[||= 9 )1* < 200, [p[4) ! ll2] ]|

Squaring this, and observing that |||z|~1¢||? = (¥, |z|2¢) and (¥, |p|*y) =
h% (1), — Av) yields (for d > 3)

=22, 1
Tt o)

<¢7 —AW Z

which, for d = 3, implies the desired result. [J

5.3 Application: Stability of Atoms and Molecules

In classical mechanics, atoms and molecules are unstable: as the electrons orbit
the nuclei, they radiate away energy and fall onto the nuclei. The demonstra-
tion that this is not so in quantum mechanics was one of the first triumphs
of the theory.
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The statement that a quantum system (with the particles interacting via
Coulomb potentials) is stable with respect to collapse is expressed mathemat-
ically by the property that the Hamiltonian H (and therefore the energy), is
bounded from below. First we demonstrate the stability for the simplest quan-
tum system — the hydrogen atom. The latter is described by the Schrodinger

operator
h? e?
Hyyg=——A—-—
hyd 2m ||

on L?(R3) (m and —e are the mass and charge of the electron respectively).
The refined uncertainty principle gives Hpyq > ﬁ; — % The right hand
side reaches its minimum at |z|~! = 4me? /A% and so

2me?

B2
Thus, the energy of the hydrogen atom is bounded from below, and the elec-
tron does not collapse onto the nucleus.

Now we show how to extend the argument above to an arbitrary system of
electrons and nuclei, by considering for simplicity an atom with N electrons
and an infinitely heavy nucleus. According to (12.1), the Schrodinger operator
of this system is given by

Hpyqg > —

(5.8)

K2 e2Z 1 €2
H,; = ——A, — — — _ 5.9
at Z( om T |£L'|)+22|:L'17’13|7 ( )
j= J i#j J

acting on L?(R3*Y). Here m and —e are the electron mass and charge, x =

(1,...,zn) are the electron coordinates, and the term Z?(—T;Z‘) on the
r.h.s. is the sum of Coulomb interaction potentials between the electrons and
the nuclei (Ze is the charge of the nucleus) and the last term, between the
electrons. For a neutral atom, Z = N. For the moment, we ignore the fact
that the electrons are fermions.

To prove a lower bound on H,; we observe that the electron-electron inter-
action potential is positive and therefore we have the following lower bound
for Hg;:
e2Z

|z,

N h2
Hy, > 2(—%% ). (5.10)
Using, for each term on the r.h.s., the bound (5.8), with e? replaced by €27,
we obtain
2m(e?Z)?
h? '
This bound works but it is rather rough. First of all it ignores the electron-
electron repulsion, but most importantly, it ignores that the electrons are
fermions. Recall that the state space of a system of N fermions of spin % is
given by (4.22),

Hy > —N (5.11)
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N
errmi = /\(L2(R3) ® (C2) (512)

1
Hence, after separation of spin variables and for N > 2, the ground state of
the operator Zf[(— A £ Z) cannot be given by the product H1 1 (zj),

2m % T Tz
2
f2h—Am — €Z A little con-
m ||

templation shows that it is given by the anti-symmetric product,

where ¢1(z) is the ground state of the operator

(251 (x25—1) P25 (225)),

>—->w‘2

(if N is even) of % bound states, ¢;(x), corresponding to the % lowest ener-

gies, say Fy,..., E%. (The case of N odd requires a slight modification.) In

this case, the ground state energy of Ziv(fiAx] ‘z | Z)) is given by 2 21 i

2m

so that .

N N

]:LZ
——A,.

Z( om T E T |xj| Z

1 1
Since the energies I; behave roughly as f%j” (see Sections 7.5 and

10.2), this is a much larger number. Note that it is not easy to give a realistic

N
estimate of the sum 2 )" E;. There is considerable activity in producing such
estimates, which are called Lieb-Thirring inequalities.
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Spectrum and Dynamics

Given a quantum observable (a self-adjoint operator) A, what are the possi-
ble values A can take in various states of the system? The interpretation of
(1, Ap) as mean value of the observable A in a state v, which is validated
by quantum experiments, leads to the answer. It is the spectrum of A. The
most important observable is the energy — the Schrodinger operator, H, of a
system. Hence the spectrum of H gives the possible values of the energy.

The goal of this chapter is to develop techniques for finding the spectra of
Schrédinger operators. A rough classification of the spectra is into discrete and
continuous (also called essential) components. Such a classification is related
to the space-time behaviour of solutions of the corresponding Schrodinger
equations. Thus our main thrust is toward describing these components. We
begin by presenting the general theory, and then proceed to applications.
In particular, we explain how the spectrum of a Schrédinger operator gives
us important information about the solutions of the Schrodinger equation.
Details of the general machinery are presented in Mathematical Supplement
Chapter 23.

6.1 The Spectrum of an Operator

We begin by giving some key definitions and statements related to the spec-
trum. More details can be found in Section 23.8. (Note we will often omit the
identity operator 1 in expressions like A — z1.)

Definition 6.1 The spectrum of an operator A on a Hilbert space H is the
subset of C given by
o(A):={Ne C | A— Xisnot invertible (has no bounded inverse)}.

The complement of the spectrum of A in C is called the resolvent set of A:
p(A) := C\o(A). For A € p(A), the operator (A — \)~1, called the resolvent
of A, is well-defined and bounded.

The following exercise asks for the spectrum of our favorite operators.
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Problem 6.2 Prove that as operators on L?(R?) (with their natural do-
mains),

1. o(1) = {1}.

2. O'(pj) =R.
3. O'(ifj) =R.
4. (V) = Ran(V), where V is the multiplication operator on L?(R?) by a

continuous function V(z) : R — C.
. o(=A) =0,00).

6. o(f(p)) = Ran(f), where f(p) := F~1fF with f(k) the multiplication
operator on L?(R?) by a continuous function f(k) : RY — C.

Ut

The following two results state important facts about the spectrum. They
are proved in Section 23.8.

Theorem 6.3 The spectrum o(A) C C is a closed set.

Theorem 6.4 The spectrum of a self-adjoint operator is real: A self-adjoint
= o(A) CR.

For a self adjoint operator A and an interval {2 C R, the characteristic
function x(A) of the operator A, discussed in Section 3.2, satisfies

X2(A) = Xonoa)(A4).

This result can be obtained from the formula (23.34) for functions of operators
given in the Mathematical Supplement — we do not prove it here. Due to the
relation (3.4), the above equation suggests that o(A) can be interpreted as
the set of all possible values of the observable A.

One familiar reason for A — X not to be invertible, is that (4 — \)y =0
has a non-zero solution, ©» € H. In this case we say that A is an eigenvalue of
A and v is called a corresponding eigenvector.

The discrete spectrum of an operator A is

oq(A) = {A € C| X is an isolated eigenvalue of A with finite multiplicity}

(isolated meaning some neighbourhood of A is disjoint from the rest of o(A)).
Here the multiplicity of an eigenvalue A is the dimension of the eigenspace

NulllA =X :={veH | (A—Nv=0}.

Problem 6.5 1. Show Null(A — ) is a vector space.
2. Show that if A is self-adjoint, eigenvectors of A corresponding to different
eigenvalues are orthogonal.

The rest of the spectrum is called the essential spectrum of the operator A:

Oess(A) := o(A)\oa(A).
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Remark 6.6 Some authors may use the terms “point spectrum” and “contin-
uous spectrum” rather than (respectively) “discrete spectrum” and “essential
spectrum’.

Problem 6.7 For the following operators on L?(R?) (with their natural do-
mains), show that

L. UeSS(pj) = U(pj) =R;
2. Oess(zj) = 0(z5) =R;
3. Oess(—A) =0(—A) =0, 0).

Hint: Show that these operators do not have discrete spectrum.

Problem 6.8 Show that if U : H — H is unitary, then o(U*AU) = o(4),
oa(U*AU) = 04(A), and 0ess (U*AU) = gess(A).

Problem 6.9 Let A be a self-adjoint operator on H. If A is an accumulation
point of o(A), then A € o0ess(A). Hint: use the definition of the essential
spectrum, and the fact that the spectrum is a closed set.

For a self-adjoint operator A the sets {span of eigenfunctions of A} and
{span of eigenfunctions of A}, where

Wh={peH| @ w =0 VYweW},

are invariant under A in the sense of the definition

Definition 6.10 A subspace W C H of a Hilbert space H is invariant under
an operator A if Aw € W whenever w € W N D(A).

Problem 6.11 Assume A is a self-adjoint operator. Show that

1. If W is invariant under A, then so is W=;

2. The span of the eigenfunctions of A, and its orthogonal complement are
invariant under A;

3. Suppose further that A has only finitely many eigenvalues, all of
them with finite multiplicity. Show that the restricted operator

A|{span of eigenfunctions of A} has a purely discrete spectrum,;
4. Show that the restricted operator A|{span of eigenfunctions of A} has a

purely essential spectrum.

The spaces {span of eigenfunctions of A} and {span of eigenfunctions of A}+
are said to be the subspaces of the discrete and essential spectra of A.
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6.2 Bound and Decaying States

We show how the classification of the spectrum introduced in the previous
section is related to the space-time behaviour of solutions of the Schrodinger
equation

oy

with given initial condition

¢|t:0 = 1/)0)

where H is the self-adjoint Schrédinger operator acting on L?(R3). Naturally,
we want to distinguish between states which are localized for all time, and
those whose essential support moves off to infinity. We assume all functions
below are normalized.

Suppose first that g € { span of eigenfunctions of H}. Then for any
€ > 0, there is an R such that

inf/ |92 >1—e. (6.1)
|lz|<R

t

To see this, note that if Hiy = Ay, then e‘“‘%two = e_%wg, and so

/ |2 =/ ol — 0
|z|>R |z|>R

as R — oo. Such a 1 is called a bound state, as it remains essentially localized
in space for all time. A proof of (6.1) in the general case is given at the end
of this section.

On the other hand, if

Yo € {span of eigenfunctions of H}*,

where W+ = {) € H | (),w) =0 Vw € W}, then for all R,

/ oo (6.2)

as t — oo, in the sense of ergodic mean. Convergence f(t) — 0 in ergodic
mean as t — oo means that

T
% /O FB)dt — 0

as T — oo. This result is called the Ruelle theorem . We sketch the proof
below (see, eg, [CFKS, HS] for a complete proof). Such a state, 1, is called a
decaying state, as it eventually leaves any fixed ball in space.

We say that a system in a bound state is stable, while in a decaying state,
unstable. This notion differs from the notion of stability in dynamical systems.
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Indeed, solutions of the Schrodinger equation are always dynamically orbitally
stable (see Section 13.1 for the relevant definitions). The notion of stability
here characterizes the space-time behaviour of the system, whether it stays
essentially in a bounded region of the space, or falls apart with fragments
departing from each other.

Now, we saw above that solutions of the Schédinger equation with initial
conditions in the discrete spectral subspace describe bound states, those in the
essential spectral subspace describe decaying states. Hence the spectral classi-
fication for a Schrodinger operator H leads to a space-time characterization of
the quantum mechanical evolution, 1) = e~ “t/M4). Namely, the classification
of the spectrum into discrete and essential parts corresponds to a classification
of the dynamics into localized (bound) states and locally-decaying (scattering)
states.

Finally, we give proof of (6.1) and (6.2). Proof of equation (6.1) in the
general case: if

o € { span of eigenfunctions of H},

then ¢ can be written as 1o = >, a;i; where a; € C, 3, la;|? = 1,
(we assume in what follows that |[1o] = 1) and {¢;} is an orthonormal
set (¥, %) = d;i) of eigenfunctions of H: Hy; = Ajp;. We will assume
that the above sum has only a finite number of terms, say ¥y = Zf;l a;p;.
Otherwise an additional continuity argument is required below. The solution
¥ = e~ "/ M)y can be written as

N
w — Zefz)\]t/haj,lr/)j.

=1

Multiplying this equation by the characteristic function of the exterior of the
R—ball, |x| > R, taking the L?—norm and using the triangle inequality, we

obtain
1/2 N 1/2
2 < ; 12 . 6.3
(/WRWI ) <3l (/lleRw ) (63

To estimate the second factor on the right hand side, for any € > 0, we choose

R such that for all j,
1/2
€
CT
(L) =3

Using this estimate and applying the Cauchy-Schwarz inequality to the sum
on the right hand side of (6.3) and using that Zj\[:l l1=Nand}; laj|? =1,

we obtain
1/2
[owk) <
|z|>R
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and so (6.1) follows. O

Sketch of proof of (6.2): in this proof we display the time dependence
as a subindex t. We suppose the potential V(z) is bounded, and so as a
multiplication operator ||V|| = ||V |loo, and therefore V' > —||V||1. Since also
—A >0, the operator H is bounded below: H > —[|[V||1. Let A > |[V]| + 1 so
that H + A > 1, and let ¢, := (H + Aoy = e *H*(H + \)1)g. Defining

Bi=(=A+\(H+ X\, (6.4)

and using that B =1 — V(H + \)~!, which shows that B is bounded, we see
that 1, = (—A+ \)"!B¢;. Let x denote the characteristic function of a set
2 C R3 and let K (z,y) be the integral kernel of the operator xo(—A+ \)~1.
Using (6.4) and the notation K, (y) := K(z,y), we obtain that

Xt = xa(=A+N) ' Bé = (Ko, Bér) = (B*Ka, ). (6.5)
We use the notation || - ||, for the L?—norm in the variable x and claim now
that
1 /7
T/ (B Ka 6|2 — 0, a5 T — oo (6.6)
0

To prove this claim we use the fact that [ |K(z,y)|?dzdy < oo to show that
(B* Ko, )| < [|B*Kalllléell < B K[l (H + Ntboll € L*(d)

(uniformly in t). Next, we want to prove that
1 r * 2
Ve, T dt|(B* K, ¢+)|” — 0, as T — oo. (6.7)
0

Then (6.6) follows from interchange of t— and x—integration on the Lh.s. and
the Lebesgue dominated convergence theorem.

The proof of (6.7) is a delicate one. First note that, since 9oL the eigen-
functions of H, so is ¢g := (H 4+ Ao (show this). Next, we write

|<fa ¢t>|2 = <f & fﬂ ¢t & Qgt> = <f ® fa eiitL/hQSO & Q/_)O> (68)

where L is an operator acting on HQH given by L := H®1—-1® H. The rela-
tion ¢gL (the eigenfunctions of H) implies that ¢ ® ¢oL (the eigenfunctions
of H®1 —1® H). Hence we can compute the time integral of the r.h.s.:

1 T B L B 1 B e*iTL/h _ B

— dt -t = — —_— . .

7| e et e = fire L wed). (69)
The delicate point here is to show that, for nice f and ¢, the r.h.s. is well-
defined and is bounded by CT°, § > 0. We omit showing this here (this
can be done, for example. by using the spectral decomposition theorem, see
[RSI]). Then (6.7) holds, which completes the proof (since this shows that for
any bounded set 2 C R we have that ||xot:| — 0, in the sense of ergodic
mean, as t — oo, which is equivalent to (6.2)). O
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6.3 Spectra of Schrodinger Operators

We now want to address the question of how to characterize the essential
spectrum of a self-adjoint operator A. Is there a characterization of o.ss(A)
similar to that of o4(A) in terms of some kind of eigenvalue problem? In
particular, we address this question for Schrodinger operators. We begin with

Definition 6.12 Let A be an operator on L?(R?). A sequence {1,,} C L?(R?)
is called a spreading sequence for A and X if

1. ||tn|| =1 for all n
2. for any bounded set B C R?, supp(¢,,) N B = () for n sufficiently large
3. I(A—=Ny|| — 0 as n — .

Clearly, if not for the second condition, a sequence consisting of a repeated
eigenfunction would fit this definition.

Theorem 6.13 If H = —%A + V is a Schrodinger operator, with real po-
tential V' (z) which is continuous and bounded from below, then

Oess(H) = {\| there is a spreading sequence for H and \}.

We sketch a proof of this result later.

Now we describe the spectrum o(H) of the self-adjoint Schrodinger op-
erator H = —%A + V. Our first result covers the case when the potential
tends to zero at infinity. Recall that we have proved in Section 2.2 that H is
self-adjoint.

Theorem 6.14 Let V : R? — R be continuous, with V(z) — 0 as |2| — oo.
Then o.s5(H) = [0,00) (so H can have only negative isolated eigenvalues,
possibly accumulating at 0).

Proof. We have, by the triangle inequality,
h2

Suppose {1} is a spreading sequence. Then the term ||V, goes to zero
as n — oo because V' goes to zero at infinity and {,} is spreading. So A is

in the essential spectrum of H if and only if A € aess(—%A). We have (see

Problem 6.7) aess(—%A) = 0ess(A) = [0,00), and consequently oss(H) =
[0,00). O

Problem 6.15 Extend Theorems 6.13 and 6.14 to real potentials V' (z) sat-
isfying (2.8).

The bottom, 0, of the essential spectrum, is called the ionization threshold,
since above this energy the particle is not longer localized, but moves freely.

Our next theorem covers confining potentials — that is, potentials which
increase to infinity with z. As we have mentioned in Section 2.2, Schrédinger
operators with such potentials are self-adjoint.
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Theorem 6.16 Let V() be a continuous function on R? satisfying V (x) > 0,
and V(zr) — oo as |z|] — oo. Then o(H) consists of isolated eigenvalues
{An )52, with A\, — 00 as n — oc.

Proof. For convenience of notation (and with no loss of generality) we take

% = 1so that H = —A + V. Suppose A is in the essential spectrum of H,
and let {¢,,} be a corresponding spreading sequence. Then as n — oo,

—
/ Vnl? + / V]| —

inf Vy) — A —
yGSUPP(wn) )

(because {9, } is spreading), which is a contradiction. Thus the essential spec-
trum is empty.

Now we show that H has an infinite number of eigenvalues of finite multi-
plicities tending to 4+oc0. Indeed suppose, on the contrary, that H has a finite
number of eigenvalues of finite multiplicities, and let f be a non-zero element
of L? which is orthogonal to all the eigenfunctions of H. Then the equation
(H — 203 = f has a unique, in {span of eigenfunctions of H}*, solution
= (H —2)"Lf for any z € C. (H — z)~!f is analytic in 2z € C and satisfies
|(H —2)7'f|| < [Imz|~!||f]|. Hence (H — 2)~'f = 0, a contradiction. Since
the essential spectrum is empty, the eigenvalues cannot accumulate, and since
H >0, they must tend to +oo. [J

Sketch of the proof of Theorem 6.13. We will prove the theorem for Schrédinger
operators with Hp-bounded potentials V' — that is, potentials satisfying the
estimate (2.8).

Let {¢.,} be a spreading sequence for H and A, and let ¢, = i H=Nvn

[(H=X)¢nll
Evidently, ||¢,|| = 1. Since (H —\)~1¢, = m, and ||(H — Ay || — 0,
we obtain that

I(H = X) " ¢l — o0,

as n — o0o. Therefore (H — \)~! is unbounded, which implies that \ € o(H).
We will prove that A ¢ o4(H). Indeed, suppose on the contrary that
A € 04(H). Let M denote the eigenspace of A\. Then (H — \) is invertible on
M+ (show this). Let P and P+ be the orthogonal projections on M and M+,
respectively. (For the definition and properties of projection operators see Sec-
tion 23.7.) We have P+ P+ = 1. Since the sequence {1,,} is spreading and the
operator P can be written as P =}, |$;){(¢;|, where {¢,} is an orthonormal
basis in M = RanP, we have ||PwnH — O and therefore ||P+1,| — 1. Hence
for the normalized sequence ;- W’ we have that (H — \)¢;- — 0 and

therefore (H — )) is not invertible on M=, a contradiction. Hence \ ¢ o4(H)
and therefore \ € 045 (H).
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Suppose now that A € o.55(H). Then there is a sequence ¢,, with ||¢y, || = 1

-1
and |[(H — \)"1¢,| — oo. Let ¢, = % We claim that for every
bounded set 2 we have that ||xoin| — 0 as n — oo. Indeed, we can assume

without loss of generality that V' > 0, which implies that (H 4 1) is invertible.
So

XoUn =Xo(—A+ 1) N (=A+1)(H+1)""(H + 1), (6.10)
Now, we have
xo(-A+ 1) f = [ K@) i (6.11)
with K € L2(R3 x R3).
Problem 6.17 Use properties of the Fourier transform to show that

K(z,y) = xo(z)G(z —y), where G(y) = C% and C' is a constant.

Let K,(y) := K(z,y). Define B := (—A+ 1)(H + 1)~!. The relation
B=1-V(H+1)", (6.12)

and the assumption that V' is Hyg-bounded, imply that B is bounded. Using
this definition, and using that

_ ®n
(H + 1), = CEDEr (A + 1), (6.13)
we obtain that
_ - Pn
n=xXo(—A+ 1B+ 1), AL lp P
— _ —1 ¢n
= (A + D){Ky, By) + xo(=A+1) B—H(H ST (6.14)

We consider the first term on the r.h.s.. Since B is bounded, we have
that Va, (K, Bi,) = (B*Ky,1y,). If the vector B* K, were in the domain of
(H —\)71, then we would have (K, By,) = %((H— N 71B*K,, ¢n), where
Tn = ||(H — X\)"t¢,|| — oo, and therefore

Va, (Kg, Biby,) — 0. (6.15)

In general, B* K, might not be in the domain of (H — \)~!, but we can show
that the latter domain is dense and therefore B* K, can be approximated by
vectors from this domain: Ve > 0, there is f. such that ||B*K, — f|| <
€. Now, one can modify the argument above to show (6.15). (A different
argument showing (6.15) goes along the lines of the proof of Theorem 23.55
in the mathematical supplement.) Furthermore, since [ |K(z,y)*dzdy < oo,
we have

[{B*Ka,n)| < |B* Kol [¢nll < |1B*|| K.l € L?(d).
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Hence, by the Lebesgue dominated convergence theorem, we have, using the
notation || - ||, for the L?—norm in the variable x, that

(K2, BA+ Din) |l = X+ 1|[(B* Kz, Pn) [l — 0. (6.16)

For the second term on the r.h.s. of (6.14), we use that B is bounded, to
obtain that

Pn P

Ixe(=A+ 1) B | < |Blll 77—l = 0 (6.17)
[(H = X) " nll [(H = A)~ ¢nll
Thus we conclude that for any bounded set 2 C R3,
[x2t¢nll — 0. (6.18)

Let B(R) be a ball of radius R centered at the origin and let R,,, — o0
as m — o0o. Since || xn¢n| — 0 as n — oo for any bounded set {2 we have
that Vm, [[xB(r,,)¥nl — 0 as n — oo. Hence using a diagonal procedure and
passing to a subsequence, if necessary, we obtain that ||xp, ¥n|| — 0, as n —
oo, for By, := B(R,,()) and some subsequence m(n), satisfying m(n) — oo,

as n — oo. Let
f _ (1 B XBn)’(/)n )
" = xB, )l

Evidently || f»|| = 1 and supp(f,) N 2 = 0 for all bounded {2 provided that
n is large (depending on {2, of course). To finish the proof it suffices to show
that

I(H = X) full = 0. (6.19)

To prove this relation, we compute (H — \)(1 — xB, )tn = (1 — x5, )(H —
N — [H, xB, s and [H, xB,] = —((2Vxs,, - V + Axp, ). Therefore ||(H —
A =xB, )¥nll < (1 =x5,)(H = A)ibn ||+ |[H, x5, ]Unll < [[(1=x5,)III(H -
Nnll+ 12V, -V + AxB, )ibn|| = 0, as n — o0o. Since [|(1 - x5, )¢nll — 1,
(6.19) follows. Hence f,, is a spreading sequence for H and A. O

To conclude this section, we present a result on the spectra of Schrodinger
operators on bounded domains with Dirichlet boundary conditions.

Theorem 6.18 Let A be a parallelepiped in R?, and V' a continuous function
on A. Then the Schrédinger operator H = —A+V, acting on the space L2(A)
with Dirichlet or periodic boundary conditions, has purely discrete spectrum,
accumulating at +oo.

To be precise, the operator “H on L?(A) with Dirichlet boundary conditions”
should be understood as the unique self-adjoint extension of H from C§°(A).
This theorem is proved in Section 23.10.
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6.4 Supplement: Particle in a Periodic Potential

We consider a particle moving in a periodic potential. A primary example
of this situation is an electron moving in the potential created by ions or
atoms of a solid crystal lattice. Such a particle is described by a self-adjoint
Schrédinger operator ,
H = —h—A +V
2m
on L?(R?), with the potential V(z), having certain periodicity properties
which we now explain.
First we identify the notion of physical crystal lattice with the mathemat-
ical (Bravais) lattice, £, which is defined as a subset of R? with the properties

e [ is discrete, i.e. it has no finite limit points;
e L is a subgroup of the additive group of translations of R?;
e [ is not contained in any proper vector subspace of R3.

These properties imply that £ is a set of points in R? of the form
L ={mis1 +masa + msss | mi, ma, ms € Z}

for some three linearly independent vectors si, 52,53 € R3, called a basis of
L. A basis in £ is not unique.

We say V(x) is periodic with respect to a lattice £ if V(z + s) = V(z)
for any s € £. This implies that the operator H commutes with the lattice
translations,

TsH=HT,, Vs € L, (6.20)

where Ty is the translation operator, given by Tsf(z) = f(z + s). The latter
are unitary operators satisfying T;Ts = Tyys.

Problem 6.19 Show that T are unitary operators satisfying T 75 = Ty 5.

Due to (6.20), the operator H can be decomposed into a direct fiber in-
tegral, as follows. We first define {2 to be the basic lattice cell of the lattice
L, i.e. the cell spanned by the basis vectors si, s2, s3. Let L* be the lattice
dual to £, i.e. the lattice with basis s, s3, s3, satisfying s7s; = 0;5, and let
2* be a basic lattice cell in £*. The dual group to £ is the group consisting
of all characters of L, i.e., all homomorphisms from £ — U(1). Explicitly, for
k € 2%, we have the character y; given by

Xk(t) = ™.
The dual group of £ can be identified with the basic cell, £2*, of £* also known
as the Brillouin zone of £. Now for each k € 2%, we define the Hilbert space
Hy := L*(£2), and we then define the Hilbert space H to be the direct fiber

integral, denoted as
52
H = Hidk

0%
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where dk is the standard Lebesgue measure on (2%, normalized so that
Jo- dk =1, and defined as ‘H = L*(£2*, dk; L*(12)).

Given operators Hy, k € 2* acting on Hy, := L?(£2), we define the operator
di(x) — Hyr(z) on H = [f, Hydk and denote it [, Hydk.

Define U : L?(R3) — H on smooth functions with compact support by the

formula
=D X ()T
teL

We now have the following Bloch decomposition result:

Proposition 6.20 The operator U extends uniquely to a unitary operator
and

@

UHU' = | Hidk (6.21)

Q*
where Hy, k € (2%, is the restriction of operator H to Hj, with domain
consisting of vectors v € Hj, N H? satisfying the boundary conditions Tyv(z) =
Xk (t)v(z) for the basis elements ¢t = sy, $2, 3.

Proof. We begin by showing that U is an isometry on smooth functions with
compact support. Using Fubini’s theorem we calculate

ol = [ Nwonlie = [ [ 15 R
o teL
:/ Z Ttv(x)Tsv(z)/ Xi () xk(s)dk | dz
2 \tseL 2
/Z|Ttv \dm—/ lv(z)|*dz.
e
Hence ||Uv||# = ||v||» and U extends to an isometry on all of H. To show

that U is in fact a unitary operator we define U* : H — H by the formula

Uglo+) = [ altlgn(e)dr,

for t € £ and x € £2. Straightforward calculations show that U* is the adjoint
of U and that it too is an isometry, proving that U is a unitary operator.

For (6.21), we need to first show that (Uv)y is in the domain of Hy. For
(Uv)i we have

= X (s)TiTw(x)

seL
= ZXk 8)Tiysv(x)
sel
=Xk(t) Y x ' (t+ 8)prrsv(z)
seL

= xk(0)(Uv)x(2).
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Hence if v € D(H), then Uv € D(Hy). Next, we have that

(Hi(Uv)g Zxk t)HTv(x)
teL
=> xp (T Ho()
tel
= (UHv)g(x),

which establishes (6.21). O

Since the resolvents of the operators H and Hj are related as U(H —
27Ut = [ (Hy, — 2)~'dk, we have that

o(H)= | o(Hy). (6.22)

ke2*

By Theorem 6.18, the spectra of Hj, are purely discrete, say, {A,(k)}. This
shows that the spectrum of H is union of the sets {\, (k) |k € £2*}, called the
bands. This is a key result in solid state physics.






7

Special Cases

In this chapter we will solve the Schriodinger eigenvalue equation in a few
special cases (i.e., for a few particular potentials) which not only illustrate
some of the general arguments presented above, but in fact form a basis for
our intuition about quantum behaviour.

7.1 The Infinite Well

Let W be the box [0, L]> C R3. We take

0zeW
V(x):{oox¢W

as our potential. This means we take 1) = 0 outside W, and that we impose
Dirichlet boundary conditions

Ylow =0 (7.1)

on the wave function inside W. It is a simple matter to solve the eigenvalue
equation
h2
— 2—A’(/} Ev (7.2)

in W with the boundary condition (7.1), using the method of separation of
variables. Doing so, we obtain eigenvalues (energy levels)

22 S
En T omlL? Z
with corresponding eigenfunctions (bound states)

3
— (TG TG
x) = Jl;[l sin( 7 )
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for each integer triple n = (n1,n2,n3), n; > 1. We see that the eigenvalue E,,

occurs with degeneracy equal to #{(m1, ma, m3)| Y- m7 = 3 n3}. We remark

P h27l'2

3
2mL?2

that the ground-state (lowest) energy Fqq,1) = is non-degenerate.

Problem 7.1 Determine the spectrum of the operator x and the eigenvalues
of the operator p on L?(W) with zero boundary conditions.

7.2 The Torus

Now we consider a particle on a torus 7' = R?/Z3. This corresponds to taking
V =0 in the cube W, but this time imposing periodic boundary conditions.
That is, we solve the eigenvalue equation (7.2) with boundary conditions

V(@)|2;=0 = Y()|2;=L
81/)/390k|m_7:0 = 8w/axk|mj:L

for all j, k. This leads to (separation of variables again) eigenfunctions

with eigenvalues

for n; > 0. The ground state energy, E( 0,0 = 0 is non-degenerate, with
eigenfunction t(g,0,0) = 1. The spacing between energy levels is greater than
for the infinite well, and the degeneracy is higher.

Problem 7.2 Determine the spectrum of z, and the eigenvalues of p, on
L?(W) with periodic boundary conditions. Challenge: show that p has no
essential spectrum (hint — use the Fourier transform for periodic functions).

7.3 The Square Well

Now we consider a potential well of finite depth Vp, and width a (see Fig. 7.1).

V(x)

-V

[e]

Fig. 7.1. The finite well.
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The determination of the discrete and essential spectra is straightforward,
and is left as an exercise.

Problem 7.3 Show

1. 0ess(H) = [0,00)
2. O’d(H) C (—VE),O)
3. the equations for the eigenvalues F, for —Vj < F < 0, are

ktan(ak/2) = K kcot(ak/2) = —K

omE 2m(E + Vo)
K=\-7 F=\V—7m

We do not expect the “eigenvalue” problem, Hy = E1, for E > 0, to have
L? solutions, i.e. bound states, but we will show in Sect. 9.4 below that it has
bounded solutions. If we require these to converge to plane waves as x —
400, then the resulting collection of solutions, together with the bound states
found above, forms a complete ‘orthonormal’ system in L?(R) generalizing the
Fourier transform (it reduces to the Fourier transform if we set V(z) to 0).

where

7.4 A Particle on a Sphere

We consider a particle moving on the unit sphere S? = {z € R? | |z| =1} in
R3. Its Hamiltonian is —%A @, the Laplace-Beltrami operator on S?, given in
spherical coordinates (6, ¢), by

1 0 0 1 02

AQ = Sln(@) %(SIH(G)%) + —Sin2(9) W

The eigenfunctions of Ay, are the well-known spherical harmonics,
Yi*(6. 6) = cu P, (cos(0))e™ (7.3)

where | = 0,1,..5 k € {-I,-1l+1,...,1 — 1,1}; ¢ is a constant; and the
Legendre function Plk can be written as

(1 _ u2)k/2 d

ST (—)FF@? - 1)L (7.4)

P () = -

The spherical harmonics satisfy
— AV =11+ 1)V (7.5)

Problem 7.4 Check (7.5) using (7.3) and (7.4) (unfortunately, this is a bit
tedious).
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It turns out that the spherical harmonics, Ylk, comprise an orthonormal basis
of the Hilbert space L%(S?; d{2) of L? functions on the sphere, with the measure
d$2 = sin(0)dlde (see, eg, [LL]).

We make a few remarks about the connection to angular momentum. The
quantum-mechanical angular momentum L = (Li, Lo, L3) is the self-adjoint
(vector-valued) operator

L=xzxp

where p = —ihV as usual. We define also the squared magnitude of the angular
momentum, L? = L? + L% + L%. The following facts are easily checked:

1. L2V = R21(L + 1)V}
2. L3V} = hkY}F.

Thus we see that the spherical harmonics are simultaneous eigenfunctions of
the angular momentum operators Lz and L?2.

7.5 The Hydrogen Atom

A hydrogen atom consists of a proton and an electron, interacting via a
Coulomb force law. Let us make the simplifying assumption that the nucleus
(the proton) is infinitely heavy, and so does not move. Placing the nucleus at
the origin, we have the electron moving under the influence of the external
(Coulomb) potential V (z) = —e?/|z|, where e is the charge of the proton, and
—e that of the electron. The appropriate Schrédinger operator is therefore

h2
H=——A-¢é/|z|
2m

acting on the Hilbert space L*(R3). In Section 12.1 we will see how to reduce
the problem of the more realistic hydrogen atom - when the nucleus has a
finite mass (a two-body problem) - to the problem studied here.

As usual, we want to study the spectrum of H. The first step is to invoke
Theorems 2.9 and 6.14 and Problem 6.15 to conclude that H is self-adjoint
and has essential spectrum filling in the half-line [0, 00). Our goal, then, is to
find the bound-states (eigenfunctions) and bound-state energies (eigenvalues).
It is a remarkable fact that we can find these explicitly. Indeed, aside from the
infinite well, the only multi-dimensional potentials for which the Schrodinger
eigenvalue problem can be solved explicitly are the harmonic oscillator and
the Coulomb potential.

Because the Coulomb potential is radially-symmetric (depends only on
r = |z|), it is natural to work in spherical coordinates (r, 0, ), where

x1 = rsin(f) cos(¢), a2 =rsin(d)sin(p), x3 = rcos(h),

0<60<m 0<¢<2m. In spherical coordinates, the Laplacian becomes
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1
A=A+ A
r

where A, is the “radial Laplacian” given by

9?2 290

ATZW-‘F;@—T

(4, depends only on the radial variable), and Ay, is the Laplace-Beltrami
operator on S?, introduced in Section 7.4.

To solve the eigenvalue problem, we seek eigenfunctions of H in the
separated-variables form

P(r,0,0) = R(r)Y}(6,0)

where Y}* is a spherical harmonic. Plugging this into the eigenvalue equation
H1 = E1, we obtain

I(1+1)
T2

h2
Gm
The solutions of the ODE (7.6) are well-studied (see, eg, [LL]). Without going

into details, we remark that one can show (by power-series methods) that (7.6)
has square-integrable solutions only for

[-A, + ] —¢*/r)R = ER. (7.6)

62 —m
= — — [+1,1+2,...%
ni= 2E6{+,+,}

The corresponding eigenfunctions, R, are of the form
Ryu(r) = ple P Fu(p)

2 . .
where p = 2:%% r, and Fj,; is a polynomial.

In full, then, the solutions of the eigenvalue problem Hi = Ev are

¢(7"a 03 ¢) = Ru (T)lek (97 d))

where
1=0,1,2,...; ke{-l,=l+1,...,0} ne{l+1,1+2,...}

and the eigenfunctions are

E (=B, =— <me4> Ly (7.7)

2h% ) n?

So we see that the Hydrogen atom has an infinite number of bound states
below the essential spectrum (which starts at zero), which accumulate at zero
(this result is obtained in Section 8.3 by a general technique, without solving
the eigenvalue problem). The ground state energy, attained when | = k =
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0,n = 1,is By = —me*/2h% An easy count finds the degeneracy of the
energy level F,, to be

n—1

> o@i+1)=n

1=0

Finally, we note that the expression (7.7) is in agreement with the empirical
formula (“Balmer series”)
1
n2
(2

AE = R(— —
nf n

).

Here 1 < ny < n; are integers labeling the final and initial states of the atom
in a radiation process, R is a constant, and AFE is the difference of the two
energy levels. This formula predates quantum mechanics, and was based on
measurements of absorption and emission spectra.

7.6 The Harmonic Oscillator

The Hamiltonian of the quantum harmonic oscillator in r dimensions is
n? 1 O
Hyy=——A+-m g w2z?,
ho 2m * 2~ v

acting on the space L?(R"). By Theorem 6.16, o(H) consists of isolated eigen-
values, increasing to infinity. We will solve the eigenvalue problem explicitly
for this operator.

We derive a representation of the operator H which facilitates its spec-
tral analysis. It also prepares us for a similar technique we will encounter in
the more complex situation of second quantization and quantum electrody-
namics (see Chapters 18 and 19). We introduce the creation and annihilation
operators

1
thwj

a; = (mwjzj +ip;) and a} := ———=(mw;z; —ip;). (7.8)

2mhwj
These operators are adjoint of each other and they satisfy the commutation
relation

[ai,a}] = ij. (7.9)
Using that H = >, ; ( — %Qﬁi + imw?2z?), the Hamiltonian H can be re-

written in terms of a; and a}’s as follows: on L?(R"). It can be rewritten in

the form .
1
Hpo = Z; hw; (a;‘a,; + 5) : (7.10)
where a; and a] are the harmonic oscillator annihilation and creation opera-
tors. We say that this expression is in normal form because a* appears to the
left of a. Using (7.10) and (7.9), we derive easily
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Theorem 7.5 The spectrum of Hy, is

o(Hp,) = {Z hwi(ni +1/2) | n; =0,1,2,...},

i=1
with eigenfunctions

Yo == H(zwmmi)*/‘*e*mﬂﬂww?/”z n; =0, Vi, (7.11)
=1

Un = [/ Vi) (@) o, no=(n1,....np). (7.12)

i=1

Proof. First we find the ground state and ground state energy of Hp,. We
define the particle number operators

Ni = a;-kai,
so that, by the expression (7.10),

. 1
Hyo =) Twi(Ni+ 3),

i=1

Now, because a} is the adjoint of a, N; are non-negative IV; > 0:

(¥, Nivp) = [la;yp]|* > 0
r 1

for any +. Therefore, 1, with the smallest eigenvalue, » 5., 5hw;, (i.e. the one
that minimizes the average energy, (v, Hpo1)), satisfies N;¢b = 0, Vi, which
holds iff a;4) = 0, Vi. These equations,

1

can be easily solved, giving the unique family of solutions
sz(xz) = cefmwiac?/Z

(¢ a constant). To normalized this function we set ¢ := (2wmhw;)~'/*. Thus
(7.11) is the (normalized) ground state of Hy, with the ground state energy
i1 %hwl

To find the exited states we observe that (7.9) imply that the operators
N; satisfy the relations

Niai = ai(Ni - 1), (713)

The commutation relation (7.14) implies N;a*1)o = af1)o and in general
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Ni(a7)" o = ni(a7)"vo.

Thus ¢,, = (af)™o is an eigenfunction of N; with eigenvalue n; and
therefore ¢n = [[;_,(a})" 1o is an eigenfunction of Hp, with eigenvalue
Do hwi(ng + %)

Problem 7.6 Show that ||¢n|? =[]\, n;!. Hint: write

|fnll* = (Yo, [Ti—; (a:)™ (a})™1po), then pull the a;’s through the a}’s (includ-
ing the necessary commutators) until they hit ¢y and annihilate it.

So ¢ :=1]_, \/%(af)”l 1o, n:= (ny,...,n,), is a normalized eigenfunction
of Hp, with eigenvalue Y ., hw;(n; +1/2).

We now show that these are the only eigenfunctions. To simplify the nota-
tion we do this in dimension 1, i.e. for r = 1. It follows from the commutation
relations that if ¥ is any eigenfunction of N with eigenvalue A > 0, then

Na™p = (A —m)a™. (7.15)

If we choose m so that A —m < 0 we contradict N > 0 unless a1 = 0. But
this implies

a1 = ey
where j < m is the largest integer s.t. a’1) # 0 and ¢ # 0 is a constant, so
by (7.15) and N1pg = 0, A = j. Thus 1 corresponds to the eigenvalue j. If ¢ is
not proportional to v, then we can choose it to satisfy (i, 1;) = 0. However,

by al1) = cibg, we have that (1,1;) = ¢ # 0, a contradiction. So we are done.
O

Remark 7.7 One can extend the last part of the proof above to show that
any function f € L?(R") can be written as

- 1 N
fz) = Zn:cnwn :chgﬁ(ai) Yo.

n

Hence the set {ty, } form an orthonormal basis in L?(R") and the space L*(R")
is isometric to the space F() := ©nzoChym, where Cg ., is equal to {0}

for n = 0 and to C*/&™ for n > 1. Here &" is the symmetric group of
permutations of n indices.

Remark 7.8 Since vy is positive and normalized, [ 3 = 1, the operator U :
f — 9o ' f maps unitarily the space L?(R", d"z) into the space L?(R", ygd"x).
Under this map the operator Hy, is mapped into L := UHU ! acting on the
space L%(R",13d"z). We compute

L= hwbib;, (7.16)
j=1
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where b; = UCLjU_l and b} = Ua;fU—1 is the adjoint to b; in the space
L2(R",¢3d"x). Explicitly,

[ R . | R [ 2mw;

The operator L, with h = 1,2m = 1, is the generator of the Ornstein-
Uhlenbeck stochastic process (see [GJ]).

7.7 A Particle in a Constant Magnetic Field

We consider a particle moving in a constant magnetic field with no electric
field present. According to (4.15), the quantum Hamiltonian of such a system
is

H(A) = 5 (p — eA),

acting on L2(R3), where A is the vector potential of the magnetic field B and
therefore satisfies
curlA = B.

We fix the gauge by choosing a special solution of the latter equation. A
possible choice for A is

A(z) = %B X . (7.18)

Another possibility, supposing B to be directed along the z3 axis (B =
(0,0,0)) is

A(x) = b(—x2,0,0). (7.19)
Problem 7.9 Check that both (7.18) and (7.19) yield the magnetic field B,
and that the two are gauge-equivalent.

For the first choice of A, we chose the x3 axis along B so that B = (0,0, b),
and therefore A = (—z2,21,0).

Problem 7.10 Under (7.18), show that Schrédinger operator H(A) is of the
form

1 1
H(A) = %[pf +p3 + ZeZbQ(xf +x3) —ebLs —|—p§]7

where Ls is the third component of the angular momentum.

Furthermore, for the same choice of A, we may introduce the harmonic oscil-
lator annihilation and creation operators, o and o, with

b b
0= (Va)u +i(Va)e = oy + 00, + 51 + %IQ. (7.20)
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These operators satisfy the standard commutation relations:
[a, @] = 2curl A = 20. (7.21)

The operator H(A) can be expressed in terms of these operators as H(A) =
s—[a*a + b+ p3).

2m

Problem 7.11 Verify the above statements. Use them to find the spectrum
of H(A).

Using the second choice for A, the appropriate Schrodinger operator is

1
H(A) = 2—[(101 + ebxg)® + p5 + p3).
m
To analyze H(A), we apply the Fourier transform to only the first and third
variables (1,3 + k1,3). This results in the unitarily equivalent operator

- 1 mw? 1
H=—"—p24+— —
2mp2 + 2 (w2 + eb

1
k1)? + —k3
)7 om 3
where w = eb/m and ki, k3 act as multiplication operators. We remark that
H acts as a harmonic oscillator in the variable x5, and as a multiplication
operator in ky and k3. In the following problem you are asked to determine

the spectrum of this operator.
Problem 7.12
1. Show that the energy levels of H (called Landau levels) are given by

042

1

wheren = 0,1,2,... and a € R. Show that the corresponding generalized
eigenfunctions are

VoK1, 2, k3) = ¢n(x2 + k1/eb)d(ks — a)

where ¢, is the nth eigenfunction of the harmonic oscillator.
2. Analyze the same problem in two dimensions, with the magnetic field
perpendicular to the plane.

7.8 Linearized Ginzburg-Landau Equations
of Superconductivity

One of the greatest achievements of the Ginzburg-Landau theory of supercon-
ductivity is A.A. Abrikosov’s discovery of vortex lattice solutions. Abrikosov
found these solutions using the linearized Ginzburg-Landau equations and
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taking into account the nonlinearity in the first order of perturbation theory.
The Abrikosov problem can be formulated as the eigenvalue problem

— Aav = X, (7.22)

where A is a vector potential of a constant external magnetic field b, curlA = b,
and 1) is a bounded, twice differentiable function such that |1|? (the density of
superconducting electron pairs) is periodic with respect to some lattice L, i.e.
[V|2(z + s) = |¢|*(z), Vs € L. (A definition of the lattice is given in Section
6.4.) We call such 1’s, L-lattice states.

One can show that v € H} _(R?;C) is an L-lattice state if and only if
translation by an element of the lattice results in a gauge transformation of
the state, that is, for each s € L, there exists a function g5 € HZQOC(R2; R) such
that

Y(x +5) = 9 Dy(x)
b

almost everywhere. In particular, if we fix the gauge as A(x) = 5Jx, where J

_01 (1) , then one can choose g5 as gs(x) = %5~J:v.
Let 2 be a fundamental cell of the lattice £. Clearly, we can reduce the
eigenvalue problem above to the Sobolev space of order two, H?(§2,C), whose

elements satisfy the quasiperiodic boundary condition

is the symplectic matrix,

Yz +5) = e T%(x), (7.23)

for s running through basis vectors for (2. This quasiperiodic boundary con-
dition is consistent with the fact that v is a single valued function if and
only if the magnetic flux, b|{2|, through the fundamental cell {2 is quantized:
b|2| = 2mn, for some integer n.

We define the shape of a lattice, by identifying 2 € R? with z = 21 +izs €
C, and viewing L as a subset of C, and setting 7 = 7"7/ for a basis r, r’. Although
the basis is not unique, the value of 7 is, and we will use that as a measure of
the shape of the lattice. Using the rotation symmetry we can assume that if
L has as a basis { re1, 77 }, where r is a positive real number and e; = (1,0).

A key step in proving existence of Abrikosov vortex lattice solutions is the
following

Theorem 1. The smallest A for which the problem (7.22)- (7.23) with the
quantization condition b|f2| = 27n has a non-trivial solution is A = b. In this
case the solutions span the n—dimensional space

o0
{6%12(11-‘1‘7;(112) § Ckeik\/%r Im 7(x1+iz2) | Chin = einfr‘reﬂkﬂ'rck}. (724)

k=—o0

Here n is the integer entering the quantization of the flux condition, b|2| =
2mn.
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Proof. Let L denote the operator —A 4 on the space L?(f2,C), with the do-
main consisting of functions from Hs ({2, C) satisfying the boundary conditions
(7.23). We find the spectrum of L explicitly. We introduce the harmonic os-
cillator annihilation and creation operators, o and a*, with

. ) b ib
a:=(Va)1 +i(Va)e =0y +1i0z, + %1 + 3 %2 (7.25)
One can verify that these operators satisfy the following relations:

1. [a, 0*] = 2 curl A = 2b;
2. L-b=ca"a.

As for the harmonic oscillator (see the previous two sections), this gives o(L) =
{(2k+1)b:k=0,1,2,...}. Furthermore, the second property implies

Null(L — b) = Null a. (7.26)
We find Null a. A simple calculation gives the following operator equation
eilePae=il2l" =9, 10,

This immediately proves that ¢ € Null « if and only if £ = e§|”’|2w satisfies
Oy, & +10,,& = 0. We now identify z € R? with 2z = 21 + izy € C and see that
this means that ¢ is analytic. We therefore define the entire function © to be

Q(Z) = 6_%(‘2/)25 (zl) = e%(lz,lz_(zl)z)w (Zl) , Zl = sz
s

where, recall, the number r enters the definition of the basis { rej,r7 } of L.
The quasiperiodicity of ¢ transfers to © as follows,

Oz + ) = O(2),

O(z + 7)) = e 2N TINTTQ (7).

To complete the proof, we now need to show that the space of the analytic
functions which satisfy these relations form a vector space of dimension n.
It is easy to verify that the first relation ensures that © has an absolutely
convergent Fourier expansion of the form

O(z) = Z etz

k=—o0

The second relation, on the other hand, leads to a relation for the coefficients
of the expansion. Namely, we have cii,, = €""7e?*"7¢; and that means such
functions are determined solely by the values of cg,...,c,—1 and therefore
form an m-dimensional vector space. This completes the proof of Theorem 1.
O
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Abrikosov considered the case n = 1. In this case, the space (7.24) is one-
dimensional and spanned by the function

S k—1
V= 6512(z1+im2) E Ckeik\/2ﬂ1m7(11+ix2), cp = cetkmT H ei2mmaT (728)
m=1

k=—o00

This is the leading approximation to the Abrikosov lattice solution ([A]). The
normalization coefficient ¢ cannot be found from the linear theory and is
obtained by taking into account nonlinear terms by perturbation theory (see
[TS] and references therein for a rigorous treatment and [GST] for a review).






8

Bound States and Variational Principle

In this chapter we develop powerful techniques for proving existence of bound
states (eigenfunctions) corresponding to isolated eigenvalues. We also give
estimates of their number.

8.1 Variational Characterization of Eigenvalues

We consider, for the moment, a self-adjoint operator H, acting on a Hilbert
space H. The main result of this chapter is the following important charac-
terization of eigenvalues of H in terms of the minimization problem for the
“energy” functional (1), H1).

Theorem 8.1 (1) The Ritz variational principle: for any ¥ € D(H),

inf (¢, HY) = inf o(H).
inf (0, H) = inf o (1)
(2) The left hand side has a minimizer if and only if Hy = A\, with A :=
info(H).
(3) If there is a v (called a test function) with [[¢]| = 1 and

(¢, HY) < inf 0ess (H),

then H has at least one eigenvalue below its essential spectrum.

As an example application of this theorem, we consider the bound state prob-
lem for the Hydrogen atom. The Schrédinger operator for the Hydrogen atom
18 hQ 62

“om? T

acting on the Hilbert space L?(R?) (see Section 5.3). Take the (normalized)
test function ¥(z) = /u3/me 7l for some > 0 to be specified later and
compute (passing to spherical coordinates)
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(¢, Hy) = /\VW /l?llw

h2 3 oo
= ——471'/ e 22 dr — 62'u—471'/ e My,
0 0

s

To compute the above integrals, note

[ee] d2 [ee]
e~ r2dr = — e “dr
0 da Jo

oo d oo
/ e “rdr = ——/ e “"dr.
0 da Jg

Since [;¥ e *dr = o', we find [T e *"r?dr = 2073, and [ e *"rdr =
a~2. Substituting these expressions with a = 2y into the formula for (v, H1),
we obtain

and

h2
(¥, Hy) = —u —e’p.

The right hand side has a minimum at p = me?/h?, which is equal to

me4

<1/)7 Hw>|u=me2/h2 = _ﬁ~

Since 055 (H) = [0,00) (according to Theorem 6.14, which can be extended
to cover singular potentials like the Coulomb potential — see Problem 6.15
in Section 6.3) we conclude that H has negative eigenvalues, and the lowest
negative eigenvalue, A1, satisfies the estimate

This should be compared with the lower bound

2me?*

Al > — 2

found in Section 5.3.

The rest of this section is devoted to the proof of this theorem and a
generalization. We begin with some useful characterizations of operators in
terms of their spectra.

Theorem 8.2 Let H be a self-adjoint operator with o(H) C [a,00). Then
H > a (ie. (u, Hu) > al|lul|? for all w € D(H)).

Proof. Without loss of generality, we can assume a = 0 (otherwise we can
consider H — al instead of H). First we suppose H is bounded (we will pass
to the unbounded case later). If b > ||H||, then the operator (H + b)~!
positive, as follows from the Neumann series
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o0

(H+b) ' =b"' A+ H) " =b1> (b 'H)"
j=0

(see (23.33)). For all A > 0, the operator (H + \)~! is bounded, self-adjoint,
and differentiable in A (in fact it is analytic — see Section 23.9). Compute

0

8A(H+A) =—(H+)N %<0,

Hence for any 0 < ¢ < b,

(H+e) '=(H+b)+ /b(H + ) 72dA

and therefore (H +¢)™! > (H +b)~ > 0. Now any u € D(H) can be written
in the form u = (H + ¢)~!v for some v € H (show this). Since

(u, (H + c)u) = (v, (H +¢)"'v) >0

for any ¢ > 0, we conclude that (u, Hu) > 0 for all w € D(H), as claimed.

In order to pass to unbounded operators, we proceed as follows. Let ¢ > 0
and A := (H +¢)~!, a bounded operator since —c ¢ o(H). For any X\ # 0, we
have

A+ A=(H+e) "+ A= NH+c) " (H+c+ 217, (8.1)
Hence for A > 0, the operator A + X is invertible, and so o(A) C [0,00) (in
fact, one can see from (8.1) that A + X is also invertible if A < —c™1, and
so o(A) C [0,c¢7 ). By the proof above, A := (H + ¢)~! > 0. Repeating the
argument at the end of this proof, we find that H + ¢ > 0. Since the latter is
true for any ¢ > 0, we conclude that H > 0. [J.

Theorem 8.3 Let S(v) = (¢, Hy) for v € D(H) with [|¢p]] = 1. Then
inf o(H) = inf S. Moreover, A := inf o(H) is an eigenvalue of H if and only if
there is a minimizer for S(v) among ¢ € D(H) with the constraint ||| = 1.

Proof. As in the proof of Lemma 23.21, we compute, for ¢ € D(A) and z € R
satisfying z < inf S =: p,
[(A = 21)9|” = (A~ 21)9, (A — 21)¥)

(A = )l + 2(n = 2)(0, (A = ) + | — 2P| 9]
(8.2)

Since (¥, (A — p)¥) > 0, this gives
[(A=21)|| = [p = 2[[|[]]. (8.3)

As in the proof of Lemma 23.21, this shows that the operator A — z1 is
invertible and therefore z ¢ o(H). Therefore inf S < inf o(H). Now let A :=
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inf o(H). By Theorem 8.2, (1, H1)) > \||¢||? for any ¢y € D(H). Hence inf S >
A =info(H), and therefore inf S = inf o(H) as required.

Now if A = info(H) is an eigenvalue of H, with normalized eigenvector
g, then

S(wO) = WioaHT/)o) =A= infS,
and therefore 1y is a minimizer of S. On the other hand, if ¥y is a minimizer
of S, among ¢ € D(H), ||¢|| = 1, then it satisfies the Euler-Lagrange equation
(see Section 24.5)
S'(Yo) = 2Xho

for some A. Since S’(1)) = 2H4) (see again Section 24.5), this means that
is an eigenvector of H with eigenvalue A. Moreover,

S(tho) = (to, Hipo) = Al[o|* = A.

Since S(¢9) = inf S = inf o(H), we conclude that A\ = inf o(H) is an eigen-
value of H (with eigenvector ). O

Proof. of Theorem 8.1: Theorem 8.3 gives the proof of the first part of the
theorem - the Ritz variational principle: for any ¢ € D(H),

(¥, HY) > X =info(H)

and equality holds iff Hy = \.

To obtain the second part of the theorem, stating that if we can find ¥
with ||| = 1 and (¢, HY) < inf oess(H) then we know that H has at least
one eigenvalue below its essential spectrum, we note that, by Theorem 8.3,

info(H) =inf S < (¢, HY) < inf oes5(H),
so A = inf o(H) must be an (isolated) eigenvalue of H. O
The variational principle above can be extended to higher eigenvalues.

Theorem 8.4 (Min-max principle) The operator H has at least n eigen-
values (counting multiplicities) less than info.ss(H) if and only if A\, <
inf 0.55(H), where the number )\, is given by

(v, Hp). (8.4)

= inf max
{XCD(H) | dim X=n} {$€X | [|¢||=1}
In this case, the n-th eigenvalue (labeled in non-decreasing order) is exactly
An-

Sketch of proof. We prove only the “if” part of the theorem. The easier “only
if” part is left as an exercise. We proceed by induction. For n = 1, the state-
ment coincides with that of Theorem 8.3. Now assume that the “if” statement
holds for n < m—1, and we will prove it for n = m. By the induction assump-
tion, the operator H has at least m — 1 eigenvalues, Aj,..., \p—1 (counting
multiplicities), all < inf o.ss(H). We show that H has at least m eigenval-
ues. Let V;,,_1 denote the subspace spanned by the (normalized) eigenvectors
Y1y, Ym_1, corresponding to A1,..., Ap—1. Then
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1. the subspace Vj,_1, and its orthogonal complement, V.- | are invariant
under the operator H, and
2. the spectrum of the restriction, H |VL71, of H to the invariant subspace

VWJ{71 is O'(H)\{)\h ey )\mfl}.
Problem 8.5 Prove statements 1 and 2.

Now apply Theorem 8.3 to the operator H|V{1 to obtain

in (¥, HY) = inf{o(H)\{A 1, ., Am—1}1}- (8.5)
{YeV,_,nD(H) | l¥]=1}

On the other hand, let X be any m-dimensional subspace of D(H). There
exists ¢ € X such that ¢ L V,,,_1, and ||¢|| = 1. We have

(¢, Hp) = inf (v, Hi)).

-~ {yeVa_,nDH) | |vl=1}

Hence for any such X

inf (v, Hy)

max >
{veX [I¥l=1}  {yeV,_ND(H) | [¥]=1}
and therefore A, defined by (8.4) obeys

Am > inf W, Hi). 8.6
{vev,;_,ND(H) II:IWH:I}< ) (86)

Since Ay, < inf oess(H) by assumption, and due to (8.5), we have
A= inf{o(H)\{ )\, .., An_1}} < infoess(H) (8.7)

is the m-th eigenvalue of H. Moreover, Equations (8.5)-(8.7) imply that A, >
A

Now we show that A,, < X\ . Let 1, be a normalized eigenvector corre-
sponding to A/, and let V,,, = span{¢1, ..., ¥ }. Then

A < max JHY)Y = N
wEVnu|W|\:1<w ¥)

Hence A,, = X,. Thus we have shown that H has at least m eigenval-
ues (counting multiplicities) < inf o.s5(H), and these eigenvalues are given
by (8.4). O

This theorem implies that if we find an n-dimensional subspace X, such
that

pn = sup (¢, HY) < info.ss(H),
YeX,[vl=1

then H has at least n eigenvalues less than inf o..s(H), and the largest of
these eigenvalues satisfies the bound
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An < pn.
This result will be used in Section 8.3.

There is another formulation of the min-max (more precisely sup-inf) prin-
ciple, in which Equation 8.4 is replaced by the equation

Ap = sup inf (¥, HY).

{XCD(H) | dim X=n} {¥€X* | [[¢[=1}

A proof of this theorem is similar to the proof above.

The following useful statement is a simple consequence of the min-max
principle. Suppose A and B are self-adjoint operators with A < B. Denote
the j-th eigenvalue of A below its essential spectrum (if it exists) by A;(A)
(and similarly for B). Suppose also that the eigenvectors of B corresponding
to the eigenvalues A\1(B), ..., A;(B) lie in D(A). Then A;(A) < A;(B). To see
this, let V; denote the span of the first j eigenvectors of B, and observe that
maX{’ébGVj||WH:1}<w’B¢> = )\J(B) Since ‘/} - l)(A)7 (84) gives

Aj(A) < {wevﬂ%”:l}w,flw

< max , By = X\;(B).
*{wevn\uwn:l}w vr=2(B)

Another useful criterion for finding eigenvalues of self-adjoint operators
goes as follows. If for some A € R and € > 0, there is a function ¢ € D(A)
such that

[(A =X < ey, (8.8)
then the operator A has spectrum in the interval [\ — ¢, A+ ¢]:

a(A)NA—e€, N+ €] # 0.
To prove this statement we use the inequality
I(A—2)7!] < [dist(z, o(A))] "
for z € p(A), which extends the inequality (23.11). For a proof of this in-

equality see [HS, RSI]. Now if A has no spectrum in [A —¢€, A+ €], ie. if
[A—€, A+¢€ C p(A), then

_ 1
I(4- 07" <

which contradicts (8.8), since (8.8) implies ||@|| < €]|[(A — X)"1g| for ¢ =
(A— N,
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8.2 Exponential Decay of Bound States

Consider the Schrodinger operator H = —%A + V with the potential V' :
R? — R which is continuous and decays V (z) — 0 as |z| — oo. Recall that H
is self-adjoint and its essential spectrum, o.ss(H ), fills in the semi-axis [0, c0).
hence the spectrum on the negative axis consists of isolated eigenvalues of
finite multiplicities.

Theorem 8.6 If H has a bound state, (), with an energy E < 0 (i.e. below
the ionization threshold 0), then ¢ (x) satisfies the exponential bound

/|¢(x)|2620‘1‘dx < 00, Ya < V-E. (8.9)

Proof. Let J be a real, bounded, smooth function supported in {|z| > R}. By
the condition on the potential V', there is € = ¢(R) — 0, as R — 00, s.t.

JHJ > —eJ?. (8.10)

We assume now that V.J is supported in {R < |z| < 2R}. Let f be a bounded
twice differentiable, positive function and define Hy := el He=/. We compute

h2
Hsz—%HVfF—Vf-V—V-Vf]. (8.11)
Then (Hy — E)® = 0, where & := ¢/¥, and therefore (H; — E)J® = [Hy, J]®.

On the other hand, by (8.11) and (8.10) and the fact that the operator Vf -
V + V- V[ is anti-self-adjoint, we have

h2
Re(J®, (Hf — E)J®) = (J®,(H — 2|V [* - E)J®)
> 5||JP||?.
where § := —e— F — % SUP,cqupp 7 | V|- Then the last two equations imply,
3|lJ|* < Re(J®, (Hy — E)JD) < ||JO||[Hy, J)2].

Now we take for f a sequence of bounded functions approximating «(1 +
|2[?)'/2, with a < \/—E. Taking the limit in the last inequality gives (8.9). O

8.3 Number of Bound States
Let H = —%A + V(z) be a Schrédinger operator acting on L?(R?). Assume
V(z) — 0 as |x| — co. In this section, we address the questions

e Does H have any bound states?
e If so, how many bound states does it have?
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We begin with a very simple example. Suppose that V(z) > 0. Clearly
H > 0, and so H certainly has no negative eigenvalues. On the other hand,
Oess(H) = [0,00) by Theorem 6.14. So H has no isolated eigenvalues.

The next example is physically clear, but mathematically more subtle:

If z-VV(x)<0, ie. V(z)is repulsive,
then H has no eigenvalues.
Let us assume here that V' is twice differentiable, and that V' (x), together

with - VV(z), vanish as |z| — co. The proof of the above statement is based
on the following wvirial relation: define the self-adjoint operator

1
A= §(x~p+pox).

This operator is the generator of a one-parameter group of unitary transfor-
mations called dilations:

() = ()

for § € R. Let us show formally (i.e. ignoring domain issues) that if ¢ is an
eigenfunction of H, then

(¢, i[H, AJp) = 0. (8.12)

Letting A be the eigenvalue corresponding to v, and using (5.2), we have

(W i[H, AJY) = (yilH = A, Alp) = =2Im((H = A)p, Adp).

Since (H — \)ip = 0, (8.12) follows.
On the other hand, a simple computation (left as an exercise) yields

h2
i[H,A] = ——A—z-VV(). (8.13)
Therefore i[H, A] > —%ZA by the repulsivity condition on V' (z), which implies

52
(il H, Aly) > —|[Ve|[* >0,

a contradiction to (8.12). Thus the operator H, with V(z) satisfying x -
VV(x) <0 has no eigenvalues.

Problem 8.7 Show (8.13).

We turn our attention now from a situation where there are no bound
states, to one where there are many. In particular, we will prove that the

Schrédinger operator
h? q
A— — (8.14)

H=—"
2m ||
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with ¢ > 0, has an infinite number of bound states. The potential V(z) =
—q/|z| is called the (attractive) Coulomb potential. For appropriate ¢, the
operator H describes either the the Hydrogen atom, or a one-electron ion. In
Section 7.5, we went further, solving the eigenvalue problem for H exactly,
finding explicit expressions for the eigenfunctions and (infinitely many) eigen-
values. Nevertheless, it is useful to be able to prove the existence of infinitely
many bound states using an argument that does not rely on the explicit solv-
ability of the eigenvalue problem.

We would first like to apply Theorem 6.14 to locate the essential spectrum.
However, the fact that the Coulomb potential is singular at the origin is a
possible obstacle. In fact, Theorem 6.14 can be extended to cover this case
(see Problem 6.15 and, eg, [CFKS]), and we may conclude that H is self-
adjoint, with essential spectrum equal to the half-line [0, 00).

To prove that the operator (8.14) has an infinite number of negative eigen-
values, we will construct an infinite sequence of normalized, mutually orthog-
onal test functions, u,(z), such that

(tUn, Hup) < 0. (8.15)

The “min-max principle” (described in Section 8.1) then implies that H has
an infinite number of eigenvalues.

We begin by choosing a single function, u(z), which is smooth, and which
satisfies

Jul =1 and supp(u) C{zeR*[1<|z| <2}

Then we set u, (z) := n=3/?u(n"'z) for n = 1,2,4,8, . ...
Problem 8.8 Show that (tm,, un) = dmn, and that (u,, Hu,) = 0 if m # n.

Given the results of the exercise, it remains to show (8.15) for n sufficiently
large. Indeed, changing variables to y = n~ 'z, we compute

h? 1
an - S n 2 - T | Un 2
(1, Huy) 2m/\vu (2)[2dz q/lx‘|u (2)|2dz

h? / 1
=n"2— [ |Vu 2dy—n*1q-/—u 2dy

— [ IVu(y)| )
<0

for n sufficiently large, as the second term — the potential term — prevails for
large n. Thus we have proved that the operator (8.14) has an infinite number
of negative eigenvalues.

With this example in mind, we address the question of whether the
Schrodinger operator

h2
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has a finite (including possibly 0) or infinite number of negative eigenvalues.
Assume V' (z) behaves at infinity as

V(z) =clz|”® for |z| sufficiently large (8.16)

for some constant c. We test the operator H on the functions wu,(x) con-
structed above. It is left as an exercise to show that, as above, (ty,, Huy) =0
for m # n, and

<0 if a<2ande<O
>0 otherwise

(tUn, Hup) {

for n sufficiently large.
Problem 8.9 Prove these last two statements.

Let X, be the n-dimensional subspace spanned by the functions ., . . ., Um4n,
for m sufficiently large. The results of Problems 8.8 and 8.9 imply that

sup (¢, Hp) <0
YEXn,[l¥|=1

for all n, provided @ < 2 and ¢ < 0. Invoking the min-max principle again,
we see that if @ < 2 and ¢ < 0, then the operator H has an infinite number
of bound states.

It is shown below that H has only a finite number of bound states if a > 2.
The borderline for the question of the number of eigenvalues is given by the

inequality

1
> __
— Azl

(the Uncertainty Principle — see Section 5.2). This inequality shows that the
kinetic term —%A dominates at oo if @ > 2, or if & = 2 and QFL—?C > —i.
Otherwise, the potential term favouring eigenvalues wins out. This simple
intuition notwithstanding, there is presently no physically motivated proof of
the finiteness of the discrete spectrum for o > 2. The proof presented below
uses mathematical ingenuity rather than physical intuition.

We now prove finiteness of the number of eigenvalues for a > 2. To simplify
the argument slightly, we assume the potential V' (x) is non-positive and denote
U(z) := =V (z) > 0. Let A < 0 be an eigenvalue of H with eigenfunction ¢.
The eigenvalue equation (H — A)¢ = 0 can be re-written as

h2
(-5 -A=No=Us.

Since A < 0 is in the resolvent set of the operator —%A, we can invert
(f%A — ) to obtain

R2 B
—%A —A) U9,

¢ =
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the homogeneous Lippmann-Schwinger equation. By introducing the new func-
tion v := UY2¢, this equation can be further re-written to read v = K(\)v
where the operator K(\) is defined as

h2
K\ :=UY?(——A—-)\"tUY2
) = UV A= N0
We can summarize the above derivation as follows:

A<O0EVH < 1EVK(Q)

and so
#{A<O0|ANEV H}=#{A<0|1EV K(\)}. (8.17)

The next step is to prove that
#A<O0|1EVEKN}=#{r>1|v EV K(0)}. (8.18)

To prove (8.18), we begin by showing that

0
—K(A A< 1
B (A >0V A<0 (8.19)
and
K(A) —0 as A — —oc. (8.20)
Writing

(6. KN)6) = (U6, (o A= 3)~ UM%)

and differentiating with respect to A, we obtain

i _rrl)2 _h_2 \\—2771/2
O 16, KO0 = (U120, (— oA~ )20 /%)
2

= (5 A= XUV > 0

which proves (8.19). To establish (8.20), we need to derive the integral kernel

of the operator K (). Using the fact that the operator (—%A — M)~ ! has
integral kernel

h? m _\/2mw _
—— A\t - - = lz—yl
( 2m )" (@) 2nh?|x — y|e '

(see Equation (23.48)), we find that the integral kernel for K ()) is

m ) EmA
KO (w.9) = Ula)! 7 gtV S0 )12

(see Section 23.3). Using the estimate
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1/2
i ([, 1K) Pasdy)
X

(see again Section 23.3), we obtain

DT /
KM < = </R Mefz\/ s llxyldxdy>1 2.

27h? syrs T — Y2

Since exp(— zygl)‘l |z —y|) — 0 as A — —oo, Equation (8.20) follows.

Now we show that the relations (8.19) and (8.20) imply (8.18). By (8.20),
for all A sufficiently negative, all of the eigenvalues of K(\) are less than 1.
By (8.19), the eigenvalues, v, (\), of K()) increase monotonically with A.
Hence if vy, (Ap) = 1 for some A, < 0, then v, (0) > v, (Ay,) = 1. Similarly,
if v,(0) > 1, then there is a Ay, < 0 such that vy, (Ay,) = 1. In other words,
there is a one-to-one correspondence between the eigenvalues v, (0) of K(0)
which are greater than 1, and the points )\, at which some eigenvalue v, ()
crosses 1 (see Fig. 8.1).

1
A
Fig. 8.1. Eigenvalues of K (\).
Thus (8.18) follows.
The relations (8.17) and (8.18) imply
#{N<0 | AEVH}=#{vr>1 | vEV K(0)}. (8.21)

The quantity on the left hand side of (8.21) is what we would like to
estimate, while the quantity on the right hand side is what we can estimate.
Indeed, we have

1/2
#{v>1| vEV K(0)} = > 1< > V2,
Vm >1,vm EV K (0) vm >1,vpy EVK(0)
1/2

= (tr(K(0)%))

1/2

A
]
o

(8.22)
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(see Section 23.11 for the definition of ¢tr, the trace). On the other hand (see
Section 23.3),

tr(K(0)2):/|K(0)(x,y)|2dxdy:( m )Z/Mdmy (8.23)

27h? |z —y|?

Collecting equations (8.21)- (8.23) and recalling that V(z) = —U(x), we ob-

tain 12
m V{x)V(y)l
#{A AEV H} < dxd .
{A<0 | \Y% }27Th2</ T xdy

Under our assumption (8.16) on the potential V' (x), with a > 2,
JECLOT.
[z =y

so that the number of negative eigenvalues of the operator H is finite. This is
the fact we set out to prove.

The argument used above (Equation (8.21) in particular) is called the
Birman-Schwinger principle, and the operator K (\) is the Birman-Schwinger
operator.
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Scattering States

In this chapter we study scattering states in a little more detail. As we saw in
Section 6.2, scattering states are solutions of the time-dependent Schrodinger
equation

oY

ihmr = Hy) (9.1)

with initial condition orthogonal to all eigenfunctions of H:

Yle=o = Yo € Hy (9.2)

where Hp, := span{ eigenfunctions of H} is the subspace of bound states of
H.

We will have to make a more precise assumption on the potential V' (z) en-
tering the Schrédinger operator H = —%A—FV(@‘): we assume, for simplicity,
that

05V ()] < C(1+ [a]) =1 (9.3)
for |a| < 2 and for some p > 0 (and C' a constant). The notation needs a little
explanation: « is a multi-index o = (a1, a2, a3) with each «; a non-negative
integer, |a| = 2?21 a;, and

3

0y =[] o

=1

The question we want to address is what is the asymptotic behaviour of
the solution 1 = e~ /M)y of (9.1)-(9.2) as t — oo. First observe that (6.2)
shows that ¢ moves away from any bounded region of space as t — co. Hence,
since

V(z) — 0 as |x| — oo, (9.4)

we expect that the influence of the potential V(z) diminishes as t — oo. Thus
the following question arises: does the evolution i approach a free evolution,
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say ¢ = e Hot/hg, where Hy = —%A, for some ¢g € L2(R?), as t — 0o?
Put differently, given ¢g € Hj, is there ¢g € L?(R?) such that

=t/ oy — e=iHot Ry | s (9.5)

as t — o0o? This (or a modification of this question discussed below) is the
problem of asymptotic completeness. It is the central problem of mathematical
scattering theory. It conjectures that all the possible free motions, together
with the bound state motions, form a complete set of possibilities for the
asymptotic behaviour of solutions of time-dependent Schrédinger equations.

There are two principal cases depending on the decay rate, pu, of the po-
tential V(x) (more precisely, the decay rate, u+ 1, of the force —VV (z)), and
it is only in the first of these cases that the asymptotic completeness property
formulated above holds. We now discuss these cases in turn.

9.1 Short-range Interactions: pu > 1

In this case, asymptotic completeness can be proved under condition (9.3). We
can reformulate the asymptotic completeness property by defining the wave
operator, 27
+ 4 Vi iHE/h —iHot/h
27¢: tli)rroloe e o. (9.6)

Below we will show that under the condition (9.3) with x> 1, the limit exists
for any ¢ € L?(R?). Further, the operator 27 is an isometry:

1270] = ll¢]- (9.7)
Indeed, (9.6) implies
2%l = lim [[eHTme=iTut/mg) o]
since the operators et/ and e~Hot/ are isometries.

The existence of the wave operator 27 means that given a free evolution
e~ Hot/hpg  there is a full evolution e~*1*/M4p such that (9.5) holds. To see
this, note that since e’#*/" is an isometry, (9.5) can be re-written as

lpg — et/ Mem ot M| — 0
as t — oo, which is equivalent to the relation
Yo = 2% ¢o. (9.8)

Thus the existence of the wave operator 27 is equivalent to the existence of
scattering states — i.e. states e~“f*/M4)y for which (9.5) holds for some ¢y.
We have
Ran(27) C Hy.
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Indeed, for any ¢o € L?(R?) and g € H;, such that Hg = \g, we have

(g, 02" 60) = lim (g, e"1/Me= 10t Mgg) = Tim (e="/Ng, e=tHot/Rgy)
— lim eixt/h<g7efmot/h¢0>. (9.9)
t

There is a general theorem implying that the right hand side here is zero, but
we will prove it directly. Recalling expression (2.22) for the action of the free
evolution operator e~ Hot/" e find

—iHot/h omifit\ Y/ _ o\ imlz—y|?/(2ht)
(9,€ bo) = g(z)e do(y)dydx
R3 JR3

m

and therefore, if ¢g and g are integrable functions, i.e.,

/ |po(x)|dx < oo and / lg(z)|dz < oo,
RS RS

» 2rht\ /2
g on) < (220 [ ol [ o
R3 R3

and thus the right hand side of (9.9) vanishes. For general ¢y and g the result
is obtained by continuity. This argument can also be extended to cover the
case where ¢ is a linear combination of eigenfunctions.

We can similarly define the wave operator {2~ describing the asymptotic
behaviour as t — —oo:

we have

0 b = i iHt/h,—iHot/h 4

#i= T e /me I

This operator maps free states e “H0t/"¢q into states e *t/"4)y which ap-
proach these free states as t — —oo. We have (in an appropriate sense)

HOQF = Q% H,. (9.10)

Indeed, by changing variables, we can obtain the following intertwining rela-

tions
o—tHt/h )t _ ()F —iHot/h (9.11)

Differentiating these relations at ¢ = 0, we obtain 9.10.
Let Hy. := Ran{2T, the set of scattering states. We have shown that
Hse C 'Hbl. The property of asymptotic completeness states that

Hse = Hy or  H,® RanM,. = L*(R®)

i.e., that the scattering states and bound states span the entire state space
L?(R3). We will prove this property under some restrictive conditions below.
One can also define the scattering operator
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S =0
which maps asymptotic states at ¢t = —oo into asymptotic states at t = co:
—iH i
¢

¢+N

SHYE

Fig.9.1.5: 6 — ¢,
Equations (9.11) and (9.10) imply e~ *Hot/hg = Ge=iHot/h and

HoS = SHo.

The property of asymptotic completeness implies that the Hamiltonian H
restricted to the invariant subspace Hbl is unitarily equivalent to the free

Hamiltonian Hy:
H = QFHy2%" on Hi.

Let 2% (x,y) be the integral kernels of the operators 2%, and let ¥*(z, k)
denote their Fourier transforms with respect to the second variable, y. Equa-
tion (9.10) implies that

L5

Hy* (2, k) = ;—mq/;i(x,k). (9.12)

In other words, *(z, k) are generalized eigenfunctions of the operator H,
with eigenvalue |k|?/2m. These generalized eigenfunctions are of the form

WE (k) = 7 10 (i>

||

as |x| — oo (see, eg., [Ya,RSIII]). They are called scattering eigenfunctions of
H.

Problem 9.1 Prove relation (9.12).

9.2 Long-range Interactions: u <1

In this case, the relation (9.5) must be modified to read
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||6th/h’(/J0 _ e—iS(t)quH =0
as t — oo, where for % < p < 1, the operator-family S(t) is defined to be
S(t) = S(p,t), where the function S(k,t) satisfies the equation

%S(k,t) = Ho(k)+V (%kt) .

Here Hy(k) = 5=|k|? is the classical free Hamiltonian function. The oper-
ator S(p,t) is defined according to the rules described in Section 4.2. Note
that in this equation, the coordinate z in the potential V(z) is replaced by
its free, classical expression, %kt. With this modification, the asymptotic
completeness property can again be established under assumption (9.3) with
1 <pu <1 For0 < pu <3, the expression for the operator-family S(t) is
more complicated (see [DG]). As in the short-range case, one can introduce
modified wave operators and investigate their properties (see the references

given in Chapter 25).

9.3 Wave Operators

As promised, we prove the existence and completeness of the wave operators
2% To simplify the proof, we impose a somewhat stronger condition on the
potential: V(z) € L*(R3). Below, we also make use of the space

LYRY) = {4 : R = C | /R lb(@)]dz < oo}

Theorem 9.2 If V € L?(R?), then the wave operators £2F, introduced for-
mally above, exist.

Proof. Denote 2! := eflte=iHot (we drop the h in what follows, just to sim-
plify the notation). Since || 2! < const, uniformly in ¢ (in fact, |2 = 1), it
suffices to prove the existence of the limit (9.6) (and similarly for ¢ — —o0) on
functions ¢ € L?(R3) N L' (R?) (the existence of the limit for ¢ € L? will then
follow by approximating ¢ by elements of the dense subspace L? N L'). For
t > ', we write the vector-function £2t¢— Qt/qb as the integral of its derivative:
/ td

Q- p= | —2%¢ds.

v ds

Using the relation %ems = iHeHs
we find

, and similarly for e~#70¢ (see Chapter 2),

d e _— : . -
d_Qs _ Z]'j[eszeszgs 4 esz(izHO)eszgs _ Z62HSV671H05,
S
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as H— Hy = V. Since ||e!f%|| = 1, and using the Minkowski inequality
| f é(s)ds] < [ ll6(s)llds (sce cg. [Fol), we have

1920 — 26| < /t/ [VemtHosg|ds. (9.13)
t
We estimate the integrand as follows:
veritoso? = [ Vi) (%) (@)
< sup | (e H05g) (o) ? /]R V() 2,

yielding ‘ ‘
Ve osg|| < ||V |12 sup |(e7"0%)(a")].

Finally, recalling the bound (see (2.23))

‘(efiHos/hd)) )_ (%hs) 3/2/ s o

from Section 2.4, we obtain

[Ve="Hosg|| < (const)s/?||V| L2|¢]| L1
and so

/ [Ve=sg||ds < (const)||V | z2l|¢| s -
1

This shows that the right hand side in (9.13) vanishes as t',t — co. In other
words, for any sequence t; — oo, {2 ¢} is a Cauchy sequence, and so {£2'¢}
converges as t — co. Convergence for t — —oo is proved in the same way. O

Finally, as promised, we prove asymptotic completeness in a special case.

Theorem 9.3 Assume V € L% N L' with ||V| L~ and ||V 11 sufficiently
small. Then Ran{2L = H. Consequently, Hj is empty, and asymptotic com-
pleteness holds.

Proof. We begin by proving that for any ¢ € L' N L2, e~*1) has some decay
in time, as measured in the || - || 124 o norm, which is defined by

o = inf h o ).
s = inf (ol + A1)

In fact, we claim

e~ || Log poe < (const)(1+ |t])~3/2. (9.15)
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To show this, set M(t) := supg<g<;(1 + |5)3/2(|e =" p|| L2y oo . Writing, as
above,

s
eiSH(’e_iSH’L/} _ ’l/) _ / dieiTHoe—iTdeT
0 T

and applying e~**0, we arrive at the Duhamel formula

s
e—isH,(/) _ €_iSHO’¢ _ Z/ €_i(S_T)HOV€_iSH’(/)dS.
0

We estimate as follows:
le™*H ol oy poe <l 00 g2y e + / le= eV e T || o dr
0
S
- / |e~ s Hoy e =T Hyp | o dr,

s—1
Using (9.14) as above, together with Holder’s inequality, we find
le™** 4[| 12 1 < (comst) [(1 +[s) 72| e

s—1 )

+ / s = 7|32Vl panpelle” ™ | Loy o dr
0

+ / ||V|L2mL°°||€iTH1/1||L2+LoodT}
s—1
< (const)[(1 + ‘5‘)_3/2||¢||L1HL2 + \VlpraneM(s)x
1

X [/ |5—T|73/2(1+|T|)*3/2d7+/ (1+|7))~32dr|]
0 s—1

and so multiplying through by (1 + |s|)?/2, and taking supremum over s < t,
we find
M(t) < (const) [[[¥]lLrinrz + [V Linne~ M (2)] (9.16)

where we used the fact that
s—1 s

Supogsgt(1+|8|)3/2[/ |8—T|73/2(1+|T|)73/2d7'+/ (1+|T|)73/2d7'] < (const).
0 s

-1

Thus if [|V||p1nze is sufficiently small (so that (const)||V || pinpe~ < 1/2, say),
(9.16) implies M (t) < (const) for all ¢, and so (9.15) holds.

Now denote W (t) := e*Hote=Ht and, as above, write
t . .
W(t)—W(t') = z/ eHosye=itls g,

+

Using Hélder again, for ¢ € L' N L? we find
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t
(W (t) = W)Yl e S/ IVllzaze lle™ 9| 12y poods
t/
t
< (const)/ (14 |s])™%/%ds — 0
t/

as t > t' — oo. Hence {W(t)1} is a Cauchy sequence in L2, and therefore
lim;_, o W (t)9 exists for all ¢» € L' N L?. Since the operator W (¢) is bounded
uniformly in ¢, this limit exists for all 1) € L.

Denote Wit = limy_ 1o W(t)). We want to show that 2.Wy = 1,
Wiy =1 and Wy = 24 Indeed, since 24 = s — lim ette~ ot and W, =
s — lim e*fote = Ht we have that 2. Wy = s — lime?fte Hoteiflot—iHt — q
and similarly for the other relations. The relation £2.Wy = 1 implies that
Ranf2. = H, i.e., £21 is unitary. This implies the asymptotic completeness.

9.4 Appendix: The Potential Step and Square Well

Potential step. In the one-dimensional case one can say much more about
scattering process. In particular, one can introduce very useful reflection and
transmission coeflicients as illustrated in the example of the one-dimensional

potential
Ve x>0
Viz) = { 0 <0

with Vo > 0. Consider the “eigenvalue” problem

h2
— 5V VY = By, (9.17)

We put the term eigenvalue in quotation marks because we will allow solutions,
1, which are not L2-functions. Solving this eigenvalue problem separately in
the two different regions gives us a general solution of the form

. . 21.2
Ae'kor 4 Be~ ko (u ko — ) x<0

m

v=9 - '
C’@’klm—i—DG_mlm (%:E—Vb)x>0

There are no bound states (L? solutions), but we can say something about
the scattering states.

Suppose 0 < E < Vp, and take k1 = iK where K = \/(2m/h?)(Vo — E) >
0. Then for a bounded solution, we require D = 0. Imposing the condition
that ¢ be continuously differentiable at 0, that is

Ylo— = Y]os» o /0x)o— = 0V /0x|o4,

leads to the equations

A+B=C,  iko(A— B)=—-KC.
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After some manipulation, we find that
B ko —iK
A ko +iK'
or making the dependence on the energy E explicit,

B V- E
A \/_+Z\/V()T

Similarly, if £ > Vj, we obtain

B VE-VE=-W
A VE+VE-V

and
2

B 1
R(E) := ‘Z = W[QE—VO—Q\/E\/E—VO]Q
0

(R(E) is called the reflection coefficient). In particular, if E‘ZOVO < 1, then

E-%

EFy~1-4
R(E) -

and almost all of the wave is reflected. This is in spite of the fact that the
energy of the particle lies above the barrier. In classical mechanics, the particle
would pass over the barrier.
The square well. We consider the “eigenvalue” problem Hiy = FE for
the square well potential defined in Sect. 7.3, for positive energies E > 0.
Explicitly, the “eigenvalue” equation is given by the same expression (9.17),
but V here is different. We do not expect this equation to have L? solutions,
i.e. bound states. So we look for bounded solutions which converge to plane
waves as x — +00. Such solutions were above called scattering states.
Consider the situation where a plane wave ;,.(z) = Aethr g incoming
from the left. Then on the left of the well, ¢ is a superposition of incoming
and reflected plane waves:

Y = Ae’™ 4 AB(E)e™ ™ 1< —a/2
while on the right of the well, ¥ is an outgoing (transmitted) plane wave:
Y = AC(E)e* @) 1> q/2

Problem 9.2 Show that

where
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- [2m(E + V) [2mE
k = T and k= ?

2

T(E) = |C(E)]? = {1 + ZUE(;/—O+16) sinQ(aE)] .

This implies

(T'(E) is the transmission coefficient) which is sketched in Fig. 9.2.

s‘ | \ / -

\
N

Fig. 9.2. Transmission coefficient.

We see that at the energies satisfying sin(ka) = 0, i.e.

n2m?h?

E= -V
s 2ma?

>0, n=12,...

T(FE) has maxima (T'(E) = 1) which are called resonances. The corresponding
values of E are the resonance energies. We remark that for large n these are
approximately equal to the energy levels of the infinite well of the same width.
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Existence of Atoms and Molecules

In this chapter we prove existence of stationary, well localized and stable
states of atoms and, in a certain approximation, molecules. These are the
lowest energy states, and their existence means that our quantum systems
exist as well-localized objects, and do not disintegrate into fragments under
sufficiently small perturbations.

General many-body systems are considered in Chapter 12.

10.1 Essential Spectra of Atoms and Molecules

Recall from Section 4.3 that a molecule with N electrons of mass m and charge
—e, and M nuclei of masses m; and charges Zje, j = 1,..., M, is described
by the Schrédinger operator
N2 M o
Hpor = — Y 5— Ay, 721:%]4% + V(z,y) (10.1)

12m

acting on L2, (R*WFM)) Here L2, (R* VM) i a symmetry subspace of
L2(R3WV+M)) reflecting the fact that electrons and some of the nuclei are
identical particles, © = (z1,...,zn) and y = (y1,...ynm) are the electron and

nucleus coordinates, respectively, and

1 e2 eQZ eZZ
— — 0.2
28 T-al STl Pl 002

i#]

the sum of Coulomb interaction potentials between the electrons (the first
term on the r.h.s.), between the electrons and the nuclei (the second term),
and between the nuclei (the third term). (See Section 4.3.) For a neutral
molecule, we have

>
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If M =1, the resulting system is called an atom, or Z-atom (Z = Z7). In the
case of atoms, the last term in (10.2) is absent.

Since nuclei are much heavier than electrons, in the leading approximation
one can suppose that the nuclei are frozen at their positions. (For a more
precise statement and discussion of this point see Section 11.4 below.) One
then considers, instead of (10.1), the Schrédinger operator

2

N
Z 34 + V() (10.3)
1

acting in Lsym(R?’N), the positions y € R3M of the nuclei appearing as pa-
rameters. This is called the Born-Oppenheimer approximation. It plays a fun-
damental role in quantum chemistry, where most computations are done with
the operator HE(y). We discuss the justification of this approximation in
Section 11.4.

Theorem 10.1 (Kato theorem) The operators H,,o,; and HEC (y) are self-
adjoint and bounded below.

Proof. The fact that the operators H,,,; and HE9 (y) are bounded below was
shown in Section 5.3. Next, to fix ideas we prove the self-adjointness for H,,;
only. The self-adjointness for HE(y) is proven similarly. As in Problem 2.8
we have

1

Il < el g A, = 50l + 01
Z (10.4)
1
Il < all= g A = g A, )+ B

With a>0 arbitrary and b depending on a and for all ¢ € D(Hy), where
= =31 54, — 201 g4y, Let V be given in (10.2). Then the last

two estimates imply
IVl < allHo|| + bl (10.5)

with @ > 0 arbitrary and b depending on a. By Theorem 2.9, this implies that
the operator H,,; is self-adjoint. [

To simplify the exposition, in what follows we consider only atoms and
molecules with fixed (infinitely heavy) nuclei and denote the corresponding
quantum Hamiltonians by Hy. Thus Hy is equal to Hﬁo(y), where in the
case of atoms (M = 1) y = y; is set to 0. For atoms the assumption of fixed
nuclei is a minor one and can be easily removed; for molecules, it is a crucial
one. A rigorous existence theory for molecules, apart from hydrogen, still does
not exist.

We begin with the HVZ theorem describing the essential spectra of atoms
and Born-Oppenheimer (BO) molecules.
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Theorem 10.2 (HVZ theorem for atoms and BO molecules)
Oess(HN) = [Xn,00), where Xy = inf o(Hy_1).

This theorem is a special case of the general HVZ theorem proven in
Chapter 12, so we omit its proof. The energy X' = info(Hy_1) is called
the ionization threshold. To obtain o.ss(Hpy ) we take one of the electrons to
infinity and let it move freely there. The rest of the atom is placed in the
ground state, so that the energy of the atom is

1
Energy = Yn + %\kﬂ? Yk (10.6)

where k is the momentum of the electron which is placed at infinity. Varying
|k| from 0 to oo we see that (10.6) ranges over [Xy, 00). For molecules with
mobile nuclei, the bottom of the essential spectrum is likely below its ion-
ization threshold. However, the theorem above would imply the existence of
bound states of H,y,e, with m/ minm,; sufficiently small, likely smaller then
it is for real molecules (see Section 11.4).

10.2 Bound States of Atoms and BO Molecules

Are atoms or BO molecules stable? To answer this question we have to deter-
mine whether Hy has at least one bound state.

Theorem 10.3 For N < Z + 1, Hy has an infinite number of eigen-

values below its ionization threshold Xy = info(Hpy_1). Bound states,

)

q—,J(\;') (z1,22,...,2N), of Hy, with energies Ej(\l, < X, satisfy the exponential

bound
/|W](\;) (z)e?1*ldz < 0o, Ya < \/Zn — EJ(\?. (10.7)

Proof. To simplify the exposition, we assume the ground states, if they exist,
are unique. In the case without statistics, i.e. on the entire L?(R3N), this is
not hard to prove (see [RSIV]). In the case with statistics, this is not known,
and is probably not true. However, a generalization of the proof below to the
case of multiple ground states is straightforward.

We prove this theorem by induction in N. (This is strictly speaking not
necessary, but is convenient.) We have shown already that it holds for the
hydrogen atom, i.e. N = 1. Assume now it holds for ¥ < N — 1 and prove
it for kK = N. Let ¥n_1(x1,22,...,£y—_1) be the normalized ground state of
Hpy_1 with the ground state energy Fn_1 < En—s.

First, for simplicity, we ignore the statistics and consider Hy on the entire
space L?(R3V). We use the variational principle with the test function

¢ =Un_1(x1,..,an-1)f(xN), (10.8)

where f € L2(R3), ||f|| = 1. Using that Hy = Hy_y — 2= A, + Iy, with
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e 62
In(z):=Y_ = — Z7 (10.9)

and Hy_1Yn_1 = En_1¥N_1, we obtain
h2
Hyo = (En—1 +IN)¢+¢N71(_%A$N)]C. (10.10)
This implies that
2

(0, Hno) = En—1+ (f, —;—mAﬁ + (¢, IN®). (10.11)

By the exponential bound (10.7) for Wn_1, i.e. [[¥n_1(z)|?e?**ldz < oo, for
any a < En_o — En_1, it follows that

(Wn—1, (In () = In(2n))¥N-1)r2@®y-1)| < (const)|zn|7?,

where In(xn) = IN(Z)|g;=znvi- Observe that In(zn) = —¢/|xn|, where
q:= (Z — N + 1)e?, which implies

q const

<LPN_1,IN(.T)WN_1>L2(RN71) S (10.12)

TR
which, in turn, together with (10.11) and ||¢|| = 1, gives

2
(¢,(Hn — 2n)o) < <f, <_%Axw a_ Const> f> .
L2(R3)

an] T JanP?
Let f € C5°(R?) and satisfy || f| = 1 and
supp(f) C {zy € R?® | 1 < |zn| < 2}.
Then the functions
folzNn) :nfg/zf(nflxN), n=124.8, ...,

are orthonormal, and have disjoint supports. Thus the corresponding trial
states ¢n(2) = Un_1(x1, ..., tn_1) fn(xN) satisfy (¢,, Hyodm) = 0 for n # m,
and

1
(6, (Hx — Zn)n) < fq% +e— <0,

forc; = [ ‘17‘ |f(x)|?dz and some positive constant cg, if n is sufficiently large.
Using this one can show that Hy possesses infinitely many discrete eigenvalues
below the threshold Xy .

Taking into account statistics. Now we show how to modify the proof

above to the case of spinless fermions, i.e. for the state space Lgym(R3N) =
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AYYL*(R?). (The fact that electrons have spin § can be accommodated simi-
larly.) As before, let Sx be the group of permutations of N indices and define
the anti-symmetrization projection

1 s
P]égl = N Z (—1)#( )W(l‘ﬂ(l), ...,xW(N))
TESN

where, recall, #(7) is the number of transpositions making up the permutation
7 ((—=1)#(™) is the parity of 7 € Sx). We replace the test function (10.8) by
the function ¢ = P{(Wn_1® f)/||P{(@Nn—1® f)|. This gives ¢ := Z;Vﬂ )

where, with the normalization constant c,

P9 = W (21, ey T 1, Ty s TN ) F(25). (10.13)
Let I ==}, 4; ﬁ — T;—JZ‘ We take fo(z) = a2 f(az) with || f|| = 1 and

denote by ¢, and (bg) the corresponding test functions. Then we have, for

L F ]

(60, (oo A,y + )62 5 % (10.14)
and, similarly,
2
(¢ HNba) < Eny+ (fa (—5—~As = Lyf) + 0PN, (10.15)
m ||

For a — 0, (10 14) implies that the normalization constant ¢ in (10.13) is
¢ = (%) hen the equation (10.15) implies

h? q 3
%A:c - m)fa> + O(O‘ N)

<¢a; HN¢0¢> < En_1+ <fou (_
Hence (¢a, Hyoa) < En-1, if @ < < and a < (f,14/)/(/, —IZ Af). This
proves the existence of the ground state energy for Hy VN.
Finally, the bound (10.7) is a special case of the general exponential bound
for many-body bound states given in Theorem 12.7, Section 12.6 (see also
Theorem 8.6 of Section 8.2). O

Problem 10.4 Go over the proof above and, where necessary, fill in the de-
tails.

A more refined estimate of (¢, In¢) (replacing (10.12)). Consider the
one-electron density

:/|WN(y,x2,...,:cn)|dx2...d:cN. (10.16)

Assume that for any N, py(y) is spherically symmetric. Then we have a bound
considerably stronger than (10.12):
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(¢, Ing) < _M (10.17)
[z |
Indeed, we write (¢, In®) = (f, W f) where
W(.’EN) = /IN|WN,1($1, ...,ZN,1)|2dN71£L'. (1018)
We compute
Wian) = (N —1)e2 [ 2220 2 (10.19)

lz—an| " Jon

where py_1(21) = [ |Wn_1|*dxy...dxy—1. Tt is not hard to show that py_; is
spherically symmetric. Hence we have by Newton’s theorem

pN—1(y)dy 1 1
/ 1w)dy _ pval)dy+ [ oy

g [y —anlen] Sy<pen 1> lan] Y]

(10.20)
Using that [ py—_1(y)dy = 1, this can be estimated as
_1(y)d 1 1

[ et px-1(y)dy = ——. (10.21)

g [y—zn| T |on| Jrs |z |

(Morcover, py1(x) = O(e0) = [\, o ()dy = 1+ 0(e=71=x1))
The equations (10.18) - (10.17) imply (10.21).

Remark 10.5 The accumulation of eigenvalues at X'y can be studied by
similar arguments. Consider trial wave functions, ¢,,,,, constructed as above,
with fnm(zx) a hydrogen atom eigenfunction of energy —n~2 (in suitable
units). Then one can show

||(HN - En)¢nm|| < (ConSt)nia

for some a > 3, where E, = X — n~2. This implies that Hy has groups
of eigenvalues close to F, compared to the spacing F,11 — F, as n — o0
(Rydberg states). This analysis can be easily extended to take into account
the particle statistics.

Problem 10.6 Show that the Schrédinger operator describing the Helium
atom with infinitely heavy nucleus has at least one discrete eigenvalue (isolated
eigenvalue of finite multiplicity).

10.3 Open Problems

Though atoms and molecules have been studied since the advent of quantum
mechanics, there are many open problems in their rigorous theory. We mention
here two of these problems:
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1. Existence of molecules.

2. Non-existence of negative atomic ions with more than a few extra elec-
trons.

3. Uniqueness or non-uniqueness of the ground states.

It is easy to prove the uniqueness of the ground states on the entire space, say
L?(R3N), however there are no techniques available to deal with the fermionic
subspace (see Section 4.3).






11

Perturbation Theory: Feshbach-Schur Method

As we have seen, many basic questions of quantum dynamics can be reduced
to finding and characterizing the spectrum of the appropriate Schrodinger
operator. Though this task, known as spectral analysis, is much simpler than
the task of analyzing the dynamics directly, it is far from trivial. The problem
can be greatly simplified if the Schrédinger operator H under consideration
is close to an operator Hy whose spectrum we already know. In other words,
the operator H is of the form H = H,,, where

H, = Hy + kW, (11.1)

Hj is an operator at least part of whose spectrum is well understood, & is a
small real parameter called the coupling constant, and W is an operator, called
the perturbation. (All the operators here are assumed to be self-adjoint.)

If the operator W is bounded relative to Hy, say in the sense that D(Hy) C
D(W) and

Wl < el Houll + ¢ ||ull

11.2
for some ¢,¢ >0, for all u € D(Hy), (11.2)

then “standard” perturbation theory applies, and allows us to find or estimate
eigenvalues of Hy, (see [RSIV,Ka, HS]).

In this chapter, we describe a powerful technique which allows us to es-
timate eigenvalues of H, even in cases where W is not bounded in terms of
Hy. This is important in applications. We consider several examples of appli-
cations of this method, one of which is the hydrogen atom in a weak constant
magnetic field B. Combining the expressions derived in Sections 7.5 and 7.7,
we see that the Schrodinger operator for such an atom is

1 e?
Hp := %(p—eA)tm, (11.3)
where e < 0 denotes the electron charge, and we have kept units in which
the speed of light is ¢ = 1. Recall that the vector potential A is related to
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the magnetic field B by B = V x A. In the notation of Section 7.7, Hg =
H(A, —e?/|z|). Expanding the square in (11.3), we find

Hp =Hy+Wp (11.4)

where Hy = ﬁpz — €2 /|x| is the Schrodinger operator of the hydrogen atom

(see Section 7.5), and

le]

2
¢ 2
Wg A-p+ 2m|A| ) (11.5)

“m
Here we have assumed the gauge condition V - A = 0. The small parameter s
here is the strength |B| of the magnetic field.

Now we know from Section 7.5 that the operator Hy has a series of eigen-

values .
me 1
En:_<W>ﬁ7 n:1,2,...

as well as continuous spectrum in [0,00). One would expect that for weak
magnetic fields B, the operator Hp has eigenvalues Eg ,, close to E,, at least
for the few smallest F,’s. This is not so obvious as it might seem at first
glance, since the perturbation Wp is not bounded relative to Hy — i.e., (11.2)
does not hold for any ¢ and ¢/, small or large. (The perturbation (11.5) grows
in z: take for example A := Z(—x5,21,0).) The method we present below
does show rigorously that such eigenvalues exist, though we will make only
formal computations of Ep ,,.

Two other examples we present below display different physical phenom-
ena, which conceptually and technically are considerably more complicated.

11.1 The Feshbach-Schur Method

Before returning to our perturbation problem, we state a general result used
below, which allows us to reduce a perturbation problem on a large space to
one on a small space. (For some motivating discussion see Appendix 11.5.)
Let P and P be orthogonal projections (i.e. P,P are self-adjoint, P? = P,
and P2 = P) on a separable Hilbert space X, satisfying P + P = 1. Let
H be a self-adjoint operator on X. We assume that RanP C D(H), that
Hp := PHP [g,,p is invertible, and

|Rp| < oo, |PHRp|| <o and ||RpHP| < oo, (11.6)
where Rp = ]5ng1]5, We define the operator
Fp(H):=P(H—-HRpH)P [Ranp - (11.7)

The key result for us is the following:
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Theorem 11.1 Assume (11.6) hold. Then the operators H and Fp(H) are
isospectral at 0, in the sense that

(a)0eo(H) < 0€o(Fp(H)),
(b) HY =0« Fp(H)p =0

where ¢ and ¢ are related by ¢ = Py and ¢ = Q¢, with the (bounded)
operator ) given by

The following (bounded) operator also plays an important role in our analysis:
Q=Q(H):=P—-RpHP. (11.8)

A proof of this theorem is given in an appendix, Section 11.6.
Moreover, under the conditions above

H is self-adjoint == Fp(H) is self-adjoint. (11.9)

The latter property is an example of the transmission properties of the
Feshbach-Schur map (which, like analyticity, usually go both ways).

Now we return to our general perturbation problem. Thus we consider a
family, H,, k > 0, of self-adjoint operators of the form (11.1). Assume the
operator Hy has an isolated eigenvalue \g of finite multiplicity. Let P be the
orthogonal projection onto the eigenspace Null(Hy — A\g) spanned by all the
eigenfunctions of Hy corresponding to the eigenvalue )\, and let P := 1 — P.

We apply Theorem 11.1 to the family of operators H = H,, — A for some
A close to Ag, with the projections P and P defined as above. Observe that

)\EO’d(HH) — OEUd( —)\) (11.10)

and that Fp(H, — \), if it is well-defined, is a family of m x m matrices, where
m is the multiplicity of the eigenvalue \g of the operator Hy (indeed, P is
a rank-m projection — i.e., dimRanP = m). Thus the perturbation problem
reduces the problem of finding an eigenvalue (and an eigenfunction) of an
(infinite-dimensional) operator H, to the problem of finding the values A for
which

0€o(Fp(H, —N)).

Such values are called singular values of the family Fp(H, — A).

We need to discuss the problem of finding singular values of the family
Fp(H, — \) of matrices, but first we address the issue of defining Fp(H, — A).
Write

Hp = Hyp + W5,

where we are using the notation Ag := QAQ [rRang-
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Assume the operators W and Hj satisfy the conditions
WP and PW are bounded, (11.11)

PH,P — )\ isinvertible on RanP for & < ko. (11.12)

(If Hy and W are self-adjoint and if WP is bounded, then so is PW.) Since
PH,P = kPW P, the condition (11.6) is satisfied for H, —\ with X sufficiently
close to Ag, and therefore Fp(H, — A) is well-defined. (In this case, Rp =
P(Hp_\)"'P, Hp := PH.P [ganp-)

The operator Hyp has no spectrum near A\g. The same is true, as can
be readily verified, for the operator Hp = Hyp + kPW P for || sufficiently
small. If the operator W is bounded relative to Hp in the sense (11.2), then this
assumption is readily verified. Otherwise, justifying the assumption (11.12) is
a delicate matter, and is done on a case-by-case basis. For the example of the
hydrogen atom in a weak constant magnetic field, and of a particle system in
a weak time-periodic (electric) field, we address this question below. Under
the assumptions above, conditions (11.6) hold. Consequently, the operator
Fp(H, — )) is well-defined for A close to Ag.

Now let’s compute the operator Fp(H, — A). We write it as the sum of
three terms

Fp(H, —\) = Hp — 5°U()\) — A (11.13)

where Hp := PH,;P [Ranp and
U(\) := PWRA)WP [Ranp, with R(\) = P(PH.P—)\)"'P. (11.14)

The matrix family U () is called the level shift operator. Since PHy = HoP =
X P and PP = 0, we have

PHoP = \oP, PHP =xPWP, PHP =xPWP.
These relations yield
Fp(H, —\) = sWp — k2U(\) + Ao — \. (11.15)
Theorem 11.1 and equations (11.10) and (11.15) imply the relation
A€ og(Hy) « A= X € o0a(kWp — K2ZU(N)).

Note that the operator on the right itself depends on the spectral parameter
A. Expanding the resolvent

R(\) = P(Hyp — Mo+ KkWp +Xg —\) P
in a Neumann series in sWp + A\g — A we obtain

R(X) = Ro + O(|s] + X = Xol)
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where Ry = P(Hyp — \g) ' P. Consequently,
U(A) = Uo + O([&] + [A = o)

where Uy := PW RyW P [Ranp. Therefore any eigenvalue \,, of H,, sufficiently
close to A\g has the form

A = Ao + Kk + O(|k|?)

where p, € 0¢(Wp — kUp). Similarly, we can obtain expressions for A, to any
order in k. Observe that if A\g is a simple eigenvalue (i.e. of multiplicity one)
of Hy, with normalized eigenfunction 1y, then Wp and U, are just the real
numbers (1o, Who) and (W1hg, RoyW1hg), and we have

Ae = Ao + (to, Wiko) + K2(W o, RoWko) + O(|sf?). (11.16)

Our next step is to examine the structure of the quadratic term in more de-
tail. Suppose that the operator Hy is self-adjoint and has isolated eigenvalues
Aj, 3 =0,1,..., counting multiplicities, with

)\j < inf oegs (Ho)

Let {¢;} be corresponding normalized eigenfunctions, and let P, be the
rank-one orthogonal projections onto these eigenfunctions:

Py, =) (], or Py f = (5, [Hu;.

Then we have -
P=> Py + Pes
70
where Pegs :=1-) y Py, is the projection onto the essential spectral subspace
of Hy. Then we can write

(PW o, RoPWebo) = > [(w5, Webo)[*(Aj — Ao) ™
70 (11.17)

+ <Pessz0a (HO,ess - )\0)71P€SSW¢O>

where Ho ess 1= Pess HoPess is the essential spectrum part of the operator Hg.
Now we can interpret the coefficient (9, W1g) in (11.16) as due to a direct
interaction of the bound state 1y with itself, the term [(1);, Who)[2(A; —Xo) ™"
as due to the interaction of 1)y with itself via the bound state 1;, and the last
term in (11.17) as due to the interaction of 1y with itself via the essential
spectral states of Hy.

To conclude this section, we sketch a proof of an extension of the central
theorem of perturbation theory.



112 11 Perturbation Theory: Feshbach-Schur Method

Theorem 11.2 Assume (11.11) hold, the operator Hy has an isolated eigen-
value )\ of finite multiplicity m, and there is ko > 0 s.t. (11.12) holds. Then
for |k| sufficiently small, the operator H, has eigenvalues )\,(f) near Ao of total
multiplicity equal to m. Moreover, if H, is self-adjoint, then the eigenvalues
AP have expansions of the form (11.16)—(11.17).

Sketch of proof. For |\ — \o| < ||[(PH.P — Xo)~1|| 7}, the operator PH, P — X
is invertible on RanP and therefore, due to (11.11), Fp()\) exist. Moreover,
the eigenvalues, )\,(.f )7 of H, near )y, if they exist, are also eigenvalues of
Fp()\,(ﬁ)). Let v;(\, k) be the eigenvalues of Fp(A) (remember that, though
we do not display this, the latter operator depends on k). To simplify the
exposition, assume they are simple. The general case is treated similarly. Then

the eigenvalues )\,(f) must solve the equation

A= l/i()\7 KV).

To show that this equation has a unique solution for x sufficiently small and
this solution is close to A9, we observe that, due to (11.15), v;(\, k) is a
differentiable function, Ao = v;(X0,0), [;(A\, &) — o] S &, and O\ (N, k) =
O(k). Therefore by the implicit function theorem, the equation A\ = v;(\, k)
has a unique solution, )\,(.f), and this solution satisfies )\,(f) = XM +O(k). Proving
the expansions of the form (11.16)-(11.17) follows the arguments leading to
these expansions. O

As was mentioned above, the condition (11.12) is satisfied if W is Ho—
bounded (show this). It also holds if Hy is self-adjoint and W is non-negative,
and either )y is the ground state energy, or we take for P the orthogonal
projection onto the eigenspace corresponding to the eigenvalues < Ag. In the
last section of this chapter we consider the celebrated Born-Oppenheimer
approximation for which no condition of the theorem above holds, but which
still can be handled by the present technique. This little discussion indicates
the power of the present method.

11.2 Example: the Zeeman Effect

We can apply the theory developed above to compute the energy levels of the
Schrédinger operator of a hydrogen atom in a weak homogeneous magnetic
field (the Zeeman effect). Recall that for any magnetic field this operator is
given by the expression (11.4)- (11.5). For a constant magnetic field B, we
can choose the vector potential to be A(z) = £B x z (see Equation (7.18)).
Then the perturbation Wp can be re-written as

Wp=rB-L+ %nZ(B x z)?

where L := x x p is the operator of angular momentum (see Section (7.4)),

K= %|B|, and B := |B|7'B. Thus & is a small parameter in our problem.
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Let A\g = E, be the n-th energy level of the Hydrogen atom Schrodinger
operator Hy. One can show that if A is close to Ag, then the operator Hzp has
no spectrum near \g, and therefore the Feshbach-Schur operator Fp(Hp — \)
is well-defined. We will not do this here, but mention only that this follows
from the inequality (Hyp — Ao) ~'Wg(Hyp — Ao) ! > —ck on RanP for some
uniform ¢ > 0 and for & sufficiently small. The idea of a proof of this inequality
is that (H,p—Ao) ! controls the p entering W through L, and the x entering
Wp through L is controlled by the positive term 2x%(B x x)2.

We compute formally the perturbation expansion for the eigenvalue A\, =
L, B of the operator Hp near the eigenvalue \g = E,, of the operator Hy. This
computation is slightly more complicated than the corresponding computation
in the abstract case considered above, since our perturbation is of the form

=Wy + I<L2W2

where Wy := B - L and Wy = %(B x x)?, rather than of the form kW
considered above.
First, we take the x3-axis to be in the direction of the magnetic field vector
B, so that Wy = Lg (see Section 7.4) and Wa = 23 | where 17 = z7 + 23.
Second, since the operator Hj is invariant under rotations, we know that

L commutes with P:
[L, P] =0,

and therefore
PWgP = k*2PW,oP, and PWgP = k?PW,)P.

Third, by the results of Section 7.5, the projection P on the eigenspace
corresponding to the eigenvalue F,, is given by

n—1 1
= E E nlk
1=0 k=—1

where P = |Unik) (Ynik], and Y (z) = Rnl(r)Y}k(H,qS) is the normalized
eigenfunction derived in Section 7.5. Since L3y, = hkwnk, this gives

PWiP =" hkPu (11.18)

1=0 k=—1
and

— min(l,")

PWyP = Z Z [nike) (Ynir k| (Oni, Tllﬁnl/k) (11.19)

[,I'!=0 k=—min(l,l’)

Proceeding as in the abstract case, we find that E,, p — E, is an eigenvalue of
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KPW1P + k*(PWy P + —PW1 RyW1 P) + O(|[*). (11.20)
Thus for n # 1, we have in the leading order
E,.p = E, + u|Blk + O(|B?),

where 1 := |e|h/2m is the Bohr magneton, for k = —[,...,landl =0,...,n—
1. Thus the magnetic field lifts the degeneracy of the energy levels in the
direction of the angular momentum. This is called the Zeeman effect.

For the ground state energy E,—1, the term linear in x vanishes and the
expansion yields

me? 2-2 4 5
Evn = By + T | BT + a(el B)! + O(|BP)

where

2

m _ o
7 :/|$|2|¢100|2 and a= T<Ti¢1007P(H0P — Eo) ™' Priapioo).-

Here we have used spherical coordinates to simplify the first integral.

11.3 Example: Time-Dependent Perturbations

Our second example is an atom placed in a spatially localized but time-
periodic electric field. We write the total Schrédinger operator as in (11.1):

H, = Hy+ rW,

where Hy is the Schrodinger operator of an atom, or, to fix ideas, a one-particle
Schrodinger operator
h2
Hy=—A+V(z
0 o + V()
with V(x) continuous and decaying to zero as |z| — oo as in Theorem 6.14,
so that oess(Hp) = [0,00). (Of course, for an atom, the potential V(x) has
singularities, but the analysis below can be easily generalized to this case.)
We also suppose Hy has discrete eigenvalues £; < 0 with corresponding nor-
malized eigenfunctions ¢;(z), j = 0,1,.... The perturbation W = W(x,t) is
assumed to be smooth, vanishing as |z| — oo, and time-periodic with period
T =21,
w
Since the perturbation W depends on time, so does the operator H, =
H,(t), and the spectrum of H,; (at each moment of time) does not tell us much
about the dynamics — that is, the solution of the time-dependent Schrédinger

equation
zh%—qf = H, (). (11.21)
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So we have to deal with this equation directly. The question we address is what
happens to the bound states ;(z,t) := ¢;(x)e*Fit/" of the unperturbed
equation -
ih ot = Ho’(/)

when the perturbation kW (z,t) is “switched on”? More precisely, are there
time-(quasi) periodic solutions v, ;(z,t) of (11.21) which are L? functions of
z, and such that ¢, ; — 1; as k — 0 in, say, the L?(R?)-norm? If so, then we
would like to find an approximate expression for such solutions. If not, what
are the descendants of ¢;(z,t)?

We fix j and consider the perturbation theory for the j-th state v;(z,1t).
We look for a solution to (11.21) of the form

Ui (,1) = ¢ j(, t)e” Frat/l (11.22)

where the function ¢, ; is time-periodic with period T', and L? in z, and
with ¢, ; — ¢; (in the L?-sense) and E,; — E; as k — 0. Plugging the
expression (11.22) into (11.21), we find the equation for ¢ ;:

0
(Hi(t) — zha —E. ;)¢ =0. (11.23)
We look for solutions of this equation in the space L?(R" x Sr) where St
is the circle of circumference T' — i.e., we assume that the function ¢(z,t) is
periodic in ¢ with period T, and satisfies

/OT [ 1otz < oo

Thus we can treat Equation (11.23) as an eigenvalue equation for the operator

K. :=H.(t) — ih% on L*R" x Sr).

We call this operator the Bloch-Floguet Hamiltonian, since the general ap-
proach we describe here, of reducing the time-dependent problem (11.21) to
an eigenvalue problem on a larger space, follows the outlines of the theory
laid out in parallel by F. Bloch in solid state physics and by Floquet in math-
ematics.

Thus our task is to find out whether the operator K, on L?(R™ x S7) has
an eigenvalue F, ; close to the eigenvalue E; of the operator Hy. Since & is
assumed to be small, we treat this as a perturbation problem:

KK:K()-FHW

We begin by examining the spectrum of the operator Ky := Hy — ih-2- on

ot
L2?(R™ x Sr). Using the facts that



116 11 Perturbation Theory: Feshbach-Schur Method

Oess(Ho) = [0,00) and  o4(Ho) = {E;})

0 0 0o
o (zha> =0y (zha) ={lhwn}, ___,

where, recall, w = 27/T (see Section 7.2), and separation of variables, we find
that

and, on L?(St),

(oo}

Uess(KO) = U [hwna OO)
and
opp(Ko) = {hwn+ E,, |n€Z, m=0,1,...}.

Here o0y, denotes the full set of eigenvalues (including non-isolated ones). Thus
the essential spectrum of K fills the entire real axis R, and the eigenvalues
of Ky (which are infinite in number) lie on top of the essential spectrum,
or, as it is said, are embedded in the essential spectrum. The eigenfunctions
corresponding to the eigenvalues E,,, = E,, + hwn are given by

YVimn (2,1) 1= b (x)e_“‘”"t.

Note that the E;’s themselves are eigenvalues of Ky, with eigenfunctions
Yjo(x) = ¢5(x):
Kojo = Ejvjo.
Now we apply the Feshbach projection method to the operator Ky + kW
in order to find its eigenvalues near F;. Let us assume, for simplicity, that E;
is a simple eigenvalue of Hy (for example, j = 0 and Ej is the ground state
energy), and that

Em +hwn # Ej ¥ (m,n) # (5,0)

(in other words, that there is no “accidental” degeneracy in the spectrum of
Ky). As the projection P we use the orthogonal rank-one projection onto the
eigenspace of Ky, spanned by the eigenfunction ;o = ¢; , corresponding to
the eigenvalue E;, that is P = |1;0)(¢jo|. Then we will find from (11.16) the
expansion for the desired eigenvalue E ;:

B j=Ej+KEj + K Ejs + O(x%) (11.24)
where
Ejr = ((¢j0, Wibjo))

and . o
Ejz := ((PW4j0, RoPWjo)).

Here, recall that P =1 — P and Ry = P(PKoP — E; —i0)"'P, and ((-)) is
used to denote the inner product in the space L?(R"™ x St):
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T
v)) = / / uvdzdt.
O "

Notice that we inserted —:0 into the resolvent above. This was not there in
our previous discussion of the Feshbach perturbation theory, and the reason
for it will become apparent shortly.

Let P, = Py,,, be the rank-one orthogonal projections onto the eigen-
functions ¥, of the operator Ky. Then

Pess :]-*men

defines the projection onto the essential spectral subspace of Kj. Thus
P=Py and P= > Ppn+ P
(m,n)#(4,0)

By the definition of the inner product we have
Ej = (¢, Wo9;)

where Wy(z fo (x,t)dt, and the inner product on the right is the
L?(R™) inner product

Now we compute the third term on the right hand side of (11.24) — that
is, the coefficient of k2. It can be written as (see (11.17))

>W j 2 S

Bp= Y WmnWOoDE ip W, RoPessWiiyo)). (11.25)
mamzGo)  Dmn = Fi
m,n j,

By the definition of the t,,,’s, we have

T
(W, Webjo)) = / (s WD) dt = (b, W) (11.26)

where W, is the n-th Fourier coefficient of W:

T .
Wy = / W (t)e™ ™ dt.
0

This simplifies the expression of the first term on the right hand side of (11.25).
Now we analyze the second term. By separation of variables,

PeSS:Zng@P

n

where P10 is the projection onto the essential spectral subspace of the oper-

ator Hy,
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H
Pesg = 1 - Z P"/)'m7

and P, is the projection onto the eigenfunction e =" of the operator i0/0t.
Inserting this into the last term in (11.25), and using

P @ PW 0 = / PHW (1)g,cdt = PHOW, 0,
0

and

(Pllof @ em™m Ro(PHof @ e ™))
= (PHof (Hpess — hwn — E; —0) " PHo gy

€ess €SS

where Hoess := HoPHo we find

ess?

<<PessW¢j07 ROPesszjO»
= DR Wiy (Hoces = hon = By —i0) ™ P Woy)

Substituting (11.26) and (11.27) into (11.25), we obtain

[{bm, W) |2
FE.o = AL A
72 2 B+ hon — E,
(m,m)#(3,0) (11.27)

Z ngWn¢J7 Hoess — Ej — hwn — i()) 1P£(5’Wn¢j>'

Thus we have obtained detailed expressions for the first and second order
coeflicients in the expansion of Ej ; in x. Now let’s analyze the expression for
Ej o a little further. Start with the well-known formula

O] =t
/ )\‘f’lOdA e—>04r /—oo )\—l—zed)\
— PV / h @dx—zm / T A

where PV [ fooo denotes the principal value of the singular integral, defined by

v [ o= ([ 1)

and §(\) denotes the Dirac delta function (centred at zero). Thus we find that
Ejs is a complex number of the form

R .
Ej2 = Ej26 - ZFj,



11.4 Born-Oppenheimer Approximation 119

whose real part, EJRQ", is the sum of the first term on the right hand side
of (11.27) and the real part (or principal value) of the second term. The

imaginary part is —I';, where

1 —27'('2 ess n¢j75(HOess — hwn — E; )PJ;ISW”¢J>

The last expression is known as the Fermi golden rule. Since §(\) > 0, we
have I' > 0. Then for “generic” perturbations (that is, barring an accident),
we expect
Fj > 0.
This means that for & sufficiently small, F;; ; is a complex number of the form
E,. ;= EF —is’I; + O(k®)

where ERj = kEj +/€2ER8 This suggests that for generic perturbations, and
for x sufficiently small, the operator K,, has no eigenvalues near E;. So what
happened to the eigenvalue E; of Ky (or Hp)? It is apparently unstable under
small generic perturbations. But does it just disappear without a trace, or is
something left behind? It turns out that the eigenvalue E; of Hy (or Ko) gives
rise to a resonance of Hy (or Kj). A theory of resonances is briefly described
in Chapter 16. The method of complex deformations indicated there, together
with the Feshbach method described in this section, can be used to establish
the existence of resonance ’eigenvalues’s E; ; born out of E; (see [CFKS] and
references therein). The number — Im E, ; is called the width of the resonance
at B, j, and T, ; := h(—Im E, ;)~! gives the lifetime of the resonance. The
Fermi golden rule gives the leading order of the resonance width

—ImE, ; = &°T; + O(k%)

(in fact O(k3) can be replaced by O(x*)).

A physical interpretation of the phenomenon of instability of bound states
under time-periodic perturbations is that an atom in a photon field becomes
unstable, as photons of sufficiently high energy can break it up. This photo-
electric effect was predicted by Einstein in 1905. To develop a consistent theory
of the photoelectric effect, one has to use quantized the electro-magnetic field
(or Maxwell equations) given in Chapter 19.

11.4 Born-Oppenheimer Approximation

We consider a molecule with IV electrons and M nuclei of masses myq, ..., myy.
Its Schrodinger operator, acting on a symmetry subspace Lgym (R?’(N +M )) of

L*(R3NH+M)) g given by (10.1). We reproduce it here

N M
1 1
Huypot = =3 =2, — 21: %ij +V(z,y). (11.28)

12m
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Here © = (z1,...,2n) and y = (y1,...,ym) are the electron and nuclear
coordinates, and V' (x, y) is the sum of Coulomb interaction potentials between
the electrons, between the electrons and the nuclei, and between the nuclei
(see (10.2)).

A key fact here is that nuclei are much heavier than electrons. In the Born-
Oppenheimer approximation one proceeds in two steps. First, one supposes
that the nuclei are frozen at their positions and considers, instead of (11.28),
the Schrodinger operator

N

1

H{OW) ==Y 5=, + V(2,y). (11.29)
1

The operator Hﬁo(y), called the Born-Oppenheimer Hamiltonian, depends on
the coordinates, y, of the nuclei, as parameters, and therefore its eigenvalues
are functions of y, as well. On the second step, the ground state energy E(y)
of HEO(y) is considered as the potential (interaction) energy of the nuclear
motion and consequently one introduces the new Hamiltonian

Mo

Hnucl = —Z %Ayg + E(y)
1

One expects that due to the ratio of the electron and nuclear mass being very
small, the eigenvalues of H,,¢ give a good approximation to the eigenvalues
of Hy,0r- This is called the Born-Oppenheimer approximation.

The Born-Oppenheimer approximation plays a fundamental role in quan-
tum chemistry. For instance, minimizing with respect to y the ground state
energy, F(y), of the operator HE®(y) gives the equilibrium positions of the
nuclei, i.e. the shape of the molecule.

One can justify the Born-Oppenheimer approximation by using the Fesh-
bach - Schur method. We briefly sketch how it works in the present context
ignoring the particle statistics (i.e. that electrons are fermions with spin %)
First we use a rescaling to pass to dimensionless variables so that m; become
the ratios of nuclear masses to the electronic one. The small parameter in our
problem is

k:=1/minm;.
J

What are ]5[[0 and W in the present case? We can obviou%l write Hpo =
HEO(y) — > ﬁjij, so Hy := HEO(y) and kW = — 31" 5= A, . How-

2m]-
ever, the operator HE9(y), as an operator on L, (R3WNV+M)) " does not have

an isolated eigenvalue (it acts on functions of the form ¥po(z,y)f(y) as a
multiplication operator by E(y)). The analysis of Chapter 10 shows that the
function E(y) increases as |y| — oo. Hence it has a minimum A, := min, E(y).
(The corresponding minimum points — there could be several — determine the
shape of the Born-Oppenheimer molecule.) The value A, will serve in place of
the unperturbed eigenvalue. To construct the Feshbach - Schur map, we have
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to define an appropriate orthogonal projection. Assume for simplicity that
the electronic ground state energy F(y) of HE(y) is non-degenerate (which
is not hard to prove on L?(R3M), but is not known, and might in certain
cases be false, on Lgym(R3N )), and denote the corresponding ground state by
Ypo(x,y). We define P to be the orthogonal projection

(PT)(z,y) = Yoz, ) / Uno(@ )0z, y)dz (11.30)

where the ground state ¢ po(z,y) is normalized as [ [¢Ypo(z,y)|?dz = 1.
(Check that Pgo is an orthogonal projection. Note that it has infinite rank.)

We want to apply the Feshbach - Schur map to H,,,; — A, with the spec-
tral parameter A\ close to \.. Interestingly, with the definitions above, the
conditions (11.11) and (11.12) fail in the present case. However the origi-
nal condition, (11.6), can be shown to be satisfied. To show this partway,
we observe that since —Zl S ij is non-negative, we have PH,,, P >
HEO(y)P > E'(y)P > \.P, where E'(y) is the first excited state energy of
Hpo(y) above E(y). Therefore, for A close to Ax, Hp := P(Hypmot — NP [Ranp
is invertible and, with some more effort which we skip here, leaving it to the
interested reader, one can show that (11.6) indeed holds. Thus for A\ close
to Ax, Fp(Hpo — A) is well defined, and according to the statement (b) of
Theorem 11.1,

A€ Ud(Hmol) — 0e€ Ud(FP(Hmol - )\))7

with the corresponding eigenfunctions related accordingly.

Now remember that according to the decomposition (11.13) of the Feshbach-
Schur operator, we have to compute the terms Hp := PHP [granp and U(\)
defined in (11.14). We begin with PHP. Let ¥(z,y) € H*(R3*N+M)) Using
the decomposition H,,, = HEC(y) — Eiw ﬁij of the molecular Hamil-
tonian (11.28), and the eigenequation HEC (y)vpo(-,y) = E(y)vYpo(-,y), we
compute

M

(Hmot P¥)(2,y) = [¥Bo(2,y)( Z Ay, +E(y)) + A f(y)  (11.31)
T 4my

where f - fwBO T y (x,y)dx and A:E = [_ Zi\/[ QLm,jijwaO(xay)]?
and we used that P¥ = ¢ gof. Computing the commutator in A,, we find
A}
Ap ==Y 57— (A4, 980 +2(Vy, ¥50) Vy, ). (11.32)
J

1
Equation (11.31) implies for any ¥ € H?(R3(N+M)),

PH,,,,PY = 'l/)BO(Hnucl -+ U)f, (1133)
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where f is as above and v := Re [¢Ypo(x,y)Azdz. Using the identities
YAy = V(YY) — [Vy|? and ReV(hVep) = Al|?, and the normaliza-
tion [|¢Ypol|’dr = 1 which implies that Re [dz¢po(Vy,¥B0) - Vy,
Vy] fd:C|l/}Bo|2 . Vy] = 0, we find

M
1 2
v.—¥%/|vij30| da.

We see that v = O(k). Note that RanP can be identified with L?(R3) and
therefore the operator PH,,, P on RanP, with Hyue + v on L?(R3).

Now we consider the term U(\), defined in (11.14). Using (11.31) and
P =1- P, we compute P(H,o — \)P¥ = PkW PV = K f, where K is the
first order differential operator given by K := PA, = A, —v. This expression
and the definition (11.14) show that the U—term is formally of the order
O(k?) and is of the form UMW = ¥poT(\)f where the operator T(\) acts
on L2(R*M). (Note that due to (11.32), T()\) involves derivatives in y up to
the second order; it is a second order integro-differential operator.) Hence we
obtain that the ground state energy Ey of H,,., is the ground state energy
of the operator

Hyyer +v+w

with w = T(Ep), acting on L?(R3M), and to order O(k), is given by the
ground state energy of the operator H,.1, and to order O(x?), by the ground
state energy of the operator Hyuc + v.

The excited states of H,,, come from excited states of Hy, +v and from

bound states of the operator obtained by projecting onto the exited states of
HEO(y).

11.5 Appendix: Projecting-out Procedure

Let H be a Hilbert space, and P a projection on H (i.e. an operator satisfying
P? = P). Let A be an operator acting on H. Then PAP is an operator acting
on Ran(P): i.e. PAP : H — Ran(P) and consequently PAP : Ran(P) —

Ran(P).
The simplest example is when P is a rank-one projection: P = |¢)(¢| for
some ¢ € H, ||¢|| = 1. Here we have used Dirac’s bra-ket notation

|9)(@] - ¥ — B, ).

Then PAP = (¢, Ap)P acts on Ran(P) = {z¢ | z € C} as multiplication
by the complex number (¢, Ag). This example can be easily generalized to a
finite-rank projection, say P = > " | |¢;)(¢;| where {¢;} is an orthonormal set
in H. In this case the number (¢, A¢) is replaced by the matrix ((¢;, Ap;))i;-

For another typical example, take H = L?(R) and take P to be multiplica-
tion of the Fourier transform by the characteristic function, xy, of an interval
I CR:
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(Ph@) = m) 2 [ e fidh = (2m) 2 [ g,
—o00 I
where f(k) = (2r)~1/2 [ e f(2)d is the Fourier transform of f. P is a
projection since x7 = x;. For a given operator A on H, the operator PAP
(assuming it is well-defined) maps functions whose Fourier transforms are
supported on I into functions of the same type.

Of interest to us is the following situation: the projection P acts on a space
H=H1®Hy as P = P; ® 1, where P; is a rank-one projection on Hj, say
Py = |¢1){¢1], with ¢ € H;. If A is an operator on H, then the operator
PAP is of the form

PAP=1® A,

where A is an operator on Hy which can formally be written as Ay =

(b1, Ad1)n, -

11.6 Appendix: Proof of Theorem 11.1

First, in addition to (11.8), we define the operator

Q" =Q*(H):= P— PHRp. (11.34)
The operators P, and @, have the following properties:
NullQ NNullH’' = {0} and NullP N NullH = {0} (11.35)
and
HQ = PH', (11.36)

where H' = Fp(H). These relations are proved below.
The operators P, Q, and Q# have the following properties:

Q*H =H'P, (11.37)

where H' = Fp(H). We prove relations (11.35)—(11.37). The second relation
in (11.35) is shown in Proposition 11.3, while the first one follows from the
inequality

1Qull* = [[Pull® + | Rp H Pul]* > || Pull*.

In the first equality, we used the fact that the projections P and P are or-
thogonal.

Now we prove relations (11.36) - (11.37). Using the definition of Q(H), we
transform

HQ=HP—-HPH_;'PHP
=PHP+ PHP - PHPH,'PHP — PHPH;'PHP
=PHP - PHPH;'PHP
= PFp(H).

(11.38)
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Next, we have
Q*H = PH — PHPH;'PH
=PHP+ PHP - PHPH,'PHP — PHPH_'PHP
=PHP - PHPH_'PHP
= Fp(H)P.
This completes the proof of (11.35)—(11.37).

Proposition 11.3 Assume conditions (11.6) are satisfied. Then (11.35)-
(11.37) imply that 0 € o(H) = 0 € o(H’) (the part of property (a) which is
crucial for us). Moreover, we have NullP N NullH = {0}.

Proof. Let 0 € p(H'). Then we can solve the equation H'P = Q# H for P to
obtain
P=H'Q*H . (11.39)

The equation P + P = 1 and the definition Hp = PH P imply
oo o _
P=PH;'PHP = PH-'(PH — PHP) . (11.40)
Substituting expression (11.39) for P into the r.h.s., we find
P=PH;Y (P~ PHPH''Q*)H .

Adding this to Equation (11.39) multiplied from the left by P, and using
P+ P =1, yields

1= [PH;P — PH;'PHPH'~'Q* + PH'"'Q* | H.

Since by our conditions PH 1;113H P is bounded, the expression in the square
brackets represents a bounded operator. Hence H has a bounded inverse. So
0 € p(H). This proves the first statement.

The second statement follows from the relation

1=QP+RpH , (11.41)

which, in turn, is implied by Equation (11.40) and the relation P + P = 1.
Indeed, applying (11.41) to a vector ¢ € NullP N NullH, we obtain ¢ =
QPo+ RpHp=0.0

Now we proceed directly to the proof of Theorem 11.1. Statement (b)
follows from relations (11.35)-(11.36). Proposition 11.3 implies that 0 € p(H)
if 0 € p(H'), where H' := Fp(H), which is half of statement (a). Conversely,
suppose 0 € p(H). The fact that 0 € p(H’) follows from the relation

H '=PH'P (11.42)
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which we set out to prove now. We have by definition
H'PH™'P=PHPH'P — PHPnglPHPHflP
=PH(1—P)H 'P—-PHPH_'PH(1 - P)H'P
=P.
Similarly one shows that PH'PH’ = P. Hence H' has the bounded inverse
PH-'P.

So we have shown that 0 € p(H) < 0 € p(Fp(H)), which is equivalent to
0Oco(H)=0eco(Fp(H)). O
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General Theory of Many-particle Systems

In this chapter, we extend the concepts developed in the previous chapters to
many-particle systems. Specifically, we consider a physical system consisting
of N particles of masses my, ..., my which interact pairwise via the potentials
Vij(x; — x;), where x; is the position of the j-th particle. Examples of such
systems include atoms or molecules — i.e., systems consisting of electrons and
nuclei interacting via Coulomb forces. They were considered in Chapter 10.

12.1 Many-particle Schrodinger Operators

Recall from Section 4.1 that quantizing a system of n particles of masses
mi,...,my interacting via pair potentials Vj;(x; — x;), we arrive at the
Schrodinger operator (quantum Hamiltonian)

n

L

H, = Z 5 P +V(x) (12.1)

J=1
acting on L*(R®"). Here p; := —ihV,, and V is the total potential of the

system, given in this case by

1

V)= LS VG- y) (122)
i#]

A key example of a many-body Schrodinger operator, that of a molecule, was
given in (4.19), Section 4.1.
As in Theorem 10.1, one can show that if the pair potentials V;; satisfy
the condition
Vi; € L*(R3) + L>=(R?)
(i.e. each Vi; can be represented as the sum of an L? function and an L™
function) then the operator H, is self-adjoint and bounded below. Indeed, the
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above conditions imply that the potential V' (z) satisfies the inequality (2.8),
with Hy := Z?Zl #pf and a < 1. Observe that the Coulomb potentials
J

Vij(y) = e;ejly| ! satisfy this condition:
™t = Jyl e Jy (L — e,

for example, with |y|~'e~1¥l € L2(R3) and |y|~(1 — e~ 1¥l) € L®(R3). After
this one proceeds exactly as in the proof of Theorem 10.1.

The spectral analysis of the operator H,, for n > 3 is much more delicate
than that of the one-body Hamiltonians we have mostly considered so far. (We
will show shortly that for n = 2, the operator H,, is reduced to a one-body
Hamiltonian.) We are faced with the following issues:

identical particle symmetries

separation of the center-of-mass motion

complicated behaviour of the potential V(x) at infinity in the configuration
space R3".

In Section 4.3 we commented on the first issue. In the subsequent sections,
we will deal with the last two issues in some detail. In the remainder of
this section, we comment briefly on them. In what follows, we shall assume
Vij(xz) — 0 as |z| — oo, though for many considerations this condition is not
required.

Separation of the centre-of-mass motion. The Schrodinger operator (12.1)
commutes with the operator of total translation of the system

Th:w(xla"'axn)Hw(x1+h7"'axn+h)

and one can show that, as a result, its spectrum is purely essential. So in
order to obtain interesting spectral information about our system, we have to
remove this translational invariance (“break” it). One way of doing this is by
fixing the centre of mass of the system at, say, the origin:

n
E ’ITLjiL’j =0.
Jj=1

We will describe a general mathematical procedure for fixing the centre
of mass below, but first will show how to do it in the case of two particles
(n = 2). In this case, we change the particle variables as follows:

mixy + mox
xl,fEQ’—?y:fEl_fEQ,Z:w. (12.3)
mi + ma
Here y is the coordinate of the relative position of the two particles, and z is
the coordinate of their centre of mass. Using this change of variables in the
two-particle Schrodinger operator
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1 1
Hy= — 924 — 02 4 Vg, —
2 2m1p1+ 2m2p2+ (1 — x2)

acting on L?(R%), we arrive easily at the operator

. 1 1
Hy=—p>+—P?
2= 5P + 537 +V(y)

where p = —ihVy, P = —ihV,, p = 2 (the reduced mass), and M =
m1+mq (the total mass). In fact, it can be shown that Hy and ﬂ'g are unitarily
equivalent, with the equivalence given by a unitary realization of the change
of coordinates (12.3).

The point now is that one can separate variables in the operator Hs. In
formal language, this means that Ho can be written in the form

Hy=H®1+1® Hoy

on L?(R%) = L?(R3) ® L*(R2) where

1
H=_—p"+V

Pt ()

acts on L2(R§), and !
Hey = =——P?
CM = oar

acts on L*(R3) (see the mathematical supplement, Section 23.13, for a de-
scription of the tensor product, ®). Clearly H and Hg s are the Schrodinger
operators of the relative motion of the particles, and of their centre of mass
motion, respectively. It is equally clear that of interest for us is H, and not
Hcpy. Note that H has the form of a one-particle Schrédinger operator with
external potential V(y). All the analysis we developed for such operators is
applicable now to H.

Behaviour of V(x) at infinity. The second issue mentioned above arises
from the geometry of the potential (12.2). The point is that V(z) does not
vanish as x — oo in certain directions, namely in those directions where
x; = x; for at least one pair ¢ # j (we assume here that V;;(0) # 0). This
property is responsible for most of the peculiarities of many-body behaviour.
In particular, the spectral analysis of Chapter 6 does not work in the many-
body case, and must be modified in significant ways by taking into account
the geometry of many-body systems.

12.2 Separation of the Centre-of-mass Motion

This section is devoted to a description of a general method for separating the
centre-of-mass motion of a many-body system. After applying this method,
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one is left with a many-body system whose centre-of-mass is fixed at the
origin.

We begin by equipping the n-body configuration space R3* with the inner-
product

i=1

where my, ..., m, are the masses of the n particles, and x; - y; is the usual
dot-product in R3. Next, we introduce the orthogonal subspaces

X:={zeR" | Y mz; =0} (12.5)
i=1
and )
Li={zeR™ | 2y =x; Vij} (12.6)

of R3". Recall that orthogonality (X L X*) means (x,y) = 0 for any = € X,
y € X1, To see that X L X, suppose z € X, and y € X . Since y; = y1 for

all j, we have
n n
zy) =D mxi-yi=y1- Y mizi =0
y=1 y=1

by the definition of X. We recall here the definition of the direct sum of
subspaces.

Definition 12.1 If Vj, V5 are orthogonal subspaces of a vector space, V', with
an inner product, then V; & V5 denotes the subspace

VieVe:={vi+v2 | v1 € V1,02 € Va}.
Problem 12.2 Show that
R =Xao Xt (12.7)

X is the configuration space of internal motion of the n-particle system,
and X is the configuration space of the centre-of-mass motion of this system.
The relation (12.7) implies that

LA(R3") = L*(X) @ L*(X 1) (12.8)

(see Section 23.13 for an explanation of the tensor product, ®).
Let A denote the Laplacian on R?*Y in the metric determined by (12.4),

ie. "
A= Z m—]
Under the decomposition (12.8), the Laplacian decomposes as
A=Ax @1ys +1x ® Ay (12.9)

where 1y and 1x, are the identity operators on L*(X) and L?(X*) respec-
tively (see again Section 23.13).
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Problem 12.3 Show that Ay. = 4;A,,, where M = Z?Zl mj and Top =
1 n
M D1 T

Let mx be the orthogonal projection operator from R3" to X (see Sec-

tion 23.7 for background on projections). Explicitly,

1 n
(Txx); =2 — —x—— ija:j. (12.10)
Zj:l mj =1

Problem 12.4 Show that (12.10) is the orthogonal projection operator from
R3” to X. Find the orthogonal projection operator, 7y, from R3" to X .

Equation (12.10) implies that
(rxx)i — (Tx2); = x; — 5.
Hence the many-body potential (4.17) satisfies
V(z) =V(rxz). (12.11)

Equations (12.9) and (12.11) imply that the operator H,, given in (12.1) can
be decomposed as
H,=H1x:. +1xTcnm (12.12)
where
h2
is the Hamiltonian of the internal motion of the system, and
2

Tem = —?AXL

is the Hamiltonian of the motion of its centre-of-mass. Equation (12.12) is
the centre-of-mass separation formula, and H is called the Hamiltonian in the
centre-of-mass frame. It is a self-adjoint operator under the assumptions on
the potentials mentioned above. It is the main object of study in many-body
theory.

12.3 Break-ups

Here we describe the kinematics of the break-up of an n-body system into non-
interacting systems. First we introduce the notion of a cluster decomposition

CLZ{Cl...CS}

for some s < n. The C; are non-empty, disjoint subsets of the set {1,...,n},
whose union yields the whole set:
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S
Uci=1{1....n}
j=1

The subsets C; are called clusters. An example of a cluster decomposition for
n =3 is a = {(12), (3)}. The number of clusters, s, in the decomposition a
will be denoted by #(a).

There is only one cluster decomposition with #(a) = 1, and one with
#(a) = n. In the first case, the decomposition consists of a single cluster

a={(1...n)},

and in the second case the clusters are single particles:

a={1)...n)}

In the first case the system is not broken up at all, while in the second case
it is broken into the smallest possible fragments.
To each cluster decomposition, a, we associate the intercluster potential

L(w) = Y Vi(ai —aj),

(ij)Za

where the notation (ij) ¢ a signifies that the indices i and j belong to different
clusters in the decomposition a. Similarly, we associate to a the intracluster
potential
Va(w) = D Vijla —ay)
(if)Ca

where (ij) C a signifies that ¢ and j belong to the same cluster in a. Thus
I,(x) (resp. V,(x)) is the sum of the potentials between particles from different
(resp. the same) clusters of a.

The Hamiltonian of a decoupled system (in the total centre-of-mass frame)
corresponding to a cluster decomposition, a, is

hQ
H, := f?AX + Va(x)

acting on L?(X). For a = {C1,...,Cs}, the Hamiltonian H, describes s non-

interacting sub-systems Ci,...,Cs. For s = 1, H, = H, and for s = N,
2

H, = — f; Ax. The operators H, are also self-adjoint. Note that

H=H,+1,. (12.13)

If s > 1, then the system commutes with relative translations of the clus-
ters Cy ... Cy:
ThH, = HaTh,

for h € X satisfying
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Here
Ty : ¢($1,...,Z‘n) —>’¢($1 +h1,...,$N+hn)

for h = (h1,...,hy). As a result, one can show that the spectrum of H, is
purely essential. This is due to the fact that the clusters in a move freely.
One can separate the centre-of-mass motions of the clusters C1 ...Cs in a and
establish a decomposition for H, similar to that for H,, (equation (12.12));
we will do this later.

12.4 The HVZ Theorem

In this section we formulate and prove the key theorem in the mathematical
theory of n-body systems — the HVZ theorem. The letters here are the initials
of W. Hunziker, C. van Winter, and G.M. Zhislin. This theorem identifies the
location of the essential spectrum of the many-body Hamiltonian, H.

Theorem 12.5 (HVZ Theorem) We have
Uess(H) = [27 00)7

where
Y= min X, with Yo = min(o(Hy,)).
#(a)>1
Note that X' is the minimal energy needed to break the system into indepen-
dent parts.

Proof. We begin by showing that o(H,) C o(H) for #(a) > 1. Suppose
A € 0(H,). Then for any e > 0, there is 1 € L*(X) with ||¢| = 1, such that
|(Ho—AN)Y|| < e. Let h € X satisfy h; = h; if (ij) C a, and h; # h; otherwise.
For s > 0, let Tsp be the operator of coordinate translation by sh. Note that
Tsp, is an isometry. As remarked in the previous section, Ty, commutes with
H,, and so

|(Ha = NTartl) = [ Ton(Ha — A5 < e.

On the other hand, HTspY — H,Tsptp as s — oo, because the translation
T, separates the clusters in a as s — oo. So for s sufficiently large, ||(H —
MTsptp|| < e. Since € > 0 is arbitrary, and || Tsp| = |[¢| = 1, we see
A€ o(H).

So we have shown o(H,) C o(H). As we remarked earlier, H, has purely
essential spectrum. In other words, o(H,) = [Y,,00). Thus we have shown
[, 00) C o(H).

It remains to prove that o.ss(H) C [¥,00). To do this, we introduce a
“partition of unity”, i.e., a family {j,} of smooth functions on X, indexed by
all cluster decompositions, a, with #(a) > 1, such that
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> k@) =1 (12.14)

#(a)>1

We can use {j,} to decompose H into pieces which are localized in the sup-
ports of the j,, plus an error term:

h2
H = o jo — —|Vijal* .
Y. daHja— Y SIVidl (12.15)
#(a)>1 #(a)>1
Indeed, summing the identity
[ja» [ja, HH = J(%H + H]i —2jaH jq

over a, and using (12.14), we obtain

H=Y" GaHjo+ 5 lialjo, H]).

2
#(a)>1
Computing [ja, [ja, H]] = —h?|Vja|? finishes the proof of (12.15).
Now we construct an appropriate partition of unity, namely one satisfying
min |z; —xg| >elz| for |z| > 1,z € supp(Ja) (12.16)
(Gk)Za

for some € > 0. Indeed, the sets
Se={xeX | |z|=1; |z; —xx| >0V (jk) ¢ a}

form an open cover of the unit sphere, S, of X (i.e., S, are open sets and S C
U, Sa)- For each a, let x, be a smooth function supported in S, and equal to
1 in a slightly smaller set (such that these smaller sets still cover S). Then the
functions j, := xa/(3 x2)*/? form a partition of unity on S, with supp(j,) C
Sq. In fact, (12.16) holds (with |z| = 1), because supp(j,) is compact. We
extend jo(x) to all of X by setting j,(z) = jo(z/|z]) for |z| > 1, and for
|z| < 1, choosing any smooth extension of j,(x) which preserves (12.15).
Thus the partition {j,} satisfies

Ja(Ax) = jo(z) for |z|>1,A>1 (12.17)
as well as (12.16). By (12.17),
Via(z)? =0 as |z| — occ.
By (12.16),
Ja(H — Ha)ja = jalaja — 0 as [z — oo,
Returning to (12.15), we conclude that

H= > joHuja+K
#(a)>1
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where K is multiplication operator vanishing at infinity. An argument similar
to the proof of the second part Theorem 6.14 shows that

Oess (H) = Oess Z jaHaja
#(a)>1

Since H > (inf o(H))1 for any self-adjoint operator, H, we see

<w,jaHaja1/1> = <jaw7Hjaw>
> Zallja¥? = Zallwl®

for any ¢ € X (note Xy < 0). Thus joHsja > X, and therefore Y joHaja >
X, yielding 0ess(D, jaHaja) C [X,00), and consequently oeqs(H) C [, 00).
This completes the proof of the HVZ theorem. [

12.5 Intra- vs. Inter-cluster Motion

As was mentioned in Section 12.3, the Hamiltonians H, describing the system
broken up into non-interacting clusters have purely essential spectra. This
is due to the fact that the clusters in the decomposition move freely. To
understand the finer structure of many-body spectra, we have to separate
the centre-of-mass motion of the clusters, as we did with the centre-of-mass
motion of the entire system. Proceeding as in Section 12.2, we define the
subspaces

X4 ={reX | ijxj:O v i}

j€Ci

and

Xo={zeX | z =uz;if (ij) Ca}.

Problem 12.6 Show that these subspaces are mutually orthogonal (X% L
X,) and span X:
X=XdX,. (12.18)

X is the subspace of internal motion of the particles within the clusters
of the decomposition a, and X, is the subspace of the centre-of-mass motion
of the clusters of a. As before, (12.18) leads to the decomposition

L*(X) = LX(X*) ® L*(Xa)
of L?(X) and the related decomposition of the Laplacian on X:
Ax = Axa @1x, +1xa @ Ax,

where Axa and Ay, are the Laplacians on the spaces X and X, (or L?(X%)
and L%(X,)) in the metric (12.4). Again, if mx. is the orthogonal projection
from X to X, then
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Va(z) = Vo(mxaz)

and consequently we have the decomposition
H,=H*®1x, +1x. @ T, (12.19)

where
h2
H* = 7—2 AXa —+ Va(SC)

is the Hamiltonian of the internal motion of the particles in the clusters of
a,and T, = —%2AX¢L is the Hamiltonian of the centre-of-mass motion of the
clusters in a.

Applying the HVZ theorem inductively, we arrive at the following repre-
sentation of the essential spectrum of H:

Jess(H) = U [)\,OO),

AeT(H)

where the discrete set 7(H), called the threshold set of H, is defined as

r(H):= |J oal®#") {0},

#(a)>1

the union of the discrete spectra of the break-up Hamiltonians and zero. The
points of 7(H) are called the thresholds. Thus one can think of the essential
spectrum of a many-body Hamiltonian H (in the centre-of-mass frame) as a
union of branches starting at its thresholds and extending to infinity.

12.6 Exponential Decay of Bound States

Theorem 12.7 If H has a bound state, ¥(z), with an energy E < X (i.e.
below the ionization threshold X', see Theorem 12.5), then ¥ (z) satisfies the
exponential bound

/|;p(x)|2e2°“w‘dx < 00, Ya < VY —E. (12.20)

Proof. Let J be a real, bounded, smooth function supported in {|z| > R}.
Proceeding as in the prove of the HVZ theorem above, we show that there is
e =¢€(R) — 0, as R — o0, s.t.

JHJ > (X —¢€)J% (12.21)

Denote by Vx the gradient on the space (12.5) with the metric (12.4). We
assume now that VxJ is supported in {R < |z| < 2R}. Let f be a bounded
twice differentiable, positive function and define H; := e/ He~/. We compute
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B2 9
Hf:H—j[WXf\ —Vxf-Vx—=Vx Vxf] (12.22)

Then (H; — E)® = 0, where & := ¢/¥, and therefore (H; — E)J® = [Hy, J]®.
On the other hand, by (12.22) and (12.21) and the fact that the operator
Vxf -Vx 4+ Vx - Vxf is anti-self-adjoint, we have

2
Re(J0, (Hy — E)J®) = (J,(H ~ |V /] - B) )
> 5||JD|>.

where 0 := X' — € — E — SUD,cqupp s %|fo|2. Then the last two equations
imply

3|lJ2|* < Re(J @, (Hy — E)JD) < ||J2||[Hy, J)®|-
Now we take for f a sequence of bounded functions approximating «(1 +
|z[?)Y/?, with o < /X — E. Taking the limit in the last inequality gives
(12.20). O

12.7 Remarks on Discrete Spectrum

For n = 2, the results in Section 8.3, show that the discrete spectrum of H is
finite if the potential V'(z) is “short-range”, whereas a “long-range” attractive
potential produces an infinite number of bound states. The borderline be-
tween short- and long-range potentials is marked by the asymptotic behaviour
V(x) ~ |x|~% as |x| — oo (which is different than the borderline asymptotic
behaviour of |z|~! which we encountered in scattering theory in Chapter 9).
For n > 2, however, the question of whether o4(H) is finite or infinite cannot
be answered solely in terms of the asymptotic fall-off of the intercluster po-
tentials, I,(z); the nature of the threshold X at the bottom of the essential
spectrum plays a decisive role.

Now we comment on bound states of molecules with mobile nuclei. Here
the nature of the threshold X' at the bottom of the essential spectrum plays
a decisive role. We restrict our attention to the case where X' is a two-cluster
threshold. This means that for energy X' and slightly above, the system can
only disintegrate into two bound clusters, C; and Cs. This fits the case of
molecules with dynamic nuclei which break up into atoms or stable ions. How-
ever, our next assumption, that the lowest energy break-ups originate from
charged clusters (having, of course, opposite total charges), is not realistic.

Ignoring particle statistics, the disintegration of the system into the clus-
ters corresponding to a partition a can be represented by a product wave
function

¢(z) = ¥(z)f(za), (12.23)
where ¥ is the eigenfunction of H* with eigenvalue X, H*W = Y¥ and z, and
x® denote the components of x along the subspaces X, and X respectively.
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Here f is chosen so that (f,T,f) is arbitrarily small. The condition that X is
a two-cluster threshold means that X' is a discrete eigenvalue of H?, and as a
consequence it can be shown that ¥(z®) decays exponentially as |z%| — oo:

@ ()| < (const)e™ "I (12.24)

for some o > 0. Using states of the form (12.23) as trial states to make
(¢, Hp) < X', we can show the existence of an infinite number of bound states,
provided that the lowest energy break-ups originate from charged clusters
(having, of course, opposite total charges). This means that the intercluster

potential
Lz)= Y —
, |z; — 2
i€C1,keCy

satisfies (3_;cc, €i)(Qrec, €k) < 0. Using the exponential bound (12.24), it
follows that

(6, (La(@) = Ta(2a))d) L2(xo) | < (const)|za| 7.
Observe that I,(x,) = —q/|xq| with ¢ > 0. Since H = H*®1,+1°Q T, + I,
(see (12.13) and (12.19)) and H%¢p = X'¢, the last inequality implies

0,07 = 290) = (o (T = L + (consteal 2 1)

|Za L2(Xa) .

As in Section 8.3, we let f € C5°(R3) satisfy || f|| = 1 and
supp(f) C {za | 1 <|za| <2}.
Then the functions
fe(za) = k732 f (k7 2,),  k=1,2,4,8,...

are orthonormal, and have disjoint supports. Thus the corresponding trial
states ¢p(x) = U(x®) fr(xq) satisty (¢r, Hpm) = 0 for k # m, and

(or, (H — X)) < —(const)% + (conszﬁ)k—l2 <0,

for some positive constants, if n is sufficiently large. We can now apply the
min-max principle (see Section 8.1) to conclude that H possesses infinitely
many discrete eigenvalues below the threshold X

12.8 Scattering States

Unlike in the one-body case, the many-body evolution ¢ = e~ /"y, be-
haves asymptotically as a superposition of several (possibly infinitely many)
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free evolutions, corresponding to different scenarios of the scattering problem.
These scenarios, called scattering channels, can be described as follows. For
a given scattering channel, the system is broken into non-interacting clusters
C1,...,Cs corresponding to some cluster decomposition a, and its motion in
each cluster is restricted to a cluster bound state. (If a given decomposition
contains a cluster for which the cluster Hamiltonian has no bound state, then
this cluster decomposition does not participate in the formation of scattering
channels.) In other words, a scattering channel is specified by a pair (a,m),
where a is a cluster decomposition such that the operator H® has some discrete
spectrum, and m labels the the eigenfunction ¥®™ of H® (we suppose that
for fixed a, the ¥*™ are chosen orthonormal). The evolution in the channel
(a,m) is determined by the pair

(Ha,my Ha,m)
where H, . := 9>™ ® L%(X,) is the channel Hilbert space, and
Hym = H, |—Ha,m: EY™ + T,

where E*™ is the eigenvalue of H® corresponding to the eigenfunction ®™.
Thus the channel evolution is given by

e—iHa,mt/FL(wa,m ® f)

for f € L*(X,).

As in the one-body case (see Chapter 9), the existence and asymptotic
form of scattering states for ¢ — oo depends crucially of the rate at which the
potentials tend to zero for large separations. We suppose that the intercluster

potentials satisfy
01, (z) < (const)|z|;#~ 1ol (12.25)

as |x|, — oo, for |a| < 2. Here |z|, is the intercluster distance, i.e.

|z]q == min |z; — x|
(Gk)Za
As in the one-body case, ¢ = 1 marks the borderline between short-range
and long-range systems, for which the scattering theory is quite different.

Short-range systems: p > 1. In this case, for a given scattering channel,
(a,m), the wave operator

Q(«Lm) _ S—limt_,ooeth/he_iH”'*mt/h
can be shown to exist on Hg . The proof is similar to that for the one-body
case (see Chapter 9). This wave operator maps free channel evolutions to full

evolutions: setting
Y= Q(—;vm) (Y*™ @ f),

we have
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e—th/hw N e—iHa,mt/h(d]a,m ® f)

as t — oo. The wave operator Qj m is an isometry from ‘H, ,, to H. Moreover,
the ranges H, ,, := Ran(£2;,,) satisfy

HimLHIn if a#b or m#n
which follows from the fact that

lim (= Hemt/Myam g f), e Hent/M(gh @ g)) = 0
if a # b or m # n. Therefore, the outgoing scattering states form a closed
subspace
H =P HL,, c L*(X).
a,m

Under the condition (12.25) with x> 1, it has been proved that the property
of asymptotic completeness holds — i.e., that HT = L?(X) (see Chapter 25 for
references). In other words, as t — oo, every state approaches a superposition
of channel evolutions and bound states (the bound states are the channel with
#(a) =1).

Long-range systems: ;1 < 1. As in the one-body case, it is necessary to

modify the form of the channel evolutions in the long-range case. The evolution
e Hamt/h with H, ,, = A\%™ + T, is replaced by

o~ Ha,mt/h—ica i (pa)

where p, = —ihV xa. Here aq,(pe) is an adiabatic phase, arising from the fact
that classically, the clusters are located at z, = pgt(1 + O(t™*)) as t — oc.
The modification ag,(ps), whose precise form we will not give here, is similar
to that for the one-body case (see Chapter 9). We refer the interested reader
to the references listed in Chapter 25 for further details. We remark only that
with this modification in place, the existence of the (modified) wave operators,
and asymptotic completeness, have been proved for p not too small.
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Self-consistent Approximations

Even for a few particles the Schrédinger equation is prohibitively difficult
to solve. Hence it is important to have approximations which work in vari-
ous regimes. One such approximation, which has a nice unifying theme and
connects to large areas of physics and mathematics, is the one approximat-
ing solutions of n-particle Schrodinger equations by products of n one-particle
functions (i.e. functions of 3 variables). This results in a single nonlinear equa-
tion in 3 variables, or several coupled such equations. The trade-off here is
the number of dimensions for the nonlinearity. This method, which goes un-
der different names, e.g. the mean-field or self-consistent approximation, is
especially effective when the number of particles, n, is sufficiently large.

13.1 Hartree, Hartree - Fock and Gross-Pitaevski
equations

For simplicity we consider a system of n identical, spinless bosons. It is
straightforward to include spin. To extend our treatment to fermions requires
a simple additional step (see discussion below). The Hamiltonian of the system
of n bosons interacting with each other, and moving in an external potential

Vs
H, = Zhal + = Z — ), (13.1)
#J
where h, = %Am + V(x), acting on the state space ®7L%(R?), d = 1,2, 3.
Here v is the interaction potential, and () is the symmetric tensor product.
As we know, the quantum evolution is given by the Schrodinger equation

ow
jh— = H, V.
o

This is an equation in 3n + 1 variables, 1, ..., z, and ¢, and it is not a simple
matter to understand properties of its solutions. We give a heuristic derivation
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of the mean-field approximation for this equation. A rigorous derivation is
sketched in Section 18.6. First, we observe that the potential experienced by
the i-th particle is

W (i) = V() + > vz —x5).

J#

Assuming v(0) is finite, it can be re-written, modulo the constant term v(0),
which we neglect, as W(x;) = V(z;) + (v * p™*™°)(z;). Here, recall, f * g
denotes the convolution of the functions f and g, and p™"° stands for the
(operator of) microscopic density of the n particles, defined by

PO (1) 1= Z 3z — zj).

Note that the average quantum-mechanical (QM) density in the state ¥ is
<Q/, pmicro@:, t)w> — pQM(.”L', t)

where p@M (z,t) :=n [ | ¥(z,22,...,2,) |* dzs...dz,, the one-particle density
in the quantum state V.

In the mean-field theory, we replace p™“"(x, t) with a continuous function,
pMF (x,t), which is supposed to be close to the average quantum-mechanical
density, p?M(z,t), and which is to be determined later. Consequently, it is
assumed that the potential experienced by the i-th particle is

WM (2;) := V(5) + (v 5 pM7) (1)

Thus, in this approximation, the state ¢ (z,t) of the i-th particle is a solution
of the following one-particle Schrédinger equation ih%ltﬁ = (h+ v pME))
where, recall, h = f%Az + V(z). Of course, the integral of p™*"°(z,1) is
equal to the total number of particles, fR3 pmiere(z, t)dx = n. We require that
the same should be true for pM¥ (z,t): [os pM* (2,t)dz = n. We normalize
the one-particle state, ¢ (z,t), in the same way

/ ¢ (2, t)Pde = n. (13.2)
R3

Consider a situation in which we expect all the particles to be in the same
state 1. Then it is natural to take p™ ¥ (z,t) = |1b(x,t)|?. In this case v solves
the nonlinear equation

0

ma—lf = (h+vx* [ (13.3)
This nonlinear evolution equation is called the Hartree equation (HE).

If the interparticle interaction, v, is significant only at very short distances

(one says that v is very short range, which technically can be quantified by
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assuming that the “particle scattering length” a is small), we can replace
v(x) — 4mad(x), and Equation (13.3) becomes
0
ma—lf = hap + dmaly?ep (13.4)
(with the normalization (13.2)). This equation is called the Gross-Pitaevski
equation (GPE) or nonlinear Schrédinger equation. It is a mean-field ap-
proximation to the original quantum problem for a system of n bosons. The
Gross-Pitaevski equation is widely used in the theory of superfluidity, and in
the theory of Bose-Einstein condensation (see Appendix 13.2).
Reconstruction of solutions to the n-particle Schrodinger equation. How
do solutions of (HE) or (GPE) relate to solutions of the original many-body
Schrodinger equation? One can show rigorously (see [ESY1,ESY2,Pil]) that
the solution of the Schrédinger equation
OV
Zﬁa = H,Y, Vli—o = @710
satisfies, in some weak sense and and in an appropriate regime of n — oo and
a — 0 with 4mna =: A fixed,

W — @ — 0

where v satisfies, depending on the limiting regime, either (HE) or (GPE) with
initial condition . For the mean-field regime (replacing for the moment v
by gv) of n — oo and g — 0, with ng fixed, we have (HE) (see [He,GV2,FGS,
FKS,BGGM, BEGMY)).

The Hartree equation is the Euler-Lagrange equation for stationary points
of the action functional

h 1
S(@) = / {_§1m<w, o)~ S, HnW)} dt,
considered on the set of functions

{7 = @iyl € H'(R)}.

Here (®71)) is the function of 3n variables defined by (®74¢)(x1,...,zy) =
P(x1)...(zy). (See Chapter 24 for material on variational calculus.),
For (spinless) fermions, we consider the action S(¥) on the following func-

tion space
{W = det[wl(xj)]h/)z S Hl(R3) Vi = 17 ,n}

where [1);(x;)] stands for the n x n matrix with the entries indicated. Then the
Euler-Lagrange equation for S(¥) on the latter set gives a system of nonlinear,
coupled evolution equations
L0V 2 7
th— = (v > il — > (v ity ), (13.5)
i

7



144 13 Self-consistent Approximations

for the unknowns 1, ..., ¥,,. This systems plays the same role for fermions as
the Hartree equation does for bosons. It is called the Hartree-Fock equations

Finally, we mention another closely related nonlinear equation: the
Ginzburg-Landau equations of superconductivity.

Properties of (HE), (HFE) and (GPE). The Hartree and Gross-Pitaevski
equations have the following general features

1. For space dimensions d = 2, 3 and assuming v is positive definite, (HE) and
(HFE) have solutions globally in time; for (GPE) solutions exist globally
(in time) if @ > 0, but blow-up for certain initial conditions in finite time
if a <0.

2. (HE), (HFE) and (GPE) are Hamiltonian systems (see Section 18.6).

3. (HE), (HFE) and (GPE) are invariant under the gauge transformations,

U(x) = eY(z), a €R,

and, for v = 0, the translations, ¥(z) — ¥ (x+y), y € R, and the Gallilean
transformations, v € R3,

muv

Y(z) — eflmvat 22t)/h21/1(m —ot).

Moreover, (HFE) is invariant under time-independent unitary transfor-
mations of {1, ..., ¢, }.
4. The energy, E(¢), and the number of particles, N(v), (see below) are
conserved quantities. Moreover, (HFE) conserves the inner products,
The last item shows that the natural object for (HFE) is the subspace spanned
by {;}, and the equation can be rewritten as an equation for the correspond-
ing projection v 1= 3, [1h;) (¢s].
To fix ideas, we will hereafter discuss mainly (GPE). For (HE) and (HFE)
the results should be appropriately modified. For (GPE) the energy functional
is

h2
B) = [ {5 IV0P 4 VISP + 2malult | o

The number of particles for (GPE) and (HE) is given by

)= [ s

while for (HFE), by N(¢) := 3", [gs [¢i|*dz. Note that the energy and number
of particle conservation laws are related to the time-translational and gauge
symmetries of the equations, respectively.

The above notions of the energy and number of particles are related to
corresponding notions in the original microscopic system. Indeed, let ¥ :=

\/Lﬁ ®7 1. Then
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1
where E(v) is the energy for (HE) and

n/ |01, o) |2 day...dan :/|1/)(a:) 2 da.

The notion of bound state can be extended to the nonlinear setting as
follows. The bound states are stationary solutions of (HE) or (GPE) of the
form

U(@,t) = du(z)e™

where the profile ¢, (z) is in H?(R?). Note that the profile ¢, (z) satisfies the
stationary Gross-Pitaevski equation:

he¢ + 4mald|* ¢ = —huo (13.6)

(we consider here (GPE) only). Thus we can think of the parameter —p as a
nonlinear eigenvalue.

A ground state is a bound state such that the profile ¢,,(x) minimizes the
energy for a fixed number of particles:

¢, minimizes E(¢) under N(¢¥) =n

(see Chapter 24 which deals with variational, and in particular minimiza-
tion problems). Thus the nonlinear eigenvalue p arises as a Lagrange multi-
plier from this constrained minimization problem. In Statistical Mechanics p
is called the chemical potential (the energy needed to add one more parti-
cle/atom, see Section 18.7).

Remark 13.1 1. Mathematically, the ground state can be also defined as a
stationary solution with a positive (up to a constant phase factor) profile,
P(x,t) = ¢ (x)e™ with ¢, (x) > 0. Let 6(i) := ||¢,||?. Then we have (see
[GSS])

§'(u) >0 = ¢, minimizes E(¢)) under N () = n.

2. The Lagrange multiplier theorem in Section 24.5 implies that the ground
state profile ¢,, is a critical point of the functional

Eu(¢) :== E(¥) + huN ().
In fact, ¢, is a minimizer of this functional under the condition N () = n.

If ¢, is the ground state of (GPE), then ®7¢, is close to the ground
state of the n—body Hamiltonian describing the Bose-Einstein condensate (see
[DGPS] for a review, and [LSY,LSSY] and the Appendix below for rigorous
results).

It is known that for natural classes of nonlinearities and potentials V()
there is a ground state. Three cases of special interest are
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1. h:= —%A + V(z) has a ground state, and 23'nja| < 1
2. V has a minimum, 2%nla| > 1, and a < 0

3. V(z) = o0 as || — oo (i.e. V(z) is confining) and a > 0.

(The first and third cases are straightforward and the second case requires
some work [FW,Oh, ABC].)

Stability. We discuss now the important issue of stability of stationary
solutions under small perturbations. Namely, we want to know how solutions
of our equation with initial conditions close to a stationary state (i.e. small
perturbations of ¢, (x)) behave. Do these solutions stay close to the stationary
state in question, do they converge to it, or do they depart from it? This is
obviously a central question. This issue appeared implicitly in Section 6.2 (and
in a stronger formulation in Chapter 9) but has not been explicitly articulated
yet. This is because the situation in the linear case that we have dealt with
so far is rather straightforward. On the other hand, in the nonlinear case,
stability questions are subtle and difficult, and play a central role.

We say that a stationary solution, ¢, (z)e"!, is orbitally (respectively,
asymptotically) stable if for all initial conditions sufficiently close to ¢,,(x)e™™
(for some constant « € R), the solutions of the evolution equation under
consideration stay close (respectively, converge in an appropriate norm) to a
nearby stationary solution (times a phase factor), ¢, (z)e' W t+5®)  Here 1/
is usually close to u, and the phase [ depends on time, t. The phase factors
come from the fact that our equations have gauge symmetry: if ¢ (z,t) is a
solution, then so is e*y(x,t) for any constant a € R. One should modify
the statement above if other symmetries are present. The notion of orbital
stability generalizes the classical notion of Lyapunov stability, well-known in
the theory of dynamical systems, to systems with symmetries.

For the linear Schrodinger equation, all bound states, as well as station-
ary states corresponding to embedded eigenvalues, are orbitally stable. But
they are not asymptotically stable in general. For most nonlinear evolution
equations in unbounded domains, the majority of states are not even Lya-
punov/orbitally stable.

For (GPE), if V' — oo as |z| — oo (i.e. V is confining), the ground states
are orbitally stable, but not asymptotically stable. If V' — 0 as |z| — oo,
the ground states can be proved to be asymptotically stable in some cases
(see [SW2,TY,GNT, GS1,GS2] and references therein).

13.2 Appendix: BEC at T=0

In this appendix we consider briefly the phenomenon of Bose-Einstein con-
densation, predicted by Einstein in 1925 on the basis of analysis of ideal bose
gases and experimentally discovered 70 years later in 1995 in real gases by
two groups, one led by Wieman and Cornell at Boulder, and another by Ket-
terle at MIT. The Gross-Pitaevskii equation arises in the description of this
phenomenon. We concentrate on zero temperature.
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First we consider a system of n non-interacting bosons in an exter-
nal potential V. The state space of such a system is the Hilbert space
®pL*(RY), d =1,2,3, and the Hamiltonian operator is

H, = En: (%AI + V(xi)) .

Jj=1

(acting on ®FL2?(RY)). By separation of variables, the lowest energy for
this Hamiltonian is neg, where eg is the lowest energy for the one-particle
Schrédinger operator f%ﬂw + V(x). The corresponding eigenfunction — the
ground state of H,, —is given by 7 ¢o, where ¢y is the ground state of the op-
erator —%AI +V(x). And that’s it — at zero temperature, and in the ground
state, all particles are in the same state ¢!

Now we consider a system of n interacting bosons subject to an external

potential V', which is described by the Hamiltonian

n

Hy =" (—%Am - V(:vi)> + %Zv(mi — ),

j=1 i#]

acting on the Hilbert space @7 L?(R?). Here v is the potential of interaction
between the particles. Let &, o(x1, ..., z,) be a ground state of H,,. How do
we tell if in this state all (or the majority of) the particles are individually in
some one-particle state, say ¢g?

To begin with we would like to describe, say, the coordinate or momentum
distributions for a single particle. To extract one-particle information from
$,,,0, we use the information reduction principle elucidated in Section 17.1:
we pass to density operators (@, 0 — Ps, , = the rank 1 orthogonal projection
on the state &,,0) and contract (n—1)—particle degrees of freedom. This leads
to the one-particle density operator:

Wi =Trn1Ps,,
where T'r,,_1 is the trace over n — 1 of the 3 dimensional coordinates (see
Section 17.1). The one-particle density matrix satisfies

e 097 <1
o Tryp =1
o Ppo=®7T¢0 & = Py,

Let Ay > Ay > ---X; > --- be the eigenvalues of v, counting their mul-
tiplicities, and let x1, x2, - Xj, -+ be corresponding eigenfunctions. We have
the spectral decomposition

o0 o0
W=D NPy, doa=1
j=1 j=1
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(see Mathematical Supplement, Section 23.11).The eigenvalues \; are inter-
preted as the probabilities for a single particle to be in the states x;.

The Penrose-Onsager criterion of BEC says that the property of the
ground state @,, o of the Hamiltonian H,,

max eigenvalue of v — 1 as n — oo (POC)
corresponds to 100% condensation. The criterion (POC) implies
=Py, —0 a n—oo

so that for large n, almost all the particles are in the single state x;.

A rigorous proof of BEC in the Gross-Pitaevski limit, in which the number
of particles n — oo and the scattering length a — 0, so that na =: \/(4x)
is fixed, is given in [LiS1] (see also [LSY]). Moreover, they show that in the
trace norm,

’)/{L — P¢§P — 0

where qﬁgp is the Gross-Pitaevski ground state. They also prove convergence
for the ground state energies.
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The Feynman Path Integral

In this chapter, we derive a convenient representation for the integral ker-
nel of the Schrédinger evolution operator, e H/h Thig representation, the
“Feynman path integral”, will provide us with a heuristic but effective tool for
investigating the connection between quantum and classical mechanics. This
investigation will be undertaken in the next section.

14.1 The Feynman Path Integral

Consider a particle in R? described by a self-adjoint Schrédinger operator

h2
H=—-—A .
2m + V(@)

Recall that the dynamics of such a particle is given by the Schrodinger equa-

tion o

Recall also that the solution to this equation, with the initial condition ©|;—¢ =
1o, is given in terms of the evolution operator U(t) := e~ "1t/" ag

¢ =U(t)o.

Our goal in this section is to understand the evolution operator U(t) =
e~ "Ht/M by finding a convenient representation of its integral kernel. We denote
the integral kernel of U(t) by U:(y, x) (also called the propagator from z to y).

A representation of the exponential of a sum of operators is provided by
the Trotter product formula (Theorem 14.2) which is explained in Section 14.3
at the end of this chapter. The Trotter product formula says that

i i(hZt A .
e iHt/h _ el s A-Vt)/h _ S‘hmn—w)oK:lL



150 14 The Feynman Path Integral

iht
where K,, := .

K. Then by Propomtlon 23.12,

n(z,y) be the integral kernel of the operator

Ui(y,z) = lim / . ~/Kn(y, Tpo1) - Kp(xe, 21) Ky (21, 2)de,—1 - - - day.
(14.1)
Now (see Section 23.3)

iV (y)t

ihtA _
K’I’L(y7 ) = e 27nn (y x) hn

—iVt/nh

since V', and hence e , is a multiplication operator (check this).
Using the expression (2.22), and plugging into (14.1) gives us

oriht —nd/2
Ui(y,x) = hm/ / iSn /h< K ) dxy - dr,_1

Sy =Y (mn|zgir — ax)?/2t — V(vp41)t/n)

where

with xg = =, x, = y. Define the piecewise linear function ¢, such that
dn(0) =, O (t/n) =21, -+, on(t) =y (see Fig. 14.1).

¢,

| | |
t/‘n 2‘t/n' o (n—‘l)t/n‘t

S

Fig. 14.1. Piecewise linear function.

Then

n—1 n) — n 2
k=0

Note that S,, is a Riemann sum for the classical action

s = | {19067 - V(o)) d
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of the path ¢,,. So we have shown

Ui(y,2) = lim /"D, (14.2)
n— 00 P;Lyt

where P’ , is the (n — 1)-dimensional space of paths ¢, with ¢,(0) = =z,
on(t) = y, and which are linear on the intervals (kt/n,(k 4+ 1)t/n) for k =
0,1,...,n—1, and D¢,, = (2Zht)=nd/24¢ (t/n) - dd,((n — 1)t/n).

Heuristically, as n — oo ¢, approaches a general path, ¢, from z to y (in
time t), and S,, — S(¢). Thus we write

Uiy, x) :/ eS3@D/h D, (14.3)
Pyyt

Here P, ,; is a space of paths from z to y, defined as

Py = {6:[0,] — BY) / P < oo, B0) =z, Bt) =1y}

This is the Feynman path integral. It is not really an integral, but a formal
expression whose meaning is given by (14.2). Useful results are obtained non-
rigorously by treating it formally as an integral. Answers we get this way are
intelligent guesses which must be justified by rigorous tools.

Note that P, ; is an (n — 1)—dimensional sub-family of the infinite-
dimensional space P, ;. It satisfies Py, C P2 oot and limy, oo Py = Py oy
in some sense. We call such subspaces finite dimensional approximations
of P;,+. In (non-rigorous) computations, it is often useful to use finite-
dimensional approximations to the path space other than the polygonal one
above.

We can construct more general finite-dimensional approximations as fol-
lows. Fix a function ¢, € P, ,+ Then

Py oyt = Guy + Poo,t-
Note Py o, is a Hilbert space. Choose an orthonormal basis {{;} in Py o and
define
Fglo,¢ = span {&;}T
and
Pyt = Guy + ooy
Then P}’ , is a finite dimensional approximation of P , . Typical choices of

Oy and {gj} are

1. ¢y is piecewise linear and {;} are “splines”. This gives the polygonal
approximation introduced above.
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2. ¢gy is a classical path (a critical point of the action functional S(¢))
and {¢;} are eigenfunctions of the Hessian of S at ¢,, (these notions are
described in the Supplement on the calculus of variations, Chapter 24).
In this case, if n € P, then we can represent it as

n
n= Z a’jfja
j=1

and we have

omith\ Y% (2mn fm\" 1
o=(%0) (V) e

Jj=1

It is reasonable to expect that if

lim eS@B/MDg

exists, then it is independent of the finite-dimensional approximation, P;', ;,
that we choose.

Problem 14.1

1. Compute (using (14.3) and a finite-dimensional approximation of the path
space) U, for
a) V(z) =0 (free particle)
b) V(z) = mT‘*’sz (harmonic oscillator in dimension d = 1).
2. Derive a path integral representation for the integral kernel of e=#H/"
3. Use the previous result to find a path integral representation for Z(3) :=
tr e~ #H/" (hint: you should arrive at the expression (15.11)).

14.2 Generalizations of the Path Integral

Here we mention briefly two extensions of the Feynman path integral we have
just introduced.

1. Phase-space path integral:

Ui(y, =) =/ e o @m=H@m)/h D e
Py .. x anything

where Dr is the path measure, normalized as

/e—% I e — 1
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(in QM, d°%p = d®p/(27)3/?). To derive this representation, we use the
Trotter product formula, the expression e~ ~ 1 — ieH for e small, and
the symbolic (pseudodifferential) composition formula. Unlike the rep-
resentation [ e"3/" D¢, this formula holds also for more complicated H,
which are not quadratic in p !

. A particle in a vector potential A(z). In this case, the Hamiltonian is

H(r,p) = 5 (p  cA@)) + V(@)

and the Lagrangian is
. m .o .
L(z, @) = 5% = V(z) +ex - A(x).

The propagator still has the representation

Ui(y,z) = / e Dy,
P

T,y,t

but with

m

50) = [ Liodds = [ (G& - Viends+e [ Aw)-das

Since A(z) does not commute with V in general, care should be exercised
in computing a finite-dimensional approximation: one should take

ZA(%(IZ + l'i+1)) . (xi+1 - xz)

Z %<A<$i) + A(@it1)) - (Tiy1 — @)

and not

ZA(Q:Z) . (mi-&-l — LUZ) or Z A(l‘,‘.ﬂ) . (1‘1'+1 - l‘z)

14.3 Mathematical Supplement: the Trotter Product
Formula

Let A, B, and A+ B be self-adjoint operators on a Hilbert space H. If [A, B] #
0, then e (A+B) £ 1468 in general. But we do have the following.

Theorem 14.2 (Trotter product formula) Let either A and B be
bounded, or A, B, and A + B be self-adjoint and bounded from below. Then
for Re(\) <0,

. A B
AATE) — 5 lim (M)

n—oo
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Remark 14.3 The convergence here is in the sense of the strong operator
topology. For operators A, and A on a Hilbert space H, such that D(A,,) =
D(A), A, — A in the strong operator topology (written s-lim, ., A, = A)
iff |Anyp — Ay|| — 0 for all ¢b € D(A). For bounded operators, we can take
norm convergence. In the formula above, we used a uniform decomposition of
the interval [0, 1]. The formula still holds for a non-uniform decomposition.

Proof for A,B bounded: We can assume X = 1. Let S,, = e(A+tB)/" and T), =
eA/meB/m Now by “telescoping”,

ST =8" T, St T, S T

n

n—1
=3 TH(Sn =TSy *!
k=0
s0
n—1
15 = T < D ITall P IS0 = Tl Sl
k=0
n—1
< > (max([| T, [1Su )™ 1S — Tl
k=0
< nellAFIBI s, —T,].
Using a power series expansion, we see ||S,, — T,,|| = O(1/n?) and so [|S? —

" — 0asn — oco. O
A proof for unbounded operators can be found in [RSI].
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Quasi-classical Analysis

In this chapter we investigate some key quantum quantities — such as quantum
energy levels — as fi/(typical classical action)— 0. We hope that asymptotics
of these quantities can be expressed in terms of relevant classical quantities.
This is called quasi-classical (or semi-classical) analysis. To do this, we use the
Feynman path integral representation of the evolution operator (propagator)
e~ Ht/M This representation provides a non-rigorous but highly effective tool,
as the path integral is expressed directly in terms of the key classical quantity
— the classical action.

The heuristic power of path integrals is that when treated as usual conver-
gent integrals, they lead to meaningful and, as it turns out, correct answers.
Thus to obtain a “quasi-classical approximation”, we apply the method of
stationary phase. Recall that the (ordinary) method of stationary phase ex-
pands the integral in question in terms of the values of the integrand at the
critical points of the phase, divided by the square root of the determinant of
the Hessian of the phase at those critical points. The difference here is that the
phase — the classical action — is not a function of several variables, but rather
a “functional”, which (roughly speaking) is a function of an infinite number of
variables, or a function on paths. Critical points of the classical action are the
classical paths (solutions of Newton’s equation) and the Hessians are differen-
tial operators. Thus we need some new pieces of mathematics: determinants
of operators and elements of the calculus of variations. These are presented
in supplementary Section 23.12 and Chapter 24 respectively.

Below we consider a particle in R? described by a Schrédinger operator

h2
H=——A . 15.1
A+ V(@) (15.1)

We want to pass to physical units in which a typical classical action in our
system is 1, so that & is now the ratio of the Planck constant to the classical
action, so that the regime we are interested in is the one for which 7 — 0. Let
L be a length scale for the potential, and g its size. So roughly, g = sup,, |V (z)]
and L = g(sup, |[VV (x)|)~!. Re-scaling the variable as x — 2’ = x/L, we find
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H = gH’ where
! h/2 ! /

where V/(2') = g~'V(La') and I /v/m' = h/(L\/mg). Now the potential
V'(z") is essentially of unit size and varies on a unit length scale. The param-
eter 1/ is dimensionless. If h//v/m/ < 1, we can consider it a small parameter.
As an example suppose V() is of the order 100me*/h?, where me*/h? is
twice the ionization energy of the ground state of the hydrogen atom, and
varies on the scale of the Bohr radius (of the hydrogen atom) L = h%/(me?).
Then ///v/m/ = 1/10. In the expansions we carry out below, we always have
in mind the operator H' and the dimensionless parameter i’ with the primes
omitted; that is, we think of (15.1) in dimensionless variables.

15.1 Quasi-classical Asymptotics of the Propagator

The path integral (14.3) has the form of oscillatory integrals extensively stud-
ied in physics and mathematics. One uses the method of stationary phase in
order to derive asymptotic expressions for such integrals. It is natural, then, to
apply (formally) this method — with small parameter i — to the path integral,
in order to derive a quasi-classical expression for the Schrédinger propagator
e~ /My 2). We do this below. But first, we quickly review the basics of the
method of stationary phase (in the finite-dimensional setting, of course).

The stationary phase method. We would like to determine the asymp-
totics of oscillatory integrals of the form

/ewww¢
Rd

as b — 0 (here ¢ is a finite dimensional variable). The basic idea is that as
h — 0, the integrand is highly oscillating and yields a small contribution,
except where VS(¢) = 0 (i.e., critical points). We now make this idea more
precise. Set

I(h) = | f(¢)e¥ /Mg
Rd
where f € C§°(R?) and S is smooth, and consider two cases:

Theorem 15.1 (stationary phase method) 1. If supp(f) contains no
critical points of S, then

I(h)=0AY) VN as h—0.

2. If supp(f) contains precisely one non-degenerate critical point of S, i.e.

VS(¢) = 0 and the matrix of second derivatives S”(¢) is invertible, then
as h — 0,
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I(h) = (2mh)*?| det S"(§)| 7'/ *e T sgn(S"(9)) f(§)e"5 P/ [1 + O(n)]
(15.2)
where for a matrix A, sgn(A) denotes the number of positive eigenvalues
minus the number of negative ones.

Proof. To prove the first statement, define the operator

_h V5(@)

iVSOE

Note that Le?S(®)/h = ¢iS(#)/h and that for smooth functions f and g,

Lgdx = LT
Rdfg:c /Rd( fg

where L -
LTf:=—-V.
P19 et

So for any positive integer N,

h)l=| / F@)LY e O M dg| = | / [(LTYN f(6)]e’S @/ g
R4 Rd
< (const)h™Y,

establishing the first statement.

Turning to the second statement, suppose supp(f) contains only one criti-
cal point, ¢ of S, which is non-degenerate. We begin with a formal calculation,
and then explain how to make it rigorous. Writing ¢ — ¢ = v/ha, we obtain

S(6)/h = S(6)/h+ 507" ()or + O(Vlaf*). (15.3)

I(h) hd/2 iS (o) f ¢_’_\/ﬁa iats" (¢ )a/2 iO(Vh|al® )dOé
R4
Now we use the formula

lim e 8" (@)0/2q0, = (271)¥/2[det S (B)]71/2. (15.4)
R—o0 la|<R

We can derive this expression by analytically continuing [ e—a" 8" from
Re(a) > 0, though the integral is not absolutely convergent. Some care is
needed in choosing the right branch of the square root function. An unam-
biguous expression for the right hand side is

(27T)d/2| det S”((E)|71/2€iﬂ—.89n(5”(d§))/4
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Using f(¢ + Vha) = f(¢) + O(Vh), yields (15.2). Though this computation
shows what is going on, it is not rigorous, since the integral in the remainder
diverges.

A more careful computation is based on the Fourier transform, and pro-
ceeds as follows. First, as a replacement for (15.3), we use the fact, known
as the Morse Lemma, that there is a change of variables which makes S(¢)
quadratic near ¢. More precisely, there exists a smooth function @ : R — R¢
with @(¢) = ¢, DP(¢) = 1, and

SW@(9) = 5(6) + 36— 9)"S"(@)(6 - 9)

for ¢ in a sufficiently small ball, B.(¢), around ¢. A proof of this can be found
in [Ev], for example. By the first statement of Theorem 15.1, we can assume
that (supp f) C Bs(¢) with ¢ small enough so that @~ (Bs(¢)) C B(¢). Then

we have
1= [ @ o= [ @) de D)y
Bs(¢) 1(Bs(9))

_ (iS@)/h / ¢iv=3)"S" @) =)/ 2h) f((y))| det DB(y)|dy
1(Bs(8)

= 5@/ / e'" 8" @2/CN) £(@(¢ + z))| det DD(p + x)|da.
1(B5(0))
Now we use the Plancherel formula
/ a(@)b(z)dz = / a(€)b(—€)de
R Rd

together with the fact (see Section 23.14) that for an invertible symmetric
matrix A,

(eixTAz/(Qh))A(g) _ hd/2| detA|71/2€i7rsgn(A)/4efih£TA_15/27
to obtain

(h) ﬁd/2|det5’"( )l 1/2 Mrsgn(S”(¢)/4 1S( )/h/ e*ihgT(S”(é))71§/28(_§)d£
R4

_hd/2|detS//( )| 1/2 zﬂsgn(S’”(¢)/4 zS( )/h/ (1+O(h|€| )) ( )df,
R4
Where b( ) = f(P(¢ + x))|det DB($ + )|X|s|<s- Finally, observing that

Joa D(=6)dE = (2m)%/2b(0) = (2m)¥/? f(), we arrive at the second statement
of Theorem 15.1.

Now we would like to formally apply the method outlined above to the
infinite-dimensional integral (14.3). To this end, we simply plug the path in-
tegral expression (14.3) into the stationary phase expansion formula (15.2).
The result is
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e—iHR(y o) — / GS@/h g
Py oyt

ST My(det S”(6)) 72O/ (1 + O(Vh))
écpof s

(15.5)

where Mg is a normalization constant, and the sum is taken over all critical
points, ¢, of the action S(¢), going from z to y in time ¢. Critical points and
Hessians of functionals are discussed in the mathematical supplement, Chap-
ter 24. Note that the Hessian S”(¢) is a differential operator. The problems
of how to define and compute determinants of Hessians are discussed in the
mathematical supplement Section 23.12.

We will determine M := Mgy, assuming it is independent of ¢ and V. For

V =0, we know the kernel of the propagator explicitly (see (2.22)):
efiHot/h(er) _ (QWiht/m)fd/Zeim\zfy\2/2ht'

So in particular, e~ 0t/ (g ) = (2mifit/m)~%2. Now the right-hand side of
the expression (15.5) for e~#Ho/"(z y) is (to leading order in h)

M (det 56/(%))—1/26150(%)/’1

where the unique critical point is ¢g(s) = « + (y — «)s/t. Thus Sp(¢o) =
m|y — z|?/2t, and S} (¢o) = —md?, an operator acting on functions satisfying
Dirichlet boundary conditions.

Comparison thus gives us

M = (det(—md?))Y/?(2miht/m)~Y/?

and therefore

. — /2
—iHt/h o 27T’Lth> d/2 (det(—m@f))l iS($)/h
ey, ) = %S( a et N (D)

(15.6)

as i — 0. This is precisely the quasi-classical expression we were looking for.
We now give a “semi-rigorous” derivation of this expression. We assume
for simplicity that S has only one critical point, ¢, going from z to y in
time ¢. Let {£;}72; be an orthonormal basis of eigenfunctions of S"($) acting
on L2([0,t]) with zero boundary conditions (the eigenfunctions of such an
operator are complete — see the remark in Section 23.11). So S”(¢)¢; = p;€;
for eigenvalues p;. For the n-th order finite dimensional approximation to
the space of paths in the path integral, we take the n-dimensional space of

functions of the form

o™ =g+ aj
j=1

with a; € R. Expanding S(¢™) around ¢ gives
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S(e™) = S(¢) + <£ S"(#)6) + O(li€l*)

where

=0 —6=> a¢;.
j=1

We also have .
D™ = C,, [ daj
j=1

(C,, some constant). Now using the fact that

SN Z a;a; (i, S 7)5]’) = ZMG?
j=1

3,7=1

we have
/ eiS(¢(n))/hD¢(n) _ eis(é)/h/eiz Ma?/?h(l + O(a?)/h))cndna
¢ z—y

(as in Section 15.1, the integrals here are not absolutely convergent). Setting
bj == aj/\/ﬁ this becomes

hn/aneiS@/ﬁ/el‘Z #i/2(1 4 O(b*Vh))d"b

which is (see (15.4))
Cn2mih) 2 (det(S" (B)] 1)) 2SO 1 O(VR)
where F,, := {3_] a;&;} so that det(S”(¢)|r,) = [} p;. To avoid determining

the constants C), arising in the “measure” D¢, we compare again with the
free (V' = 0) propagator. Taking a ratio gives us

Ny, x) | Cl2nih)"(det(S"(6)|r, )2 SO

E-an = TG G et milp e (O

which reproduces (15.6).

15.2 Quasi-classical Asymptotics of Green’s Function

Definition 15.2 Green’s function Ga(z,y,z) of an operator A is (A —
2)"Y(y, ), the integral kernel of the resolvent (A — z)~1.
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For A self-adjoint,
syt L [T ning
h Jo

converges if Im(z) > 0. Taking z = E + ie (F real, € > 0 small), and letting
e — 0, we define

(A-F — iO)fl(y’ z) = % / 67iAt/h(y, I)eiEt/hdt'
0

Note that the —i0 prescription is essential only for F € oess(A), while for
E € R\oss(A), it gives the same result as the +i0 prescription. Here we are
interested in the second case, and so we drop the —i0 from the notation.

The above formula, together with our quasi-classical expression (15.6) for
the propagator e “*#t/" yields in the leading order as i — 0

(H—-E) Y(y,z) = %/ Z Kéei(s(d_&)-&-Et)/hdt
0 3 cp S

where the sum is taken over the critical paths, ¢, from z to y in time ¢, and

m >d/2 (det(—m@?))lml

Kz .=
¢ (2m'th det S”(¢)

We would like to use the stationary phase approximation again, but this time
in the variable ¢. Denote by ¢ = &(z,y, F) the critical points of the phase

S(¢) + Et. They satisfy the equation
0S(¢)/ot = —E.

The path wg := ¢|,_; is a classical path at energy E (see Lemma 15.13 of
Section 15.5). Introduce the notation So(z,y,t) := S(¢) for a classical path
going from z to y in time ¢. Then the stationary phase formula gives (in the

leading order as ii — 0)
(H = B) M (y,a) = £ > DL2e™=e/", (15.7)
wpg

where the sum is taken over classical paths going from z to y at energy FE.
Here we have used the notation D&,g = K, (2mih)Y/2(92S,/0t?)~1/?|,_f and
we have defined W, (z,y, E) := (So(z,y,t)+ Et)|;—7 (so W, is the Legendre
transform of Sy in the variable t).

Lemma 15.3

1 2 d—1 2W,. 92W,, 2, 02W,,
DwE:( 8So> et[aWanE W, W, (15.8)

omih Ot2 oxdy OE?  0zdE OydE |’
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Proof. We just sketch the proof. The first step is to establish

—md? m\ >
S w(E) o

(we drop the subscript E for ease of notation). To see this, we use the fact
that if for an operator A we denote by J4 the d x d matrix solving AJ = 0
(the Jacobi equation) with J(0) =0 and J(0) = 1, then (see (23.45))

det(—md?)  detJ_p92(t)
det(S”(w)) ~ det S5 (w) (t)

Next, we use
1 925\ !
_— " t = b
mJS @ (®) (8x8y>

(Equation (15.13) of Section 15.5), and for the free classical path ¢9 = = +

(y —)(s/1),
= (Gt) == ()

to arrive at (15.9).
We can then show that

2 92 —d
det 0485y 048y
0x0y ot? -

equals the determinant on the right hand side in equation (15.8) (see the
appendix to this section for details). O

We will show in Section 15.5 (see Lemma 15.14) that the function W,
(the action at energy E) satisfies the Hamilton-Jacobi equation

oW,
hz,——2)=FE.
(=, Ox )
Differentiating this equation with respect to y gives
Oh Wy
ok 0xzoy

and we see that the matrix (92W,,, /0xdy) has a zero-eigenvalue. Thus its
determinant is zero. So if d = 1, (15.8) yields
0PW,,,, O*°W,
D, =— = L d=1). 15.10
E 020E 0yoFE ( ) ( )
Formula (15.7), together with (15.8) or (15.10), is our desired quasi-classical
expression for Green’s function (H — E)~1(y, ).
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15.2.1 Appendix

Proposition 15.4 At ¢t =t

qot (3250 _ (=9%S0 ¢ ot [ B Woare P Wy 9*Wog W
oxdy) \ ot 0xdy OFE2 0xOE OyoE |’

Proof. We drop the subscripts from Sy and W, to simplify the notation.
Differentiating W = S + FEt|;—; with respect to x, we obtain

ow _os oso o
or  Or Ot Ox oz’
which due to the relation 05/0t = —E gives

ow _os
ox Oz’
Similarly,
dy 0Oy oE

This last equation, together with 9S/0t = —F yields

oW _ o (s)”
OFE2  0E ot2
Furthermore,
%S *W n O*wW OFE ot
oxdy  Oxdy  O0xOE Ot Oy
B 82_5 _82W 0*°W n O*W OPW
o2 Oxdy OE? = O0x0F OEJy

and the result follows. O

15.3 Bohr-Sommerfeld Semi-classical Quantization

In this section we derive a semi-classical expression for the eigenvalues (energy
levels) of the Schrédinger operator H = —%A + V. We use the Green’s
function expansion (15.7) from the last chapter. For simplicity, we will assume
d=1.

Application of the expression (15.7) requires a study of the classical paths
at fixed energy. Consider the trajectories from x to y at energy E. We can
write them (using informal notation) as

¢n = ¢:vy + na
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where « is a periodic trajectory (from y to y) of minimal period, at the energy
E, while ¢, is one of the four “primitive” paths from x to y at energy F,

sketched in Fig. 15.1.

i -
m l@/

Fig. 15.1. Primitive paths at energy E.

All these paths are treated in the same way, so we consider only one, say
the shortest one. The space time picture of ¢, in this case is sketched in
Fig. 15.2.

t

!
X y o,
Fig. 15.2. Turning points of ¢,,.

For this path we compute
Wy, = Wy +nl
where ¢ = ¢, and
I= /t L(«a, &)ds + Et.
0
But « is a critical path so its energy is conserved (see Lemma 4.3)

%(f +V(e)=F

t
I:/ {ma%EHEt://@.d:ﬂ,
0 o
where k(s) = ma(s) and dx = &(s)ds.

and so
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Let w be a classical path at energy E, and let us determine D,,. We will
show later (see (15.18) and Lemma 15.9) that

ow, 08
T = gyt = kOl = FV2m(E ~ V(2))
and oW oS
8; — a_yoh:f = k(t)|i=r = £V2m(E — V(y)).
Differentiating these relations with respect to £ and using (15.10), we obtain
D=
k(x)k(y)

At a turning point xg, k(z¢) = 0 and k changes sign (we think about k(x) as
a multi-valued function, or a function on the Riemann surface of 1/z, so at a
turning point y/k(x) crosses to a different sheet of the Riemann surface).

Because k changes sign at each of the two turning points of the periodic
trajectory, we conclude that

1/2 1/2 n
Dy/? = Dy/*(-1)".
So our semi-classical expression (15.7) for Green’s function Gg(y, ) is

Ge(y,z) = iNexp[i(W¢/h+n {%/Qk - dx 7T:| )]

n=0
1
1— ei(f(1 k-dx/h—1)

_ NeiW¢/h

(N is a constant). We conclude that as i — 0, Gg(y, ) has poles (and hence
H has eigenvalues) when

/ k-dx =2nh(j+1/2)

for an integer j. This is the Bohr-Sommerfeld semi-classical quantization con-
dition (for d = 1). It is an expression for the quantum energy levels (the
energy E appears in the left hand side through the periodic path a at energy
E), which uses purely classical data!

Problem 15.5 Show that for the harmonic oscillator potential, the Bohr-
Sommerfeld condition gives all of the energy levels exactly.

15.4 Quasi-classical Asymptotics for the Ground State
Energy

Here we derive a quasi-classical expression for the ground state energy
2
(the lowest eigenvalue) of the Schrédinger operator H = — zh—mAJr V' when
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V(z) =00 as |x| — oo (as fast as some power of |z|, say); i.e.,, V(x) is a
confining potential.

We first define a couple of quantities which are familiar from statistical
mechanics (see Chapter 17 for details and discussions).

Definition 15.6 The partition function, Z(3), at inverse temperature 8 > 0
is
Z(B) = tr e PH

(the trace is well-defined since o(H) = {E,, }5° with E,, — oo sufficiently fast).

Definition 15.7 The free energy, F, is
1
F(p) = —Bln Z(0).

The free energy is a useful quantity for us here because of the following
connection with the ground state energy of the Schrodinger operator H:

lim F(B3) = Eo.

B—o00

This is the Feynman-Kac theorem of Section 17.2.

Our goal is to find the semi-classical asymptotics for Fy by deriving an
asymptotic expression for Z(8) from a path integral.

As we have seen (Problem 14.1), the path integral expression for Z(f) is

Z(t/h) = / e 3@/ D (15.11)
¢ a path of period ~

where S (¢) = foﬁ{%wﬁ\z +V(¢)} (note that this is not the usual action - the
potential enters with the opposite sign).

Remark 15.8 The path integral appearing in (15.11) can be rigorously de-
fined. We refer the reader to [Sim3, GJ,RSII] for details.

Mimicking the procedure we used for the Schrodinger propagator (i.e., the
stationary phase method, which in the present context is called the Laplace
method), we see that the quasi-classical expression for Z(7/h) is

Z(t/h) ~ > NBLY/2e=Se(W)/h (15.12)

minimal paths w

(N a constant) where by a minimal path, we mean a path minimizing S., and

where
_ det S{ (wo)

“ det Y (w)

with Sp(¢) = fOT(m/2)|gi>|2. A critical path for S, is a classical path for the
inverted potential —V. We specialize to d = 1 for simplicity, and we assume V'
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has only one minimum, at x. Then the minimal path is w(s) = z¢ (a constant
path), and
S (w) = —md? + V" (x).

Because ¢ minimizes V, V" (z¢) > 0 and we write V" (xg) = mw?. Then using
the method (23.45) of computing ratios of determinants (see Section 23.12

below), we easily obtain
2wt

B, =

ewT _ p—wT :
Also, Se(w) = 7V (20). In this way, we arrive at the leading-order expression
F(r/h) ~ V(zo) + hw/2+ O(1/7)

as i — 0. Letting § = 7/h — oo and using the Feynman-Kac formula, we
obtain

1
Ey = V(xg) + §hw

which is the desired asymptotic (as i — 0) expression for the ground state
energy. It is equal to the classical ground state energy, V (zo), plus the ground
state of the harmonic oscillator with frequency /V"(z¢)/m. This suggests
that the low energy excitation spectrum of a particle in the potential V(z) is
the low energy spectrum of this harmonic oscillator.

15.5 Mathematical Supplement: The Action of the
Critical Path

In this section we consider the situation of Example 24.1 no. 6, and its special
case, Example 24.1 no. 5. Thus we set

X ={6€C' (0t R™) | (0) = 2, 6(t) = y},

and

Suppose ¢ is a critical path for S with ¢(0) = = and ¢(t) = y. We will
denote the action of ¢ by So(z,y,t) := S(¢) (the action from z to y in time
t).

Recall that the momentum at time s, is k(s) := (OL/8¢)(¢(s), d(s)).

Lemma 15.9 We have

0S50

% = —k’(O) and
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Proof. Again, we specialize to L = m|q5|2/2 — V(o). Using the chain rule and
integration by parts, we find

05(3)/0x = / (mé - 960z — VV(3) - 0/0x}ds
/ {(=mé— V() - 06/00} + mé- 6/0al;

which, since ¢ is a critical point, (9¢/0x)(t) = 0, and (9¢/0x)(0) = 1, is
just —ma@(0) = —k(0), as claimed. The corresponding statement for 9Sy/9y
is proved in the same way, using (9¢/0y)(0) = 0, and (9¢/dy)(t) = 1. O

This lemma implies 9k(0)/dy = —8*So(x,y,t)/dzdy. On the other hand,
for L = 39> =V (¢), 0k(0)/0y = (9y/0k(0))~" = mJ~(t) (as m(dy/0k(0))

is the derivative of the classical path ¢ at ¢ with respect to the initial velocity
k(0)/m = $(0)). This gives

82SO(‘Tv Y, t)

_ —1
AN (15.13)

which establishes the following result:

Proposition 15.10 If y is a conjugate point to = then det(%&y@) = 00.

The following exercise illustrates this result for the example of the classical
harmonic oscillator.

Problem 15.11 Consider the one-dimensional harmonic oscillator, whose
. 2
Lagrangian is L = %(;52 — %gﬁ? Compute

So(z,y,t) = [(x2 + y2) cos(wt) — 2zy]

w
2sin(wt)

and so compute
w

0 So(x,y.1)/0xdy = —

sinwt’
Note that this is infinite for ¢ = nn/w for all integers n. Thus the points
¢(nm/w) are conjugate to ¢(0).

Lemma 15.12 (Hamilton-Jacobi equation) The action So(z,y,t) satis-
fies the Hamilton-Jacobi equation

0Sp/0t = —h(y, DSy /0y) (15.14)
where h is the classical Hamiltonian function associated with L.

Proof. The integrands below depend on s (ab well as the parameters z,y, and
t), and (b denotes d¢/ds. Since Sy = fo (6, qb )ds, we have
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05(6) /01 = LG, D)oms + | 0L/~ 06/01 + OLJ2G - 06 /on)ds
= L(, $)|smt + OL/0G - 0B/ 0t|3=
+ / (OL/06 — d/ds(dL/03)) - 96/ ot.

Since ¢(s) =y + qu(t)(s — 1)+ O((s — t)?) (here we used ¢(t) = y), we have

06, -
Els:t - _d)(t)'

Using this, the fact that ¢ is a critical point of S, and d¢/dt|s—¢ = 0, we find

05(3)/0t = —((OL)99) - 6 — L(%, $))|s=
— —h(¢,OL/DY)| o=

Since ¢|,—; = y and, by Lemma 15.9, (8L/8¢L>)|S:t = 050/0y, the result
follows. OJ

We want to pass from a time-dependent to a time-independent picture of
classical motion. We perform a Legendre transform on the function So(z,y,t)
to obtain the function Wy (x,y, E) via

qu(a?, Y, E) = (SQ(.”L', Y, t) + Et)'t:BSO/atsz- (15.15)
We denote by t = #(z,y, E), solutions of
880/t ,—; = —E. (15.16)

There may be many such solutions, so in the notation Wg, we record the
classical path ¢ we are concerned with (for which ¢(0) = z, ¢(f) = y).
Note that by the definition of the Hamilton function, g—g 9o — L =

h(o, g—g), and from the energy conservation law (see Lemma 4.3 of Section

4.4) (g—i b — L) |s—p is constant, and therefore

oL .
(5 - 1)ems=E

By (15.15), Wg(x,y, E) = fOt(L((;_S(s), ¢(s)) + E)ds and therefore we have

t )
Wd;(m,y,E):/ a—I:~¢_>11l,s:/lc~clx7
0 0¢ ¢

where [; k- dz = fot k(s) - ¢(s)ds and, recall, k(s) = OL/0d| 4 ;.
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Lemma 15.13 ¢|,_; is a classical path at energy E.

Proof. By the Hamilton-Jacobi equation (15.14) and the conservation of en-
ergy (Lemma 4.3), ¢|;—7 is a classical path with energy —9Sy(x,y,t)/0t|;—z,
which, by (15.16), is just E. O

Lemma 15.14 W; satisfies the Hamilton-Jacobi equation
h(z, —0Wj/0x) = E. (15.17)
Proof. Using (15.16) and Lemma 15.9, we compute

W5 _ 95, oS of S,
L= (22 Ot _ 08,
oxr Oz ot + Bl oz o li= k(0). (15.18)

So by conservation of energy, E = h(x,k(0)) = h(x, ~0W3/0x). O

=z + (

15.6 Appendix: Connection to Geodesics

The next theorem gives a geometric reinterpretation of classical motion.
We consider a classical particle in R? with a potential V(z). Recall the
notation f(z)4 := max(f(x),0).

Theorem 15.15 (Jacobi theorem) The classical trajectory of a particle at
an energy E is a geodesic in the Riemannian metric

<uav>x = 2(E - V(x))Jru v

(where w - v is the inner product in R™) on the set {z € R*|V(z) < E} (the
classically allowed region).

Proof. By the conservation of energy (Lemma 4.3), a classical path ¢ has a
fixed energy E = m\$\2/2 + V(¢). Hence ¢ is a critical point of the action
S(p) = f(m|¢|2/2—V.(¢>))ds among paths in M := {¢ | m\.¢\2/2+V(¢5) = E}.
Using the relation m|¢|?/2 + V(¢) = E, we can write m|¢|?/2 — V(¢) as

m|g|*/2 = V() = m|¢|* = m\/2(E — V(9))/m|d].

Hence ¢ is a critical point of the functional

L(¢) = / mlé|AE — V(@) /mds

on M. This functional gives the length of the path in the metric above.

On the other hand, we can re-parameterize any path with V(¢) < E so
that it satisfies m|¢[2/2 + V(¢) = E. Indeed, replacing ¢(s) with ¢(A(s)), we
note [G(A)]2 = (A(s))2|d(A(s))|?. We must solve
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2 E-V(¢(As)))

A = 306

which we can re-write as

<s'> WIENE

—S

\/E V m

which can be solved. Since the functional L(¢) is invariant under reparame-

terizations (if X = a(s), o/ > 0, then |§(s)|ds = |$(N)| 22 22d\ = |$(\)[dN),

if ¢ is a critical point of L(¢) then so are different reparameterizations of ¢,
and in particular the one, ¢, with the energy E. This ¢ is also a critical point
of L(¢) on M, and, by the above, a critical point of S(¢) at energy E. Thus
classical paths are geodesics up to re-parameterization (so they coincide as
curves). OJ

Problem 15.16 Check that the Euler-Lagrange equation for critical points
of L(¢) on M yields Newton’s equation.
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Resonances

The notion of a resonance is a key notion in quantum physics. It refers to a
metastable state — i.e., to a state which behaves like a stationary (bound)
state for a long time interval, but which eventually breaks up. In other words,
the resonances are states of the essential spectrum (i.e. scattering states),
which for a long time behave as if they were bound states. In fact, the notion
of a bound state is an idealization: most of the states which are (taken to
be) bound states in certain models, turn out to be resonance states in a more
realistic description of the system.

In this chapter, we sketch briefly the mathematical theory of resonance
states and apply it to the analysis of the important physical phenomenon
of tunneling, on which we illustrate some of the mathematics and physics
involved. In Chapter 21, we apply the resonance theory to the problem of
radiation.

16.1 Complex Deformation and Resonances

In this section we introduce the powerful tool of complex deformations, which
allows for an efficient way to define resonances. We begin with a definition.

Definition 16.1 A family of operators, H(#), for 6 in a complex disk {|¢] <
e}, will be called a complex deformation of H if H(0) = H, H(f) is analytic
in {|0] < €}, and H(f) is an analytic continuation of the family

H(0)=U(0)"*HU(#) (16.1)

for 0 € R, where U(0), 6 € R, is a one-parameter unitary group, leaving the
domain of H invariant.

(We say that the family H(6) of unbounded operators is analytic iff all
H () have the same domain, D, for every ¢ € D, the family of vectors H(6)y
is analytic and the family (H(#) — z)~! of bounded operators is analytic, as
long as the spectrum of H(f) stays away from z.)
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For Schrédinger operators, H := —%A + V (), acting on L?(R?), the choice
of the family H(6) depends on analytic properties of the potentials V(z). The
simplest and most important choice is provided by the notion of dilatation
analyticity. Let U(0) be the one-parameter group of dilatations:

U(0) : () — P2 x)

for 1) € L?(R?). This is a unitary implementation of the rescaling = +— e’z for
6 € R and is the key example of a one-parameter unitary group U () used for
complex deformation. We compute

U@B)"'HU ) = 6_29(—%A) +V(ez). (16.2)

Assume the family & — V(ez) has an analytic continuation into a complex
disk {|f] < €} as operators from the Sobolev space H2(R?) to L?(R¢) (the
corresponding potentials are called dilatation analytic). Then the family on the
r.h.s. of (16.2) is analytic in {|f] < €} and therefore is a complex deformation,
H(#), of H.

As an example of the above procedure we consider the complex deforma-

tion of the hydrogen atom Hamiltonian Hyyqg, := f%A — %:
h? «a
H, =e W(——A)—e?—.
hydr6 ( 5o ) z]
Let ™" be the eigenvalues of the hydrogen atom. Then the spectrum of this

J
deformation is

U(thdre) - {E?ydr} U 672Im6[0, OO)
In general, one can show that:
1) The real eigenvalues of Hy, Imé# > 0, coincide with eigenvalues of H
and complex eigenvalues of Hy, Imé > 0, lie in the complex half-plane C~;
2) The complex eigenvalues of Hy, Imé > 0, are locally independent of 6.

The typical spectrum of Hy, Imf > 0, is shown in Fig. 16.1
Spec H

e N —

Spec Hy
e’>4 S S

Fig. 16.1. Typical spectrum of Hy.

We call complex eigenvalues of Hy, with Imf > 0, the resonances of H.
Often resonances arise as a result of perturbation of eigenvalues embedded

into the essential (continuous) spectrum; that is, when the operator H is of

the form H = Hy+ W, where Hy is a self-adjoint operator with an eigenvalue
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Ao embedded in its essential spectrum, W is a symmetric operator and « is a
small real parameter (coupling constant). This happens, for example, for an
atom in a constant electric field (the Stark effect).

Another example is the problem of time-periodic perturbations, we con-
sidered in Section 11.3. There the isolated eigenvalues FE,, of the unperturbed
operator Hy lead to the eigenvalues, E,,,, of the unperturbed Bloch-Floquet
Hamiltonian Ky embedded into the essential spectrum of Ky. The computa-
tions of Section 11.3 suggest that they turn into resonance eigenvalues, Eymp,
of the perturbed operator, K. (In Section 11.3 we considered only the case
of n = 0.) This can be proved rigorously by using the complex deformation
theory above, which allows also to derive the expansions (11.24) and (11.27).
We explain this briefly. Apply the complex deformation with the dilatation
group to the Bloch-Floquet Hamiltonian K, to obtain, as in (16.2),

UB) 'K U(0) := Hyp(t) — zh% on L*R" x St).
Here, for € R, H,.p := Hop+£Wy(t), Hop = —6*29%A+V(eeaz), Wy(t) =
W (e?z,t). If the potentials V(z) and W(z,t) are dilatation analytic in the
sense of the definition above, then the family on the r.h.s. which we denote
K, can be continued analytically into a neighbourhood {|0| < €}. Again, the
spectrum of Kyg can be easily computed:

00
Uess(KOS) = U hwn+€_21ma[0,00)

n—=—oo

plus the collection of the eigenvalues E,,,, = E,, + wn, n € Z, m =0,1,...,
where, recall, w = 27 /T, T is the time-period of W, and E,, are the eigenval-
ues of Hy. Now, barring an accidental degeneracy (i.e. E,,, = fiwn’ for some
m,n,n'), the eigenvalues E,,,, = E,, + hwn are isolated and have finite multi-
plicity. The application of the Feshbach-Schur map becomes a standard affair
and gives, for k sufficiently small, the eigenvalues, Ey,,, of K,y emerging from
E,.... (Here we assumed for simplicity that the eigenvalues E,, are of multi-
plicity one.) These eigenvalues are, in general, complex, and, as we saw above,
are independent of # and in general have negative imaginary parts, Im F, ;.
They can be computed by the perturbation expansion (11.16) - (11.17) to give
(11.24) and (11.27).

Resonances as poles. We know from Section 23.9 of the mathematical
supplement that the resolvent (H — 2)~! of the Hamiltonian H is analytic
away from its spectrum. One can show that H has an isolated eigenvalue at
a point 2o iff matrix elements of the resolvent (H — z)~! has a pole at zo.
Similar to eigenvalues, we would like to characterize the resonances in terms
of poles of matrix elements of the resolvent (H — z)~!. To this end we have
to go beyond the spectral analysis of H. Let ¥y = Uy¥, etc., for 6 € R and
z € CT. Use the unitarity of Uy for real 6, to obtain
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(W, (H—2)7'®) = (W, (Hg — 2) " '®yp). (16.3)

Assume now that for a dense set of ¥’s and @’s (say, D, defined below), ¥y and
@y have analytic continuations into a complex neighbourhood of 8 = 0, and
continue the r.h.s of (16.3) analytically, first in € into the upper half-plane,
and then in z across the continuous spectrum (the Combes argument). This
meromorphic continuation has the following properties:

e The real eigenvalues of Hy give real poles of the r.h.s. of (16.3) and there-
fore they are the eigenvalues of H.

e The complex eigenvalues of Hy are poles of the meromorphic continuation
of the Lh.s. of (16.3) across the spectrum of H onto the second Riemann
sheet.

The complex poles manifest themselves physically as bumps in the scattering
cross-section or poles in the scattering matrix.
An example of the dense set D mentioned above is given by

D= UO Ran (X|7|<a)- (16.4)

Here T is the self-adjoint generator of the one-parameter group Uy, 0 € R.
(It is not hard to show that it is dense: Vi) € H, X|7|<¥ — %, as a — oc.)

Resonance states as metastable states. While bound states are sta-
tionary solutions of the Schrodinger equation, one expects that resonance
eigenvalues lead to almost stationary, long-living solutions. This is proven,
so far, only for resonances arising from a perturbation of bound states with
eigenvalues embedded into the essential (continuous) spectrum. In this case,
for initial condition g localized in a small energy interval around the unper-
turbed eigenvalue, \., or a small perturbation of the corresponding eigenfunc-
tion ¢, one shows that the solutions, ¥ = e~/ of the time-dependent
Schrodinger equation, ihdy) = Hap, are of the form

7,[} = eiiz*t/h¢* + Oloc(tia) + Ores(’{ﬁ)y (165)

for some z, € C™, z. = A + O(k), and a > 0 (depending on ). These are
metastable states with resonance eigenvalue z, € C~. Here k is the perturba-
tion parameter (the coupling constant) and the error term Ojoc (¢~ %) satisfies,
for some v > 0,

[(1 4 [2]) 7 Oroc (t™)| < Ot
Eqn (16.5) implies that the negative of the imaginary part of the resonance

eigenvalue, —Imz,, called the resonance width, gives the decay probability per
unit time, and (—Imz,) ™!, can be interpreted as the life-time of the resonance.
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16.2 Tunneling and Resonances

Consider a particle in a potential V(z), of the form shown in Fig. 16.2; i.e.,
V(z) has a local minimum at some point xg, and V(zg) > limsup,_, . V(x),
for z in some cone, say.

If V(z) — —o0 as * — oo (in some cone of directions), then the corre-
sponding Schrodinger operator, H, is not bounded from below.

ot 48 | Voo

l escape to oo

/ l

tunnels under barrier

Fig. 16.2. Unstable potential.

If the barrier is very thick, then a particle initially located in the well
spends lots of time there, and behaves as if it were a bound state. However,
it eventually tunnels through the barrier (quantum tunneling) and escapes to
infinity. Thus the state of the particle is a scattering state. It is intuitively
reasonable that

1. the energy of the resonance ~ the energy of a bound state in the well
2. the resonance lifetime is determined by the barrier thickness and height,
and A.

Since the resonances are very close to bound states if the barrier is large or
I is small (there is no tunneling in classical mechanics), we try to mimic our
quasi-classical treatment of the ground state (Section 15.4). But right away
we run into a problem: if V(z) + oo as  — oo in some directions, then

Z(B) = Tre "M = oo,

The paradigm for this problem is the divergence of the integral

Z(/\):/ e 2 qq
0

for A < 0. However, we can define this integral by an analytic continuation.
Z(X) is well-defined for Re(\) > 0, and it can be continued analytically into
A € R™ as follows. Move A from Re(\) > 0 into Re(\) < 0, at the same time
deforming the contour of integration in such a way that Re(Aa?) > 0 (see
Fig. 16.3).
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A
e
f\/ _—
e

Fig. 16.3. Contour deformation.

Of course, in this particular case we know the result:

for A < 0 (which is purely imaginary!).

There is a powerful method of rotating the contour which is applicable
much beyond the simple integral we consider. It goes as follows. For 6 € R,
we change variables via a = e~?b. This gives

Z0\) = e / =TV 2 (16.6)
0

The integral here is convergent and analytic in 6 as long as
Re(Xe %) > 0. (16.7)

We continue it analytically in # and A, preserving this condition. In particular,
for A € R™, we should have 7/4 < Im(0) < 37 /4.

Now observe that the right hand side of (16.6) is independent of 6. Indeed,
it is analytic in 6 as long as (16.7) holds, and is independent of Re(6) since the
latter can be changed without changing the integral, by changing the variable
of integration (b — e~?b, ¢ € R). Thus we have constructed an analytic
continuation of Z(\) with Re(A) > 0 into a region with Re(\) < 0. In fact,
we have continued this function onto the second Riemann sheet!

Finally, we define Z(\), for A < 0, by (16.6) with 6 obeying (16.7).

16.3 The Free Resonance Energy

With a bit of wisdom gained, we return to the problem of defining the partition
function Z(5) and free energy F(/3) (see Definitions 15.6) in the case when
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V(x) 4 00, as ¢ — 00, in some directions (or more precisely, sup, o, V(z) <
oo for some cone I).
Assume that we can construct a complex deformation, H(6), of H, such
that
Z(8) = Tre PHO) < o (16.8)
for Im(6) > 0, or more generally for |0] < e, Im(f) > 0. ( Let, for example,
V(z) = —Cx3 for x > 0 and = 0 for x < 0. Then V(e?z) = —Ce??2? for
x>0 and = 0 for x < 0. Take § = —in/3. Then V(e?x) = C? is positive
for # > 0. In fact, it is not a simple matter to define the exponential e=#H(?)
rigorously — see [SV]. Below we will deal formally with e (%) assuming it
has all the properties which can be derived from the power series expression
for the exponential.)

Proposition 16.2 If Tre #7() < oo for 6 € 2 € {|0] < ¢}, then Tre=?#1(%)
is independent of 6.

Proof. e #H(9) ig analytic in {|0] < ¢}, and satisfies
e PHO+s) — U(s)_le_BH(‘g)U(s)

for s € R. This last relation can be derived using the expression H(0 + s) =

U(s)"*H(0)U(s) (which follows from (16.1)) and a power series expansion of

the exponential (or Equation (23.34)). By cyclicity of the trace (Tr(AB) =
Tre BHO+s) — Type—BH(O)

Hence Tre ## () is independent of Re(#), and so is independent of 6. O

If there is a complex deformation, H (), of H, such that (16.8) holds,
we call Z(B) = tre PH) an adiabatic partition function for H, and F(f) =
—(1/8)In Z(B) the resonance free energy for H. We interpret

E(B) := Re F(B)
as the resonance energy at the temperature 1/,
I'(B):=—-ImF(p)

as the resonance decay probability per unit time (or resonance width) at the
temperature 1/, and

as the resonance lifetime at the temperature 1/3. The resonance eigenvalue
for zero temperature is given by

zr = E. — il := gh_{{.lo F(p).
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Usually, | Im Z(5)| << |Re Z(5)|. Hence,
B() = Re F(9) ~ 3 In(Re Z(3)

and

[(8) = — Tm F(8) = ~ TmIn(1 + 222(0)) o L Im Z(0)

5 ReZ(3)' ~ AReZ(B)
In fact, one can show that for LE <t < I'"!, where AFE is the average gap
between eigenvalues of H(f) (#5 gives a time scale for H),

e HtMapy = et Papy 4 small

if 1o lies near E, in the spectral decomposition of H (see [SV,FP]). Note that

e—izrt/h — o=Int/h,—iBt/h
exhibits exponential decay at the (slow) rate I'.. This is consistent with our
picture of a resonance as a metastable state.

Remark 16.3 The example given after Definition 16.1 does not lead to a
unique self-adjoint Schrédinger operator H = —%A + V(z). Presumably,
F(B) is independent of the self-adjoint extension chosen. For a large class
of self-adjoint Schrodinger operators, Condition (16.8) does not hold, and the
trace has to be regularized (see [SV]). In such a case, the potential can be mod-
ified at infinity in such a way that for the modified potential, Condition (16.8)
holds. We expect that such a modification can be chosen so that it leads to a
sufficiently small error in the tunneling probabilities. In any case, the results
we discuss below (which are obtained by applying another non-rigorous tech-
nique — path integrals) coincide with those given by more involved rigorous
analysis, wherever the latter is possible.

16.4 Instantons

To compute Z(3) for the potential sketched in Fig. 16.2, we proceed as in
the ground state problem; we represent Z () formally as a path integral, and
then derive the formal quasiclassical expansion (see (15.12)):

Z(r/h) =Y NBL?e 5)/h

(as usual, we ignore the factor (1 + O(v/A))). The sum is taken over criti-
cal points w of the “action” S.(¢), of period 7. N is a normalization factor
independent of w and H, and

~det S{(wo)

Bo = det S” (w)
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where the operators S”(w) and S{(wp) are defined on L?([0,7]) with zero
boundary conditions. Now w is a periodic classical path in imaginary time (or
in the inverted potential —V'(z)), with period 7, which we take large (see
Fig. 16.4).

V()

"bounce”
static

\
\+/a¥\x

Fig. 16.4. Paths in inverted potential.

Two periodic solutions of arbitrarily large period are
ws(s) =0
(the subscript “s” for “static”) and
wp(s):0—a—0

(“b” for “bounce”). The solution wy is called an instanton or “bounce”. Since
w, i1s a minimum of V., V" (w,) > 0, and so

S (ws) = =07 + 22
where 22 = V"(0). We computed earlier
0T 207

— ~

B, = ~
°  sinh(£271) €27

for 7 large. Moreover, S.(ws) = 0. We will show later (Section 16.6) that

et 57 ()}
BY? — _jrg /2 [ 522 Pe W1 16.
wp ZTSb det S(/)I(UJO) ( 6 9)

where

Sy = Se(wb):/ k-dx

Wy

is the action of the “bounce”, and
det ~A := det(A| Nyl 4y ) (16.10)

is the determinant of A restricted to the orthogonal complement of the null
space, NullA, of A. Collecting these results, we have (for large 7)
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h h$2

and

1 an —-1/2
I~ 7EImZ %th—l/Q ‘dEt Se (wb)| e~ S/l
det S” (ws)

So the probability of decay of the state inside the well, per unit time, is
I' = (const)e /"

where S, = Sc(wp) is the action of the instanton (which equals the length
of the minimal geodesic in the Agmon metric ds* = (V(z) — E)4dxz?). This
explains the sensitivity of the lifetimes of unstable nuclei to small variations
of the parameters (for example, isotopes with different masses can have very
different lifetimes).

Finally, we note that

6_(27'

20°

det 87 (ws) =~

16.5 Positive Temperatures

Here we consider quantum tunneling at positive temperatures (T = =1 > 0).
We use the same approach as above, but let the parameter 5 be any positive
number. Now we have to consider all three critical paths of period 7 = hf3
(see Fig. 16.5): w1 = Wy = Tumin, w2, and w3 = Tymaz, Where wo is a classical
periodic trajectory in the potential —V (x) of period 7 = hAg.

V(x) ®
0) N 3
® 4

\

Fig. 16.5. Paths of period 7.

é\x

Since V" (Zmin) > 0, w1 is a minimal trajectory. As we will see, wo is a
saddle point of Morse index 1 (see Section 24.4). Finally, V" (240 ) < 0, and
S0 ws is also a saddle point. For k£ =1, 3,

Se(wr) = V(wg)T
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and for k = 2, 3,
Se(wl) < Se(wk).
The quasi-classical expression for the decay probability works out to be

1

T Dy,

I=-— (Im By, e~ 5@2/" 4 Tm B, e~ 5@s)/h),

Through which trajectory, wy or ws, does the tunneling take place? ws
corresponds to a thermally driven escape (due to thermal fluctuations), and
wo corresponds to a quantum tunneling escape. If 7 is very small (large tem-
perature), the transition occurs through ws, as only ws can have arbitrarily
small period. On the other hand, if 7 is very large (small temperature), wo
sits close to the bottom of the well, and one can show that Se(w2) < Se(ws3).
In this case, the transition occurs through ws.

There is a critical value of 7, 7. &~ 27/ Qe where 22, = —V"(Zimaz),
at which a transition occurs; the transition is between the situations in which
decay is due to tunneling, and in which it is due to thermal fluctuations. (Note
that for 7 < 7., the decay rate differs from I" by the factor £zes (see [Af])).
This transition can take place either continuously or discontinuously, depend-
ing on whether the energy of the periodic classical trajectory in the inverted
potential —V'(z) depends on its period continuously or discontinuously. In
the first case, as temperature decreases below 1/7, (i.e. 7 increases above 7.)
the tunneling trajectory bifurcates from ws and slips down the barrier (see
Fig. 16.6). For 7 < 7. tunneling takes place through ws.

jump for
T< T,

Fig. 16.6. Continuous transition.

In the second case (see Fig. 16.7), there are no closed trajectories with
period > 7., so the transition is discontinuous: decay jumps from w3 to a
trajectory at the bottom of the barrier.

Jjump
for
T< OO

no trajectorie s

for
T>T,

Fig. 16.7. Discontinuous transition.
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Thus for intermediate temperatures, the nature of decay depends radically on
the geometry of the barrier.

The results above support the following physical picture of the tunnel-
ing process. With the Boltzmann probability (const)e*E/ T the particle is at
an energy level E. The probability of tunneling from an energy level E is
(const)e*SE/h where Sg is the action of the minimal path at energy E. The
probability of this process is (const)e™/T=52/" Thus the total probability
of tunneling is

(const)/e_E/T_SE/h ~ (const)e_EO/T—SEo/ﬁ

where Ej solves the stationary point equation

8(E+SE)_1 10Sg
OE R’ T hOE
Here —0Sg/0F is the period of the trajectory under the barrier at the energy
level —FE, and Sg, + hEy/T is the action of a particle (in imaginary time) at
energy FEy corresponding to the period /T = 7.

=0.

16.6 Pre-exponential Factor for the Bounce

The bounce solution, wy, presents some subtleties. Since wy, breaks the trans-
lational symmetry of S (¢), Wy is a zero-mode of S (wy):

Sél (wb)w'b =0.

To establish this fact, simply differentiate the equation 9Se(wp) = 0 with
respect to s and use the fact that S = 925, (see Section 24.3).
As a result, we have two problems:

1. S”(wp) has a zero eigenvalue, so formally
[det S” (wp)] Y% = (const)/e_<5’S;/(“’b)5>/2hD§ =00 (16.11)

2. Wy has one zero (see Fig. 16.8), and so the Sturm-Liouville theory (from
the study of ordinary differential equations) tells us that, in fact, S7(wp)
has exactly one negative eigenvalue.

o

Fig. 16.8.
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This gives a second reason for the integral (16.11) to diverge.

To illustrate these divergences, we change variables. Let {&;} be an or-
thonormal basis of eigenfunctions of S (wy) with eigenvalues Ay, in increasing
order. For ¢ near wy, write ¢ = wp + £ with

=Y ardy.
k=0

Then -
Se(¢) ~ Se(wb) + Z)\kai.
0

But Ay < 0 and A\; = 0, hence we have two divergent integrals:

o0 2
/ e_’\-fai/%daj =0

—0o0

for j = 0,1. We already know that we can define the first integral by an
analytic continuation to be

00 —-1/2
/ e_’\O“g/thao = o =—i
o wh

The second integral, correctly treated, is shown to contribute (see the following
section)

—1/2

S, V22 (16.12)

where S}, is the action of the “bounce”, S, (wp). Hence
/ eSO/ o B oS/
near wg
where

L oan —1/2
Bl/2 _ —iTS71/2 ‘ det Se ((Ub)|
w b det S§ (wo)

(this is (16.9)) and det™ is defined in (16.10).

16.7 Contribution of the Zero-mode

The virial theorem of classical mechanics gives

Sb = Se(wb) = /Cﬁbg.
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Define the normalized zero eigenfunction

61 = Sgl/wa.
Then
(wp + c181)(s) = ws(s) + cle_l/Qw'b(s) ~ wy(s + 01517—1/2)-
Hence
o~ wp(s+ cle_l/Q) + Z cnén
n#l

and therefore

[ den =5, %ds I den.

n n#l

Integrating in s from 0 to ¢ gives (16.12).

16.8 Bohr-Sommerfeld Quantization for Resonances

The goal of this section is to derive a semi-classical formula for the resonance
eigenvalues of a Schrédinger operator with a tunneling potential. We proceed
by analogy with the treatment of a confining potential in Section 15.3 which
led to the Bohr-Sommerfeld quantization rule.

As in the rest of this chapter, we consider a tunneling potential of the form
sketched in Fig. 16.9.

Vx) [0, (real)
% E

b, (complex)

classically forbidden

Fig. 16.9. Resonance potential.

The path-integral expression for Green’s function of H is, as in Sec-
tion 15.2,

- o0
Gu(E,y,z) = 1/ / e S@OTED/RD bt (16.13)
hiJo Jp,,.
We seek critical points (because, as always, we wish to apply the method of

stationary phase) which are closed trajectories (x = y) at the fixed energy E.
The trajectories in phase space are shown in Fig. 16.10.
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V

(e
NSEAS

Fig. 16.10. Phase portrait.

At energy E, phase space is partitioned into classically allowed, and clas-
sically forbidden regions. Classical trajectories at energy FE are shown in
Fig. 16.11.

p| classically allowed

rl

\ X
%aslically forbidden

Fig. 16.11. Phase portrait at fixed energy.

If we complexify the phase space
RxR—CxC

then the phase space at a fixed energy E becomes connected as shown in
Fig. 16.12.

ﬁ‘mﬂx

Im(p)

Fig. 16.12. Complexified phase space at fixed energy.

Thus, in addition to real paths, ¢(s), we consider complex paths of the
form a(o) = ¢(—io). Setting t = —iT, the action for such a path is

S(av=ir) = [ (B - V) ido = A7),

0

where
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Awr) = [ 54V,

and so

0S(a,—it)  0A(Y,T)
or s

0a5 = i0ypA,  and
Thus the phase in (16.13) is
S(a, —iT) + E(—it) = i(A(,7) — ET).
Now, the real critical point (¢1(s),t) satisfies

_ 8S<¢17t) _
958 = 0, 5 = .

so ¢1 has period ¢, and mg¢; = —VV(¢1) (asin Fig. 16.9). This has a phase
= S(¢1,t) — Etlosjor=—rp-
The complex critical point (¢2(0) = 1o(—io),iT) satisfies
8435(04, —iT) = i&/,A(w, T) =

and

05 (¢2, —iT) 8A(w2, T)
or or

$0 1 has period 7, and ma, = VV (12) (asin Fig. 16.9). Hence the phase

is

=iE,

Wy = i(A(¢2, 7’) - ET)l aA(gQ,T):E
We can characterize a general closed critical orbit by the list
(1a mi, 1a ma, 17 ms,.. ')7

meaning the real closed critical point is traversed once, the complex closed
critical point is traversed mj times, the real critical point is followed again,
then the complex critical point ms times, etc. (we follow the real critical point
several times in succession if some of the m; are zero). Applying the stationary
phase method, we obtain the following contribution to the path integral (up
to a constant, in the leading order as h — 0):

Z Z z(1+n Wi /h—(mi+-+m,)Wa/h :eiwl/h Z (eiwl/h i eng/h>n

n=0miy..mp n>0 m=0
[eS) 1 n
:eiwl/h § eiwl/h
1—eWa/h
n=0
_ iWi/h 1
1_ elwl/h — —WQ/h

eiwl/h( _ €7W2/ﬁ)

T 1 _ ¢Wi/h _ g-Wa/h'
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We want to identify values of E for which Green’s function has a singu-
larity, with resonance eigenvalues. Writing the lowest resonance eigenvalue as
Ey — iAE and expanding e?V1(E)/" to first order around Ey, and e~ W2(E)/h
to zeroth order, gives the equation

eWiEo)/h _ 1 or Wi (Eo) =27hn, n=0,%1,...

for Fy (i.e. Ey is the ground state energy, as before), and the expression

(OB T s
AE—h( 2E e

for AE. The last two equations represent the Bohr-Sommerfeld quantization
for resonances.
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Quantum Statistics

In this chapter we address the issue of the information reduction in quantum
mechanics. Namely, we would like to find out how to describe a subsystem of a
larger system in terms of its own degrees of freedom. This leads us to the notion
of an open system, whose states are described by positive, trace class operators
on the L? state space (density operators). This replaces the wave functions,
i.e. square integrable functions of the particle coordinates — elements of the
L?— space, of quantum mechanics. This topic is closely related to quantum
statistical mechanics. The notions of trace and trace class operators, which
are extensively used in this section, are defined in Mathematical Supplement,
Section 23.11.

17.1 Information Reduction

Assume we are interested in measuring only properties of a subsystem of a
given system, e.g. averages for its various observables. Let x and y be the
coordinates of the subsystem of interest, and of the rest of the total system,
which we call an environment. Assume the total system is described by a
wave function, say v (z,y). The question we would like to understand is: is
there a subsystem wave function ¢(x), such that measuring the average of
any observable A = A, associated with the subsystem in p(z) gives the same
result as measuring it in ¢ (z,y); i.e. is, for any A = A,

(¢, AY) = (p, Ap) 7

Here the inner products on the Lh.s. and r.h.s. are in the spaces L?(dx,dy)
and L?(dr). The answer is that this holds if and only if the subsystem and
environment are not correlated: ¥ (z,y) = ¢(x)n(y) for some n. If we take, for
examrzleﬁ Y(z,y) = onpr(@)m (y) + aopz(x)n2(y), then (i, Av) # (p, Ap) for
any ().
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So what does it take to describe a state of the subsystem in this case
without referring to the environment? We postpone answering this question
and consider another physical situation.

Consider a physical system described by a quantum Hamiltonian H acting
on a Hilbert space H (say, H = —%A + V(x) on L*(R?)). Let {1} be an
orthonormal basis in H. Then any state v» € H can be expanded as @) =
Y- ajy;. Given an arbitrary observable A (say, position or a characteristic
function of position), its average in the state v is given by

<A>’¢' = <¢7Aw> = Zaman<wmaA¢n> . (171)

m,n

Now suppose that we know only that for each n the system is in the state
1, with a probability p,. We thus have much less information than before.
Now the average, (A), of an observable A is given by the expression

(A) = pnlthn, Athy) - (17.2)

This corresponds to the situation when the parameters a, in (17.1) are in-
dependent random variables with zero mean and variance E(|a,|?) = py.
Observe that (17.2) can be written as

(A)y = Tr(Ap) , (17.3)

where p =" pnPy,. Here Py stands for the rank-one orthogonal projection
onto the vector ¥, i. e. Pyf = (¥, f)1b, or Py = [¢)(¢| in Dirac’s notation
(see Sections 23.7 and 23.11 for the definition and discussion of projections
and trace).

Problem 17.1 Show that Tr(AP,) = (¢, AY).

Note that p is a trace class, positive (since p, > 0 and Py, > 0) operator,
with trace 1: Trp = > p, = 1. We extrapolate from this the assumption
that generalized states are given by positive, trace class operators p on H,
normalized so that Trp = 1. Such operators are called density matrices or
density operators.

If the vectors ¥, in the expression p = Y p, Py, evolve according to the
Schrédinger equation, ih%—f = H1, then the equation governing the state p
is:

1

z% = ﬁ[H’ . (17.4)

One takes this equation to be the basic dynamical equation of quantum sta-

tistical mechanics, or quantum statistics. We call it the Landau-von Neumann
equation, or the quantum Liouville equation.

Problem 17.2 Derive equation (17.4) for p = Y p, Py, with ¢, as above.
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If +); are bound states of H (i.e. Hy; = A\;), then p = 3. p; Py,, for any
pi > 0, p; = 1, is a static solutions of the equation i%’ = %[H7 p]. (Show
this.)

An important example of density matrices are rank-one orthogonal pro-
jections p = Py. Indeed, we have

Py >0 and TrPy, = [v|*> = 1.
Problem 17.3 Show these relations.

There is one-to-one correspondence between rays of normalized L?—func-
tions and rank-one orthogonal projections: {e’*1)} — P, and any rank-one
orthogonal projection P can be written as Py for any normalized function
1 € RanP. Wave functions, 1, or rank-one projections, Py, are called pure
states. Density operators, p, such p # P, for any v, are called mized states.
Thus p1 Py, + p2Py, is a mixed state.

Now we return to the question, we started this section with: How to de-
scribe a state of the subsystem without referring to the environment. The
answer is to do this in terms of the density operators. Namely, with any total
wave function, ¢ (x,y), we associate the density operator, p = py, for our
subsystem, so that

<1/Ja A¢> = Trsyst (AP) (175)

for any subsystem observable A. Here Trgy; is trace of the subsystem degrees
of freedom. Indeed, the operator p is defined by its integral kernel

ple,a') = / PE b y)dy. (17.6)

Problem 17.4 Check that (17.5) holds for any operator A acting on the
variable z, provided p is given by (17.6).

Now, as was mentioned above, the wave function, 1, of the total system can
be associated with a density operator acting on the total system coordinates,
namely the rank-one projection R := Py, so that, as an exercise above shows,

(v, Ay) = Tr(APy) (17.7)

for any operator (observable) A. With this, if A is a system observable, i.e.,
an operator which acts only on the variables z, then (17.5) can be rewritten
as

Tr(APy) = Treyst (Ap). (17.8)

Now, assume the total system is described by a density operator R and
assume that again we do observations only on the system. Is there a den-
sity operator for the system which gives the results of these observations?
The answer to this question is positive: the state of the system described
by the reduced density matrix p = Trepvir R, obtained from R by tracing
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out the variables of the environment, gives the same observational values of
systems observables as R.

To define the partial trace Trepnyiy R, we specify state Hilbert spaces Hy =
L?(dz) and ‘H. = L?(dy) of the system and environment. Here x and y the
variables of the system and environment, respectively. Then the state space of
the total system (small system plus environment) is Hyotar = L?(dzdy). Then
the partial trace, Trenvir, of R over the environment variables is defined by

<¢7 Trenvir RQ/)> = Z<¢le R,l/)X’L>) (179)

K2

for any ¢,1 € L?(dz) and for any orthonormal basis {x;} in L*(dy). Here
(Ux)(@,y) = (@)X (y).

Problem 17.5 Show that the r.h.s. of (17.9) is independent of the choice of
the orthonormal basis {x;}.

One can also define the partial trace in terms of the integral kernels
R(z,y,2',y’) and p(z,2’) of R and p as

plz,2') == /R(x,y,x’,y)dy. (17.10)

This is nothing but a generalization of (17.6). Thus, the operator p in (17.5)
is given by p = Trepnvir Py-

Problem 17.6 Check that the definitions of partial trace given by (17.10)
and (17.9) are equivalent.

The definition above implies that for any system observable A we have
Tr(AR) = Treyst (Ap), p = Trenvic R. (17.11)

To prove this we write the inner product in L?(dzdy) as () = ({-)en)syst, i-€.
first as the inner product in L?(dz) and then in L?(dy). Let {¢;} and {x;} be
orthonormal bases in L?(dz) and L?(dy), respectively. Then {¢;y,} defines
an orthonormal basis in L?(dzdy) and we have

Tr(AR) =Y (dixs ARVix;) = Y ((A"¢i)x;, Rbix;)

ij ij
= Z<A* (251‘, Z<Xj’ RXj>enwi>syst
@ J

= Z<A* ¢i, (Trenvir R)¢i>syst

7

= Z<¢za Ap¢i>syst = Trsyst (AP)

(3
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The operator p = Treyvir R, acting on the system state space, is called the
reduced density operator. It has the following properties:

1) p acts on the state space of the system;

2) p is positive if R is positive;

3) Trgyst p = Tr R.

Thus p is a density operator of the system. It is analogous to the conditional
expectation in the probability theory.

Now, we demonstrate another way to show (17.5). If A is a system ob-
servable, i.e., an operator which acts only on the variables z, then taking the
trace first with respect to the environment variables, and then over the system
variables (see Mathematical Supplement, Section 23.11) one obtains

TI‘(APw ) = Trsyst Trenvir (A-Pw )
= Trsyst I:ATrenvir(P¢>:| .

With the notation p := Trenvir(Py), this gives (17.5).

Remark 17.7 In tensor product notation we write ¢ ® x, and A ® I for
¥(x)x(y) and an observable A acting only on x, respectively.

We summarize our conclusions. In the situation when we are interested
only in a subsystem of a given system, or when only partial information about
a quantum system is available — namely, we know only that the system occu-
pies certain states with certain probabilities — we can describe states of such
a system by positive trace-class operators p > 0 (normalized by Trp = 1),
called density operators or density matrices, with the equation of motion
given by (17.4), and averages of observables computed according to the pre-
scription (17.3). The totality of quantum systems to which coupling of a given
system cannot be neglected is called the environment, while a given system,
whose interaction with the environment cannot be neglected but which is
described in terms of its own degrees of freedom, is called an open system.

However, every system, unless it is the entire universe, can be considered
as a subsystem of a larger system. Hence, in reality no quantum system is
isolated. It is coupled to nearby quantum systems and so is an open system.

17.2 Stationary States

Stationary, i.e. time-independent, solutions of equation (17.4) are given by
various functions, f(H) (defined, say, by the formula (2.20)), of the quantum
Hamiltonian H. Indeed, such operators, if well-defined, commute with H.
However, they represent density matrices (up to normalization) only if they are
positive and trace-class. The latter holds if and only if the functions f(\) are
supported on the discrete spectrum of H and, if the latter extends to infinity,
decay sufficiently fast at infinity. As an example consider an operator H whose
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spectrum consists of isolated eigenvalues (of finite multiplicity) converging to
oc. (For example, H is a Schrédinger operator with the potential |z|%.) Then
an operator f(H) is trace class for any function f vanishing at oo sufficiently
fast (see Section 23.11). Thus, for any such positive function, f(H) is a density
matrix (up to normalization).

To summarize, if the operator H has purely discrete spectrum, then
Eqn (17.4) has an infinite-dimensional space of time-independent solutions —
stationary states — which are density operators. These operators are of the
form f(H), where f is a positive function, decaying sufficiently fast at infinity.

However, the states above are not seen in nature if the number of particles
is very large. What is seen in this case, are the states of thermal equilib-
rium — the (thermal) equilibrium states. The latter can be isolated as follows.
Assume we have only one conserved quantity — the energy. Then, following
the second law of thermodynamics, we can characterize the equilibrium states
in a finite volume as states p which maximize the von Neumann entropy,
S(p) == —Tr(plnp), given the internal energy E(p) := Tr(Hp):

p maximizes S(p), provided E(p) is fixed (E(p) = E, say) . (17.12)

The criterion above is called the principle of mazimum entropy. This principle
can be extended in an appropriate form to infinite systems.

Variational problem (17.12) can be easily solved (see Mathematical Sup-
plements, Chapter 24) to give the following one-parameter family of positive
operators

pr = e_H/T/Z(T) , where Z(T) := Tre /T

as equilibrium states (for a definition of the operator e=/T, see Section 2.3).

These states are called the Gibbs states and T', which is the inverse of the La-
grange multiplier, is called the temperature. The quantity Z(T) = Tre= /T (or
Z(B) = Tre P for 3 = 1/T) is called the partition function ( at temperature
T, of the system described by the Hamiltonian H).

It is conjectured that in the absence of conserved quantities other than the
energy, all equilibrium states of infinite systems of infinite degrees of freedom
can be obtained as (weak) limits of Gibbs states.

The Lagrange multiplier theorem of variational calculus (see Section 24.5)
implies that an equilibrium state minimizes the Helmholtz free energy

Fr(p) :=E(p) = TS(p)

where T, or 3 = T, is the Lagrange multiplier to be found from the relation
Tr(Hpr) = E.

Problem 17.8 Show this.

By a straightforward computation, the equilibrium free energy, F(T) :=

Fr(pr), is given by
F(T)=-ThZ(T) .
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The next result connects Gibbs states and the free energy, to ground states
and the ground state energy. Let ¢y be the (unique) ground state of the
Hamiltonian H, and Fjy the corresponding ground state energy. Let P, denote
the rank-one projection onto the vector ¥. We have

Theorem 17.9 (Feynman-Kac Theorem) As T — 0,
pr — Py, and F(T)— Ep .

Proof. Let By < Ey < FEy < --- be the eigenvalues of H (our standing

assumption is that H has purely discrete spectrum, running off to co), and let

o, Y1, ... be corresponding orthonormal eigenstates. Then by completeness

of the eigenstates, and the spectral mapping theorem (see Section 23.11),
o0

pr =Y. pnPy, where p, =e /T /Z(T). We can rewrite p,, as
n=0

pn E E()/T/Z E/ E() T.

We see that p, <1 andasT — 0

It follows easily that ||pr — Py, || — 0 as T — 0. Furthermore, since

o0 oo
F(T)==Thn () e /) = Fy—Thn(1+ ) e Enm5)/T),

n=1

we see that F(T) — Epas T — 0. O

17.3 Quantum Statistics: General Framework

We formalize the theory above by making the following postulates:

States: positive trace-class operatorson H (as usual, up to normalization);
Evolution equation : ih3? p = [H, p|;

Observables : self—adjomt operators on H;

Averages : (A), := Tr(Ap).

We call the theory described above quantum statistics. The last two items lead
to the following expressions for the probability densities for the coordinates
and momenta:

p(z; x) - probability density for coordinate z;
p(k; k) - probability density for momentum p.
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Above, p(k; k') is the integral kernel of the operator p := FpF ! i.e.

plk; k') = (27Th)73//e*m%eikzz/p(x;x’) dz dx’. (17.13)

Problem 17.10 Show that the integral kernel of the operator p := FpF !
is given by (17.13).

In particular, if p = Py, then

plks k) =

as should be the case according to our interpretation.

Note that the state space here is not a linear space but a positive cone in
a linear space. It can be identified with the space of all positive (normalized)
linear functionals A — w(A) := Tr(Ap) on the space of bounded observables.
Denote the spaces of bounded observables and of trace class operators on ‘H as
L>(H) and L'(H), respectively. There is a duality between density matrices
and observables

|
<
=

=
~—
o

{p, A) = Tr(Ap) (17.14)

for A € L*°(H) and p € L'(H). In the sense of this duality, the evolution

. . Mt Mt .

of density matrices, of : p— e~ " pe n (Landau-von Neumann evolution),
iHt ML . :

and of observables, A — e n Ae”"n (Heisenberg evolution), are dual:

(i (A)) = {ai(p), 4),

where
_iHt Mt iHt . iHt
ar(p):==e "n pen  and aj(A)=er Ae n

Quantum mechanics is a special case of this theory, and is obtained by
restricting the density operators to be rank-one orthogonal projections:

{e, Va e R} & p=DP,

(, Ap) = Tr(APy)
JO(e ) ap 1 B
ih o = He® 1), for some p € R, & za—ﬁ[H,p] for p=Py .

Problem 17.11 Show =.

We show <«: Using Dirac’s notation we have that i%% = +[H,p] and p = Py,
imply [x){¥| — |¥){x] = 0 where x = iﬁ%—f — Hv, which yields that x = p
for some real p. This implies that the family of vectors 1/; = e%w satisfies
W2l = He. O

Recall that the states (density operators) which are rank-one operators —
i.e. which are of the form p = P, for some normalized wave function v — are
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called pure states. They are equivalent to wave functions in the sense that
they are in one-to-one correspondence with wave functions, up to a phase,
and produce exactly the same expectations for arbitrary observables as the
corresponding wave functions.

We have shown that quantum mechanics is a special case of quantum
statistics (with p — Py). Now we show that another special case of quantum
statistics is probability. Recall that the average of A in a state p is (4), =
Tr(Ap). We introduce the following interpretation:

e A quantum random variable is an observable A.

e A quantum event is an orthogonal projection operator P (« subspace
RanP).

e The probability of event P in state p is Prob,(P) = Tr(Pp).

Consider observables and orthogonal projections which are multiplication
operators by measurable functions. For a projection P this means that it is
the multiplication operator by a characteristic function, x¢, of a measurable

set @ C R? (ie. xo(z) = {(1) i;g

multiplication operator by measurable function & : R? — R, the average is
(), =Te(49) = | €@)olara)do

while the probability of the event P = xq is

Prob,(P) = Tr(Pp) = /R3 xq(x)p(z, ) dx. (17.15)

Thus, if we restrict ourselves to observables and projections, both of which are
multiplication operators (and form a commutative subalgebra of the algebra
of all observables), we obtain a standard probabilistic theory:

The probability space (R?, P) where dP(z) = p(z, z)dz;

Random variables which are measurable functions ¢ : R® — R;

Events which are measurable subsets @) C R® « characteristic functions,

XQ-

Note that the reduced density operator p = TTenyirR (see (17.11) above)
generalizes the notion of marginal distribution.

). For an observable, A, which is a

17.4 Hilbert Space Approach

Quantum statistical dynamics can be put into a Hilbert space framework as
follows. Consider the space Hyg of Hilbert-Schmidt operators acting on the
Hilbert space H. These are the bounded operators, K, such that K*K is
trace-class (see Section 23.11). There is an inner-product on Hyg, defined by

(F,K) = Te(F*K). (17.16)
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Problem 17.12 Show that (17.16) defines an inner-product.

This inner-product makes Hpg into a Hilbert space (see [BR, RSI]). On the
space Hps, we define an operator L via

1

LK =
h

[H, K],

where H is the Schrodinger operator of interest. The operator L is symmetric.
Indeed,
MF, LK) = Tr(F*[H, K]).

Using the cyclicity of the trace, the right hand side can be written as
Te(F*HK — F*KH)=Tr(F*HK — HF*K) = Tr([F*, H|K)
= Tr([H, F]'K) = h(LF, K)
and so (F, LK) = (LF,K) as claimed. In fact, for self-adjoint Schrédinger

operators, H, of interest, L is also self-adjoint.
Now consider the Landau-von Neumann equation

2 _
ot
where k = k(t) € Hys. Since k(t) is a family of Hilbert-Schmidt operators,

the operators p(t) = k*(t)k(t) are trace-class, positive operators. Because k(t)
satisfies (17.17), the operators p(t) obey the equation

Lk (17.17)

i—L = Lp=—[H,p]. (17.18)

If p is normalized — i.e., Trp = 1 — then p is a density matrix satisfying the
Landau-von Neumann equation (17.18). The stationary solutions to (17.17)
are just eigenvectors of the operator L with eigenvalue zero.

To conclude, we have shown that instead of density matrices, we can con-
sider Hilbert-Schmidt operators, which belong to a Hilbert space, and dynam-
ical equations which are of the same form as for density matrices. Moreover,
these equations can be written in the Schrédinger-type form (17.17), with
self-adjoint operator L, sometimes called the Liouville operator.

17.5 Quasi-classical Limit

Unlike the Schrodinger equation and the wave function, the von Neumann
equation, % = f%[H ,p], as well as the density matrix, has a well-defined
quasiclassical limit, i.e. the limit as /i/(typical classical action) — 0. In this
section we explore this limit.
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We pass to physical units in which a typical classical action in our system
is 1, so that & is now the ratio of the Planck constant to the classical action
(cf. Chapter 15). Let the operators T, ; and I be defined as

Ty, = e~ ikatyp)/h and I:9(x) — (—x). (17.19)
We introduce the following transformation of density operators p — W,(y, k),

where .
W,(y, k) == (2rh) ™2 Tr(Toy kI p), (17.20)

called the Wigner transform. It maps density matrices (quantum statistical
states) into functions of the classical phase space which look like classical
statistical states.

To formulate properties of the Wigner transform we recall a few definitions,
beginning with that of the Fourier transform p(k, k') of p(z,2’), as given by
(17.13). Let A be the Weyl quantization of the classical observable (symbol)
a(y, k) (cf. Section 4.1):

A= (2rh) ¢ / / a(g,m)el =)/ ey, (17.21)

where

a(y, k) = (27Th)7d//&(£,n)ei(gyr"k)/hdfdn. (17.22)

Theorem 17.13 (Properties of Wigner transformation) We have

1) p=p* = W, is real;

2) [dkW,(y,k) = p(y,y) (probability density in y);

3) [dyW,(y, k) = p(k, k) probability distribution in k;

4) Assuming that our system consists of two subsystems labeled as 1 and 2,
pP1 = TI'Q(,O) — Wp1 (yl, kl) = fdygdeWp(yl,yg, ]431, kg)

5) Tr(Ap) = [[aW,dydk.

Discussion. 2) and 3) imply that [ [ W,dydk = Trp and Prob,(z € 2) =
Jo Jas Wpdydk, Prob,(k € 02*) = [o5 [, W,dydk where Prob,(z € 2) =
Jo p(z, x)dx, and similarly, for Prob,(k € £2*). Note that W,(y, k) does not
have to be positive and therefore cannot be interpreted as a probability dis-
tribution in the phase space. (However, it becomes positive as i — 0. This
interpretation is confirmed by the equation in 5): the r.h.s of this equation is
like the classical average of the classical observable a in the ”probability dis-
tribution” W,. The above property implies that W,(y, k) is an approximate
probability distribution in the phase space:

Prob(z € 2,p € 2') ~ / Wodydk. (17.23)
QJo

Before proving these statements we find a convenient representation of W,,.
To this end we use the Baker-Campbell-Hausdorff formula:
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67?1 e% = e_i(kwjﬁr,yp)e_igﬁ:, ( )
(see (4.8)). Using (17.24) in (17.20), we obtain that W,(y, k) = (2xh)~%

ikx

. where B = e~ " e~ I p. Compute the integral kernel B(z,2") of

B: B(w,x ) = e H “p(—z + 2y, "), where p(z, ') is the integral kernel of p.
This gives

W,(y, k) = (2rh) =% / —H5 52y — x, 2)da. (17.25)
Changing the variable of integration as x — 2’ = x — y, we obtain
Wy h) = )4 [ ¥ ply — a,y + )da, (17.26)

Problem 17.14 Prove 1), 3), 4), 5). Hint for 1): use that p(z,2’) = p(2/, x).
Hint for 3): use that z = 1(2 +y) + (= — y). Hint for 4): 4) follows from 3)
and y-k =y - k1 +ys2 - ko, etc.

We show 2). We use that for functions f, with integrable Fourier trans-
forms, (27h)~ f dkf = f(0), which follows by setting z = 0 in
(2wh)~% fdkezzk f(k) = f(a:) Using this relation we obtain [ dkW,(y,k) =

p(y — 2,2 +y)|a=0 = p(y,y), which is 2).
To formulate the main result of this section we recall the definition of the
Poisson bracket of classical mechanics:

n

{a,b} = (9y,a0k,b — 0,60k, ) (17.27)

j=1
Theorem 17.15 (quasi-classical limit) If h(y,k) = 7-|k|*> + V(y) and
H= —%A + V(z), then

Woitn g = {h, W,} + O(hVEW,)

and therefore

op i

ST —7—1[1{, p] = W, =—{h,W,} + O(hViW,,).
Discussion. a) This theorem implies that in the quasi-classical limit the
Landau-von Neumann equation %% = —+[H, p] becomes the classical Liouville
equation of statistical physics,

Oyw = —{h,w}, (17.28)

for the quasi-classical limit w of the Wigner transform W, of the density
operator p. Thus, in the limit A~ — 0, quantum statistics becomes classical
statistics.

b) In classical mechanics the equation (17.28) is obtained as follows. Let
w(y, k) be the particle density in the classical phase space. Assume now that
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y and k satisfy the Hamilton equations and we want to see how w(y, k) moves
with the flow. Differentiate w(y, k) w.r.to time to obtain

dew(y, k) = dywy + dpwk = dywdyh — dwd,h, (17.29)

which is (17.28).

¢) Taking a rank-one, orthogonal projection as the initial condition for the
Landau-von Neumann equation, we relate Schrodinger’s equation to Newton’s.
Proof of Theorem 17.15. Integrating by parts several times, we obtain

W00 R) = -5 et @2 =320ty =) + 9 ymy s o
- 7%% /(*ayar — Oy Op)p(y — , Y+ x/)|x:z',y:y/eizk dx
= =g [10,0+ 0,000+ 50y + 0,y ¥
= _%7%% /[(83182/ - ay’ay)mx’:x,y’:y + %%p]emkhdx

k 1

where we used that (0, + 0y)ple'=z,y'=y = Oy(p|s'=2,4'=y). Furthermore, we
have

) 1 1 izk
Wiok) = 5 (V= 30) = Vg + go)pe T ds

(3 ixk

— i [I-VV @+ 0 pe'H da

= % /[—VV(y)(—ihvk) + O((hv)Q)]pei%kdx

= (=VV(y)Vi + O(hV3;))W,.

Recall the definitions of the classical Hamiltonian, h(y, k) = 5=|k[* + V(y),
and of the Poisson bracket, (17.27), which give (£V, — V(y)V,)W, =

{h,W,}. Hence the sum of the last two equations gives the desired equation.
O

17.6 Reduced Dynamics

We found in Section 17.1, that if the total system is described by a wave
function, say v (z,y), where 2 and y are the coordinates of the system of
interest and of the environment, respectively, or more generally by a density
operator R, acting on the total system state space L?(dzdy), then the open
system is described by the density operator p = T7renvir R, so that for any
observable A = A, associated with the system
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Tr(AR) = Treyst (Ap), p = Trenvic R, (17.30)

where, recall, Trenyir i the partial trace of R over the environment variables
defined in (17.9). Recall that the operator p = Trenyiy R, acting on the system
state space, is called the reduced density operator and that it has the following
properties:

1) p acts on the state space of the system;

2) p is positive if R is positive;

3) Trgyst p = Tr R.

Assume now our total system, consisting of the given system and envi-
ronment, described by the Schrodinger operators, Hgys; and Hepvir, acting on
L?(dx) and L?(dy), respectively, evolves according to the Landau-von Neu-
mann equation

oR; 1
| —— = —[Hiot, R Ri—o = Ro, 17.31
1 o1 h[ tot t], t=0 0 ( )
where Hy is the Schrodinger operator of the total system acting on L2 (dxdy):

Htot = Hsyst & 1cnvir + 1syst & chvir + . (1732)

The solution of this equation, with an initial condition Ry, is given by R; =
at(Rp), where ay(R) = e~ S Re R

Now, the reduced density operator of the system at time ¢ is given by
pt = Trenvir RBe. The map pg := Trenvir Ro — p: depends not only on pg and
a¢ but also on Ry. In general, it is not even a linear map for fixed ¢. To remedy
this we consider the particular class of Ry of the form Ry = py ® peo for some

fixed peg and define

Be(po) = Trenvir ¢ (Ro) for po = Trenvir(Po ® peo)- (17.33)

The family f3; is called the reduced evolution. In this case, §; is linear. What
can we say about this evolution?

Theorem 17.16 The family §; has the following properties

1) By is linear;

2) 0 is positivity preserving (p >0 = Bi(p) > 0);

3) [ preserves the trace;

4) Bi(p*) = Be(p)”

5) Bt( ) = >, VapVy;, where V,; are bounded operators satisfying
Y on Vi Ve = 1 (strong convexity).

Remark 17.17 In fact, 5) implies 1) - 4).

Problem 17.18 Show that 5) implies 1) - 4) and show 1) - 4) directly.



17.6 Reduced Dynamics 205

Proof. We show only the properties 2) and 5). In this proof we drop the

subindex ¢, let U := e~ and let {x:i} be orthonormal basis in the envi-

ronment space L?(dy). By the definition of 3, we have V¢, € L?(dz),

(&, B(po)tb) =D _{dxir alpo @ peo)tbxi) = D _(U*bxir po @ peol *hxi).
(17.34)
Taking here ¢ = 1, we see the r.h.s is non-negative, provided py is non-
negative. This gives 2).

To prove 5), we write the inner product in L?(dzdy) as (-) = ({-)syst)en,
i.e. first as the inner product in L?(dx) and then in L?(dy). Let y; be an
orthonormal basis of eigenfunctions of p.y with eigenvalues ;. Then poo =
Yo NPy =22 NjIx;) (x4l so that, using (17.34), we obtain

<¢7 ﬂ(/’o)ﬂ’) = Z<\//\_J<Xj, U*¢Xi>systa Lo \/)\_j<Xja U*¢Xi>syst>cn

4,J
- Z ¢7 PO en» (1735)

where Viig = \/Aj(xj,U"@Xi)syst, and therefore (¢,B(po)y) =
(0,225, VijpoVijih). Now

<V:£j¢7w>syst = < jw>syst = \/)‘_j<¢7 <XJ7 U*in>en>syst
\/_ U¢X]a ¢X2 - <\/E<U¢X]7 Xi>en; 1/}>syst-

This implies
Vi = /i {Xi UPX;)ens

which, in turn, gives

Z ”(b Z XZ’ U(bX])
0,J
- Z/\ XJ7 XzaU¢X]>ean>
= Z )\j <Xj’ U- Z<Xi> U¢Xj>enXi>en
J i

Since Y, (X, UdXj)enxi = Uox;, this gives

D ViVije = ZA (X5 U UdX )en = D Aj (X5 X )en (17.36)
4,

Since (Xj, Xj)en = ¢ and 3 A; = Trpeo = 1, we have 3, . V;iVij0 = ¢. O



206 17 Quantum Statistics

Definition 17.19 1) Maps satisfying the conclusions of Theorem 17.16 are
called quantum (dynamical) maps or quantum channels.

2) We will call an evolution §; satisfying the conclusions of Theorem 17.16
(quantum) dissipative evolution.

3) A reduced evolution f; is called Markov iff

Bro Bs = Brys Vi, s 2 0. (17.37)
For a Markov dissipative evolution §; we define the generator by

K(p) := 9:6t(p)] =0, (17.38)

so that
9Be(p) = K(Be(p))- (17.39)

Theorem 17.20 Under certain technical continuity conditions on g, gener-
ators of Markov dissipative evolutions are of the form

K(p) = P+ Y (WipWy — {W;Wi,p}) (17.40)
=0

where H is self-adjoint, {A, B} := AB+BA and ) W} W; converges strongly.
Recall coupling between density operators and observables:
{p, A) = Tryyui(Ap). (17.41)

Define the reduced evolution of observables by

(p, B{ (A)) = (Be(p), A). (17.42)

Then, if a reduced evolution §; satisfies the conclusions of Theorem 17.16,
then its dual, g}, satisfies
1) B is linear;

2) BF is p031t1v1ty preserving (A >0 = 3 (A) > 0);

3)Br(1) =

4) B (A7) = 5*( )
5) B (A) = 32 Viiy AV,
where V .t are bounded operators satisfying >V, V,,; = I (strong convexity).

If a dissipative evolution 3, is Markov, then so is its dual: 8} is Markov.

The latter implies that it satisfies the differential equation a% B = LB} where
L = K* is the generator of Markov dissipative evolution of observables and is
given by

L(A) = —[H Al + Z (WrAW; — {W;Wj,A}). (17.43)

St



17.7 Irreversibility 207

For the relation of quantum dynamical maps to completely positive maps
see [T4], Statement 3.1.4 and [BR], Remarks to Section 5.3.1.

Quantum dynamical maps, or quantum channels, is one of the key no-
tions in quantum information theory. They generalize the notion of classical
channel. If a quantum channel § satisfies [B(p),p] = 0 for any p, then it
is in fact a classical one. Indeed, since 8 and ((p) commute, they have a
common orthonormal basis {1} of eigenfunctions. So let p = >, p; Py, and
p' = B(p) =, p;Py,, where {p;} and {p;} are the corresponding eigenvalues
of the density operators p and p/, respectively. Then {p;} and {p} can be
thought of probability distributions, and 3, as the mapping {p;} — {p}}, i.e.
as a classical channel.

17.7 Irreversibility

A quantum dynamical map ( is said to be irreversible iff 8 is not invertible
(within the class of dynamical maps). If 3(p) = UpU*, where U is unitary,
then [ is reversible.

How to quantify the notion of irreversibility? In classical mechanics
we encounter irreversibility when we pass from Newton’s equation to the
Boltzmann equation. While Newton’s equation is reversible ((x(t),p(t)) —
(z(—t),—p(—1)) is a symmetry of Newton’s equation), the Boltzmann equa-
tion is irreversible: the Boltzmann entropy

1(f) =~ [ f1og1. (17.44)

for the particle densities, f(z,v,t), which solve the Boltzmann equation, in-
creases along the evolution (the celebrated Boltzmann H-theorem).

In quantum mechanics, we saw above that while the Schrodinger equation
is reversible, the reduced evolution, say, pr = Bt(po) (or (%pt = Kpq, in the
Markov case) it leads to when some information is ’integrated out’, is irre-
versible. Hence we look for an analogue of the Boltzmann entropy, and it is
natural to define

S(p) = —Tr(plog p), (17.45)

which is nothing but the von Neumann entropy. (The operator function log p
is defined for any p > 0 as the operator A s.t. e = p. Alternatively, if \;
and ¢; are eigenfunctions and eigenvalues of p so that p = — > \; P, then
S(p) = =22 AjlogA; = H({)\;}).)
We list properties of S(p):

1) p = Py is a pure state = S(p) = 0;
S(UpU*) = S(p), for unitaries U ;
S(oAipi) = 22X S(ps), for Aj > 0,374 =1,
For any density operator, pap, of a composed system A + B,

S(pag) < S(pa)+ S(ps) (17.46)

2)
3)
4)
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where p4 and pp are the marginals of pap:

Trppap = pa and Trapap = pB-

(The relation 3) holds due to concavity of log.) However, there is no H-theorem
for S(p), i.e in general S(p) does not decrease (or increase) under the evolution.
We look for a more general object which has monotonicity properties. Such a
candidate is the relative entropy:

S(p1,p2) = Tr(p1(log p1 — log p2)), (17.47)

if Ranp; = Ranps and oo otherwise. We have the following result whose proof
can be found in [T4], Statement 3.1.12:

Theorem 17.21 (Generalized H-theorem (Lindblad)) If 8 is a dynam-
ical map, then

S(B(p1), B(p2)) < S(p1, p2)- (17.48)
Note: if 8(p) = UpU*, where U is unitary, then

S(B(p1), B(p2)) = S(p1, p2). (17.49)
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The Second Quantization

In this chapter we describe a powerful technique used in the analysis of quan-
tum many-body systems — the method of second quantization. In rough terms,
it allows one, instead of working with a fixed number of particles, to let the
number of particles fluctuate, while keeping the average number fixed. We ap-
ply this method to derive a useful mean-field limit for many-body dynamics.
The method also provides a natural language for quantum field theory (see
Chapters 19 and 20) and can be used to preview, in a much simpler setting,
some of the issues arising there.

18.1 Fock Space and Creation and Annihilation
Operators

Consider a system of n identical particles moving in an external potential
W (x) and interacting via pair potentials v(x; — ;). Its Schrédinger operator
is given by

n 52 1
H, = ;(—%Am + W(x:)) + 3 gv(ﬂcz —xj). (18.1)

We assume the particles are bosons. In this case H, acts on the space
L2,,,(R*") of L? functions on R*" which are symmetric w.r.t permutations of
the particle coordinates z1, ..., z, € R3. We define the new Hilbert space

Fros := BproFn, (18.2)

of sequences & = (Lo, P1,...) = &2 Py, Py € Fp, where Fy = C, and
Fn=1L2%, (R3),n > 1, equipped with the inner product

sym

(W, ) = Z/Wn(xl, oy T )P (1 oy ) (18.3)
n=0
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where ¥,, and @,, are the n—th components of ¥ and ®. The space Fpos is
called the bosonic Fock space. On Fp,s we define the operator

H = @?LO:Oan (184)

where Hy = 0, H; = —%Am + W(z) and H,, n > 2, are as above,
so that HV = @;2¢H,¥,. The operator H is called the 2nd quantized
Schrodinger operator. The reason for this name will become clear later. The
vector 2 :=(1,0,0,...) € Fpos is called the vacuum vector in Fpos. Note that,
by construction, H{2 = 0.

Problem 18.1 Assuming the pair potentials, v(z;—x;), are real and bounded,
show that H is self-adjoint.

One of the advantages of the 2nd quantization is the representation of op-
erators on the Fock space Fp,s in terms of annihilation and creation operators
(raising and lowering the number of particles). These are the operator-valued
distributions f — a(f) and f — a*(f), where f € L*(R?) and a(f) and a*(f)
are operators on Fp,s, defined as

(a(f))y = Vn + 1/mwn+1(x,x1, Y (18.5)

and a(f)f2 =0, and

(@*(f)P)ns1 = Vn + 1(fOP,) (18.6)

for n > 0. Here f@®, = P2, ,(f ® ®,), with P the orthogonal projection
from L?(R3") to L2, ,,(R3"):

sym

1
(PE ) (w1, ) = — > F@r(tys s Ta(n)s

" TESK

where, recall, S, is the symmetric group of permutations of n indices. The
operators a(f) and a*(f) are unbounded and satisfy

(@™ ()@, &) = (@, a(f)¥). (18.7)

Indeed, we compute, using (18.5), on vectors @, ¥, with finite numbers of
components

(@,a(f)T) = (P, (a(f)P)n)

= Z vn + 1/d.’1)1...d$n+1¢n($1, ...xn)f(xn+1)¥7n+1(x1, ceey xn+1).

It is easy to see by relabeling the variables of integration that &@,,(x1,...,xy,)
f(#ns1) can be replaced by PJ i (f(#ng1)Pn(a1,....20)) = 7
Ej Dy (T1,. .., Tj1,Zj41, ..., Tpy1) to Obtain
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(@,a(f)¥)
= Z vV + 1/dn+1xprf+1(@n(x17 "'7x’n)f(xn+1))wn+1(x17 ...,$n+1),
n

which, together with (18.6), implies (18.7). Moreover, a*(f) is adjoint to the
operator a(f) : a*(f) = a(f)*.

Problem 18.2 Show that
la(f),a"(9)] = (f.,9). la(f),a(g)] = [a"(f),a"(g)] = 0. (18.8)

The operators a(f),a*(f) are operator-valued distributions and it is con-
venient to introduce the formal notation a (x) = a™(d,), so that, formally,

= / f(x)a(z)de, a*(f) = / f(z)a* (z)dz. (18.9)

We consider a(x), a*(x) as formal symbols satisfying
(0(x), a* ()] = (z — ), [a* (2), a* ()] = 0. (18.10)

Representation of vectors in terms of creation operators.

Proposition 2. Any & = &P,, can be written as

n

@:Z\/%/én(xl,..., H (z;)0d"x (18.11)

Proof. Using the definition of a*(z), we compute
(@ (yn)--a" (y1)2)m = VnlP( H = 4i))0nm- (18.12)

Problem 18.3 Show (18.12). Hint: Use induction starting with

(@ (y1)2)n (1) = VIPY (5(x1 — y1))0n1

and

(" (y2)a" (y1) D (@1, 22) = V2P (621 — 91)d (22 — y2))dn 2.

The equation (18.12) implies that

1 * i
ﬁ/én(yl,...,yn)na (y;)Rd"y = PS®,(z1, ..., ), (18.13)

which implies the statement of the proposition. (]
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18.2 Many-body Hamiltonian

One-particle operators. Let b be an operator on L?(R3). We write it as an
integral operator b, f(z) = [ b(x,y)f(y)dy, where b(z,y) is the integral kernel
of b. We think of bya(x) as the operator b acting on the parameter z, bya(z) =
[ b(z,y)a(y)dy. We define an operator B on Fps by the formula

B= /a*(m)bxa(x)dx. (18.14)

We call operators of this type one-particle operators. The equation (18.14) is
an integral of the product of operator-valued distributions and it is not clear
whether it is well-defined to begin with. However, if one thinks about (18.14)
as a formal expression and uses formally the definitions of a(z) and a*(z), one
finds that the operator B defined by (18.14) is equal to

B=®>,B,, By=0, B, := Zb n>1, (18.15)
i=1

where b; = b,, stands for the operator b acting on the variable z;. The latter
expression makes a perfect sense.

One can demonstrate (18.15) formally as follows. Using the definitions of
a(x) = a(d;) and a*(x) = a*(J,) and (18.5) and (18.6)

(B®), = / dePS[5(z1 — 2) (b (2)B)n 1 (2, ooy 2]

= \/ﬁ/denS[é(xl — 2)be /NP (2, T2, oy T,
= nPf[bm@n(xl, ey Tp)]

— i bxi@n(xh ---793n)7
i=1

as claimed.

There is a different representation of (18.14) which is well defined directly.
Let {f;} be an orthonormal basis in L?(R3) and define the operators a; :=
a(fi) and a} := a*(f;). Assume f; € D(b) and let b;; := (f;,bf;) be the matrix
associated with the operator b and the basis {f;}. Consider the expression

B= Z a;‘bijai, (1816)
ij

defined on vectors for which the sum on the r.h.s. converges (say, on vectors
with a finite number of components).

Problem 18.4 Show that the operator }_,; ajb;ja; acts as (18.15).
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Formally, the expression (18.16) is obtained from (18.14) one by inserting
the partition of unity Y |f.)(fn| = 1 into the latter expression. Though
(18.14) needs an additional interpretation, it is much more convenient to work
with and is used commonly.

Consider a few examples. The free Schrodinger operator:

H :/a*(x)(—h—A Ja(z)dz. (18.17)

2m

The equation (18.15) shows that Hy = 22 Ho,,, where Ho, =Y i, (‘%An)
is the free n-particle Schréodinger operator (V =0).

We define the number operator N = [ a*(z)a(z)dz and momentum opera-
tor P = f a*(z)(—ihV)a(z)dz. Then N = &2 nl and P = ®2° P, where
P, =" i1 p], rebpectlvely We have

[Hy, N] =0, [Ho, P] = 0. (18.18)

These equations imply the conservation of the particle number and total mo-
mentum. We prove [Hy, P] = 0:

(Ho, P / dua*( ——A / dya* () =ik, )a(y)]
-/ / dadya (@) (-2 A, )a@).a* (1)) (~i8V, )afy)
+ [ [ @iy, o). o wl-inasae)
/dm (x )[—;—mA,fihV]a(x) —0,

where in the last step we used that [a(z),a*(y)] = 6(z — y).
Problem 18.5 Show that [a*(x)Aya(x),a(y)] = [a*(x), a(y)]|Aza(z).
Problem 18.6 Show (18.18).

In mathematics, one denotes the operator in (18.15) as dI'(b).
Problem 18.7 Show formally that [dI'(b1),dI’(b2)] = dI'([b1,b2]).

We can generalize (18.17) to a particle moving in an external field W:

Hy — / Ay + W (2))a(x)da. (18.19)

Two-particle operators. Let

V= /a* (x)a* (y)v(z — y)a(z)a(y)dzdy. (18.20)
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(The integrand on the r.h.s. annihilates particles at z and y, acts with v(z—y),
and then creates particles at x and y.) We claim that
1
V&), = 521)(% — )P (X1, ey T, (18.21)
i#]

Indeed, consider a(z)a(y) [} a*(x;)f2. Using this expression and (18.20) and
using a(y)a*(z) = a*(z)a(y) +d(y — 2), we pull a(y) through [7_, a*(z),) and
use a(y){2 = 0, to obtain

a(@)a(y) [[o* (= 25 —z) [[ " (z:)02 (18.22)

i=1 k#i
Then we pull similarly a(z) through [],_; a*(zx) and use a(z)2 = 0 to find

n

a(x)a(y) Ha*(xj)() = Z — ;) Z Oz — ;) H a*(z)82.  (18.23)

=1 J#i k#i,j

Let &,, = \/Ln»' [ @ (21, ...;zn) [} a*(x;)2d" . Using (18.23) and (18.20) and
integrating the delta-functions, we arrive at

@, ZZ (@1, wn) [ o (20) 2, (18.24)

' i=1 j#i i=1

which gives (18.21). O
The equations (18.19) and (18.21) show that the Hamiltonian (18.4) in-
troduced at the beginning of this chapter can be written as

H= / ——A + W (2))a(x)da

(18.25)
+5 [ @0 el - paaly)dsdy.

Problem 18.8 Show that [V, N] =0, [V,P] =0, [H,N] =0, [Hw-o, P] = 0.

18.3 Evolution of Quantum Fields

Consider the Heisenberg evolution of a(z): a(z,t) = e a(z)e”# . Then
a(x,t) satisfies the Heisenberg equation,

0
zhaa(l’ t) = —[H,a(z,t)]. (18.26)

Using that [H, a(x,t)] = e [H, a(z)]e” ", and computing the commutator
[H,a(x)], one can show that a(x,t) satisfies the differential equation
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0 h?
th—a(x,t) = (—=—A; + W(x))a(x,t
ol 1) = (—5 A+ W(2))ala, 1) oo

+ /dyv(ac —y)a*(y,t)aly, t)a(z,t).

Problem 18.9 Show (18.26) and (18.27).

Note that if v = 0, then (18.27) is the Schrodinger equation but for the
operator valued function a(x,t), called a quantum field. This is the origin of
the term the second quantization.

18.4 Relation to Quantum Harmonic Oscillator

Assume the potential W is positive and confining, so that the operator
2

—QE—mAx + W(z) has positive, purely discrete spectrum {);} accumulating

to infinity. Let {f;} be an orthonormal basis of its eigenfunctions. Then ap-

plying to the operator Hy the formula (18.16), with this basis and using that

the matrix of the operator 75‘—2A + W (z) in this basis is diagonal with the

m =T

diagonal elements {);}, we obtain

Hw =Y \aja;. (18.28)
J

On the other hand, consider the r-dimensional quantum harmonic oscillator,
described by the Schrodinger operator

h? 1
Hpo = —5—A+ =Y mwia] (18.29)

i=1

on L*(R"). As we know from Section 7.6, it can be rewritten in a form similar
to (18.28):

. 1
Hyo = hw; (afai + 5) : (18.30)
=1

where, recall, a; and a; are the harmonic oscillator annihilation and creation
operators,
1

a; = ———(mw;x +1ip;) and a} 1= ———(Mmw;x; — ip;). 18.31
j Zm?’wj( j D) yi 2mh/.uj( JTj — ip;) ( )

(These operators satisfy the commutation relation [a;, aj] = d;;.) We see that,
modulo the additive constant, 7 | hw;, (18.30), with hw; = A;, is a finite-
dimensional approximation to (18.28).
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18.5 Scalar Fermions

As before, to simplify notation slightly we consider scalar (or spinless)
fermions. (For fermions with spin we would have to introduce one more vari-
able - spin- for each particle and require that functions below are antisym-
metric with respect to permutations of particle coordinates and spins.) We
define the Fock space for scalar fermions as

Frermi = OpzoFn, (18.32)

where Fy = C, and F,, = L2, (R3),n > 1, with L2, (R3") the space

asym asym
of functions, ¥ € L?(R3"), anti-symmetric w.r.t permutations of coordinates

xy,..., T, € R3:
Q/(xﬂ(l), . 7$.,r(n)) = (—1)#(ﬂ)lp($1, ey l‘n), T E Sy,

where, recall S, is the symmetric group of permutations of n indices and #()
is the number of transpositions in the permutation 7. We equip this space with
the inner product (18.3). Again, the vector {2 := (1,0,0,...) € Ffermi, is called
the vacuum vector in Fyerm;. The second quantized hamiltonian H is again
defined by (18.4) and H{2 = 0.

The creation and annihilation operators are defined now as

(@00 = VA F T [T (@ar,i)de, (1833)
for n >0, and a(f)2 =0, and

(@ (f)P)nt1 = Vn+ 1P (f(21)Pn (22, o, Tng1)), (18.34)

where P/ is the orthogonal projection of L?(R3") to L2, (R3"). As before,

asym

a*(f) is adjoint to the operator a(f) : a*(f) = a(f)*. However, unlike the
bosonic annihilation and creation operators, the fermionic ones anti-commute

[a(f),a™(9)]l+ = ([, 9), la(f), a(g)ly = [a"(f),alg)ly =0,  (18.35)

where [A, B]4 := AB + BA. A remarkable fact is that the fermionic annihi-
lation and creation operators are bounded.

Problem 18.10 Show this. Hint: Use the anti-commutation relation

a(f)a*(f) +a*(falf) = If]*

The second-quantized operator (18.4) is still expressed in the form (18.25)
and the derivations above concerning (18.25) remain true.
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18.6 Mean Field Regime

We introduce the coupling constant g into our Hamiltonian (18.25) by replac-
ing v by gv and consider regime where g < 1 and the number of particles
n > 1 but ng = O(1) so that the kinetic and potential energy terms in (18.1)
are of the same order. We rescale our Hamiltonian by defining;:

1 * _ L *
a(f) = ﬁ%(f) and a*(f) = \/gwg(f)-

The rescaled creation and annihilation operators are operator-valued distri-
butions obeying commutation relations

[y (), w;(y)] = g 6%(z —y), and rest = 0.

The Hamiltonian H can be written in terms of ¢, (z) and ¢} (z) as H = g *H
with

/ il ——A+W< )) g(2)dz
(18.36)

+ / W) 0 () vl — w2) by (e Wiy () P iy,

In the mean-field limit, as ¢ — 0, the rescaled creation and annihilation
operators, 4(x) and 9} (z), commute, and our quantum theory converges to
the classical one, which is a Hamiltonian theory with the phase space given by
a space of differentiable functionals (classical field observables) A(v, 1)), with
the Poisson bracket defined (for two functionals A(v, ) and B(x,v)) as

— {

and the Hamiltonian functional given by

(18.38)
4 [ B Blo) vlor — 02) vl (o),
with h, = —%A + W(x). With ¢ considered as an evaluation functional
1 — 1(x), the Hamilton equation is given by
Ap = {H (¢, ), ¥}, (18.39)

which has the form similar to (18.26). (For details and discussions see math-
ematical supplement, Chapter 24, and especially Section 24.6.) Using (18.38)
and (18.37) this equation can be written explicitly as
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2
ihop) = (—zh—mA + W(z) + v |Y]*)p, (18.40)

which is the Hartree equation introduced in Section 13.1. Thus we arrived
at the Hartree Hamiltonian system with the Hamiltonian functional H (1), )
and the Poisson bracket { A, B} (1, E) and with dynamics given by the Hartree
equation (18.40). For more details see Sections 4.4, 24.6 and 24.7.

To formalize this heuristic analysis we consider analytic functionals,
A1), ), i.e. functionals of the form

p q
A(d),ﬂ) = Z /Hw(xi)apq(xl, T YLy Yg Hv,/} yi)dzdy, (18.41)
Pq 1 1

where apq(21, ..., Tp; Y1, ..., Yq) are the integral kernels of bounded operators
apq, With series converging in an appropriate topology.

Now, consider the Wick quantization, i.e. association with classical obsev-
ables A = A(¢), ) their quantum counterparts:

A=A, ) — A=Ay, ¥}),

according to the rule

. P q
= Z / / H Yo (@) apg(T1, -+ Tp5 Y1, -, Yg) H Vg (y;)dPaxdly. (18.42)
Pq =1 i=1

The operator A is said to be the Wick quantization of the classical field ob-
servable A and A is said to be the Wick symbol of the operator A.

Let @, be the flow generated by the Hartree equation (18.39), or (18.40),
i.e. for any reasonable g, @¢(1)g) is the solution of (18.40) with the initial con-
dition 1. It defined the classical evolution of classical observables according
to afl(A) := Ao ®; where (Ao ®;)(1),1)) = A(P: (), P+(1)). Furthermore, let
oy (A) := et/9 Ae=Ht/9 be the Heisenberg dynamics of quantum observables.
Flnally, let N :=g~" [ 9%(x) ¢y(x)d>x be the particle number operator and
. One can show (see [FKP,AnS]) that for a certain class of classical

™= S
observables A and on states ¥ satisfying |[N¥|| < ¢/g, we have for ¢t < 7, as

g—0,

o (A) = adl(A) + O(g). (18.43)
We sketch a proof of (18.43). Using the Duhamel principle (i.e writing

o —

a_i(af(A))— A as the integral of derivative 8704_7(@)) =a_,([H, @)]
—{H,ac(A)})), we obtain

(d) = () = [ dsor(Riaci () (18.44)
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where R(A) := é[f{, /1] — {ﬁ}, which gives

— t
e (A) — o (A < / ds|R(A 0 B,) |5z .- (18.45)

Note that the full evolution «a; drops out of the estimate. Now, we have to
obtain appropriate estimates of the remainder R(A) and the classical ob-
servable A o @,. First, we find a convenient expression for the remainder

R(A) = é[ﬁ,fl] - {ﬁ} Let the operators A and B have the symbols,

(w_E) and B(1,1) and assume B(¢,v) is a monomial of degree m in 1
and 1, separately. Then the commutator operator C' = [A, B], has the symbol
), 1)) given by (see e.g. [AmN])
C,v) = A Bh(@,v), (18.46)
k=1 "
where
{A, B}y, := //(aj;A,agB —a{;B,agA). (18.47)

The definition of the Hamiltonian H (1), 1)) and Eqns (18.46) and (18.47) imply
— 2 _—
il A = g{H, A} + %{V,A}Q. (18.48)

It is not hard to show that ||{m2|| < C||All« with C < oo and ||All« an
appropriate norm of A. This implies (cf. (4.11))

i[H, 4] = g{H, A} + O(%). (18.49)

Comparing the relation (18.48) with the expression for the remainder R(A)
we see that R(A) = g{V7 A}s = O(g) which together with (18.44) implies, in
turn, (18.43). Finally, one has to estimate the norm || A o @4]|. of the classical
evolution, and this is the part where our restrictions enter, and which we skip

here. This completes our sketch.
Thus the mean-field regime is nothing else but the quasiclassical regime of

1
the quantum many-body field theory with the reciprocal, — = g, of the num-
n

ber of particles playing role of the quasiclassical parameter. As the number
of particle increases a quantum system starts behaving classically. In the op-
posite direction it is shown in ([FKP]) that the many-body theory described
by the quantum Hamiltonian (18.25) can be obtained by quantizing the clas-
sical field theory described by the classical Hamiltonian (18.38) and Poisson
brackets (18.37).
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18.7 Appendix: the Ideal Bose Gas

As an example of an application of the second quantization, we compute the
partition function, pressure, and the equation of state for an ideal bose gas (i.e.

. . S . . d
a gas with no interparticle interactions) placed in the box A = [—é, %] c R4
The Schrodinger operator for such a system is

2
HA:/Aa*(x)(—;—mAA)a(m)dm, (18.50)

where A, is the Laplacian on L?(A) with periodic boundary conditions. The
Gibbs equilibrium state with a fixed average number of particles and for the
inverse temperature [ (grand canonical ensemble) is

po = e PHATIND 708, 1),

where Ny = [, a*(x)a(x)dz is the number of particles operator in the volume
A C R3 and Z,(B,p) = Tre BHa=#Na) ig the partition function. Here p
is the chemical potential entering as a Lagrange multiplier due to fixing the
average number of particles. This state is obtained by maximizing the entropy,
while leaving the average energy and average number of particles fixed (hence
two Lagrange multipliers, 8 and u, appear, see Section 17.2).

Note that in our case, the one particle configuration space is the flat torus,

which is A = [fé, %]d with opposite sides identified (i.e. R?/2XZ) and the
corresponding momentum space is the lattice Q%Zd.

Using separation of variables, and the result of Section 7.2 for a single
particle in a box with periodic boundary conditions, or verifying directly that
er%zd (a*(k))™ 2 are eigenvectors of H, with eigenvalues Zke%ﬂzd ERTK,

we conclude that the spectrum of the operator H 4 is

o(Ha)={ > exnp|np=0,1,...Vk}.

ke2rzd

Here ¢, = ﬁ|k|2, and each eigenvalue has multiplicity 1. Using equa-
tion (23.41) from the Mathematical Supplement, which expresses the trace
of an operator in terms of its eigenvalues, we obtain the following expression

for Z4(8, 1):
ACADED D2 (18.51)

Nk

where z = ef* | is called the fugacity. The latter expression can be transformed

ZaB.m) =] (Z 2" eﬁew> = —ze Pyt (18.52)
n=0

k k
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Note in passing that if for a self-adjoint operator A with a purely discrete
spectrum {\;} accumulating at 1, we define det A := H]Oil A; whenever this
is finite, then we can rewrite (18.52) as

ZA(B,H) - det (1 — Z@iﬁHl,A)fl

where Hy 4 = —ﬁ A, is the one particle Hamiltonian acting on L?(A) with
periodic boundary conditions.

Next, we consider the quantity Py (8, p) := VLB In Z,(83, 1), where V' :=
vol(A), called the pressure. We have

Py(B) = —35 2 (1= ze7%)
k
= _Viﬂ Tr In(1 — ze P Hua),

(18.53)

Using that, as V — oo,
d
&L s sw— [rmar,

we see that formally Py (03, 1) converges, as V — oo, to

1
P =———— [ In(1—ze Pe)dk
(B =~y [ W=z
1

= In(l—ze °*)dk.

(2m)d 5% | )

To get the last integral, we changed variables k — k/+/f3.
We compute average number of particles, n = Tr(Npg,,,). This definition
implies the relation 7 = Z@% In Z (8, p) , from which we obtain the expression

(18.54)

_ 1 ze Per

ke 2r 74

To have m > 0, we should take 0 < z < 1. The terms in the sum on the
right hand side are, as can be easily checked, the average numbers of particles
having momenta k,

g = Tr (Nk ppu)
where Nj := a*(k)a(k). To show this, one uses that, by (18.51), iy =
f% O, ZA(B, 1t) , where Z,(8, ) is considered as a functional of ¢ = ¢y,

to obtain
ze Per

T 1-—ze P
Equations (18.54) and (18.55) constitute the equation of state of the ideal
Bose gas (parameterized by z). More precisely, solving Equation (18.55) for

Nk
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z as a function of the density p = n/V, and temperature 7' = 1/3, and
substituting the result into Equation (18.54), we find the pressure P as a
function of p and T'.

However, if we seek the equation of state as a relation between P, F and
V' (which is, of course, equivalent to the expression involving P, p and T'), the
answer is much simpler. Indeed, using the definition of F

E= E(/B,,U/, V) =Tr (HA p,@,p,/l)

and considering the partition function, Z, (8, z), as a function of § and z (and
V) rather than of 8 and p (and V'), and similarly for the pressure, we find

0 0
E= —% In ZA(ﬂ,Z) = —%

Taking into account (18.54) and setting d = 3 we find

(VBP(B,2)). (18.56)

o g PV. (18.57)

This is the equation of state of the ideal Bose gas.

Problem 18.11 It is an instructive exercise to re-derive the results of this
section for the ideal Fermi gas.

Now, we consider the ideal Bose gas in the domain A with a fixed number,
n, of particles. Its Hamiltonian is

HA,n - Z _ﬁ Aw7
i=1

acting on the space @7 L*(A) := L2, (A™) with periodic boundary condi-
tions. Here (8 is the symmetric tensor product, and L%ym (A™) is the L? space
of functions symmetric with respect to permutations of variables belonging to
different factors in the product A™. Assume we want to compute the canonical
partition function,

Zpn(B) = Tre PHan, (18.58)

This is not a simple matter (try it!). We show how to derive it from the grand
canonical one, Z4(3, ). The considerations below are heuristic, but can be
made rigorous.

Using expression (18.52) one can show that as a function of z = e#,
ZA(B, ) is analytic in the disk {|z| < e} for some ¢ > 0. Next, by the
definition of Z4(8, 1), we have Za(B, 1) = > 0" o Zan(B)z". Hence Zy ,, can
be computed by the Cauchy formula

d
Zan(B) ijlfl ZA(ﬁ,u)Zn—il. (18.59)

- 21
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By the definition of P4(3, ), we can write Z4(3,u) = VP28 Writing
also 27" = e "7 = e VVInZ where v = n/V, (18.59) becomes

1 —vinz dz
Zan(B) _7{ SV (BPA(Bw)—vinz) 02
|z|=¢

21 z

Now we take V = |A| and n large, while v = n/V remains fixed. Taking into
account the fact that P4 (8, u) has a limit as V' — oo, and applying (formally)
the method of steepest descent to the integral above, we find

Zpm ~ ce P Z4(8, 1), (18.60)

where |In¢| is uniformly bounded in V, and p solves the stationary phase
equation
p: Bz0:Pa(B, ) = n/V,

or equivalently (passing from z to u) p : 9,Pa(8, 1) = n/V. Define Py ,(0) :=
ﬁiv In Z ,(3). Then relation (18.60) can be rewritten as

Pan(B) = (=Bun + Pa(B, 1)|o, Pa(B.u)=n/v -

That is, Pan(08), as a function of n, is (in the leading order as V' — o0) the
Legendre transform of Ps(3, i), considered as a function of p.

Similarly, we can pass from Z4(3, 1) to Za,(8) by taking the Legendre
transform in the variable v = n/V.

18.7.1 Bose-Einstein Condensation

We analyze formula (18.55) for the average number of particles. From now on
we set d = 3. We would like to pass to the thermodynamic limit, V' — oco. The
point is that Equation (18.55) is the relation between the average number of
particles 7 (or the average density p = m/V'), the temperature T'= 1/, and
the chemical potential x4 (or fugacity z = e?#). Recall also that 0 < z < 1. As
long as p and § are such that z < 1, the right hand side of (18.55) converges

to the integral
1 ze Pex dk
(2m)3 _/ 1—ze Pex

as V' — oo. However, if the solution of Equation (18.55) for z yields, e.g., z =
1—O(V~1), then we have to consider the k = 0 term in the sum on the right
hand side of (18.55) separately. In this case we rewrite (18.55) approximately
as

Iy —Bek
o ze
=— — dk 18.61
P=y + 1—ze Pex ’ ( )
where we put g = 1%;. Now using e = %, changing the variable of inte-

B

5. k, and passing to spherical coordinates, we obtain

gration as k' =
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Ze—ﬂek B
| e a2 aate),

1—ze Per

where A\ = /27 3/m (the thermal wave length), and

e 9
z) = —— z°dx.
a0 = [

Thus Equation (18.61) can be rewritten as

n _
p= VO + A3 g3/0(2). (18.62)
Recall that mg = %, and that this equation connects the density p, the

thermal wave length A (or temperature 7' = 27/m A\?), and the fugacity z (or
chemical potential y = % In z), and is supposed to be valid in the entire range
of values, 0 < z < 1, of z.

Can z really become very close to 1 (within O(1/V)), or is the precaution
we took in the derivation of this equation by isolating the term 72/ V spurious?
To answer this question we have to know the behaviour of the function g3/5(2)
for z € (0,1). One can see immediately that

93/2(0) = 0, g5,5(2) > 0 and g3 (1) = 0.
The function gs/5(z) is sketched below.

g3 () g3
2 \_ 2

1
Fig. 18.1. Sketch of g3/5(2).

We see now that if pA* < g3/2(1) (with g3,2(1)—p A3 > a positive number,
independent of V'), then the equation

pA* = 93/2(2) , (18.63)

which is obtained from (18.62) by omitting the V-dependent term %2, has

a unique solution for z which is less than 1, and is independent of V. Con-

sequently, taking into account the term 7y/V = m would lead to an

adjustment of this solution by a term of order O(1/V'), which disappears in
the thermodynamic limit V' — oo.
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However, for pA3 = g5 /2(1), the solution of this equation is, obviously,
z=1, and for p A3 > g3/2(1), the above equation has no solutions at all. Thus
for p A3 > g3/2(1) we do have to keep the term 7/V. Moreover, we have an
estimate _

o

v A —g3/2(2) = pA® — g3 /0(1)

(here z, is the solution to Equation (18.62)) which shows that in the case
pA% > gg /2(1), a macroscopically significant (i.e. proportional to the volume
or the total number of particles) fraction of the particles is in the single, zero
momentum — or condensed — state. This phenomenon is called Bose-Finstein
condensation. The critical temperature, T,, at which this phenomenon takes
place can be found by solving the equation

P)\B = 93/2(1)

2
m7)r\2' As a

describing the borderline case for A\, and remembering that T =

result we have
o ( p >2/ s
T, == .
m \ g3/2(1)

From Equation (18.62) we can also find the fraction of particles, 7p/V, in
the zero momentum (condensed) state as a function of temperature. This
dependence is shown in the diagram below.

n gV

Fig. 18.2.

In this elementary situation, we have stumbled upon one of the central
phenomena in macrosystems — the phenomenon of phase transition. Indeed,
the states for which all the particles are in the single quantum state corre-
sponding to zero momentum, and those for which the macroscopic fraction
of the particles in the quantum state of zero momentum (and consequently
in every single quantum state) is zero, can be considered two distinct pure
phases of ideal Bose matter (gas). The first pure phase — called the conden-
sate — occurs at 1" = 0, while the second pure phase takes place for T' > T,. In
the interval 0 < T' < T, of temperatures, the Bose matter is in a mixed state
in which both phases coexist.
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Bose-Einstein condensation exhibits a typical property of phase transi-
tions of the second kind: though all the thermodynamic functions and their
first derivatives are continuous at the phase transition, some of the second
derivatives are not. Typically one looks at the specific heat

_OE(T,n,V)

Cv: ar

the change of heat or energy per unit of temperature. Using Equations (18.54)
and (18.56), one can show that while Cy is continuous at T' = T, its derivative
with respect to T is not. Cy as a function of 7" is plotted below (see [Hua],
Sect. 12.3]):

Cv/n

(SY(o8)

T

Fig. 18.3. Specific heat of the ideal Bose gas.

One can show that the thermodynamic properties (eg., the equation of
state — a relation between pressure, temperature and volume) of Bose-Einstein
condensation are the same as those of an ordinary gas — liquid condensation.
The modern theory relates the phase transitions to superfluid states in liquid
helium (He?) and to superconducting states in metals and alloys, to the phe-
nomenon of Bose-Einstein condensation. In the mean field description of the
phenomena of superfluidity and superconductivity, the wave function of the
condensate — the fraction of particles (or pairs of particles, in superconduc-
tivity) in the quantum zero momentum state — called the order parameter,
is the main object of investigation. Of course, in both cases one deals with
interacting particles, and one has to argue that Bose-Einstein condensation
persists, at least for weakly interacting Bose matter.

Problem 18.12 Extend the above analysis to an arbitrary dimension d.
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Quantum Electro-Magnetic Field - Photons

To have a theory of emission and absorption of electromagnetic radiation by
quantum systems, not only should the particle system be quantized, but the
electro-magnetic field as well. Hence we have to quantize Maxwell’s equa-
tions. We do this by analogy with the quantization of classical mechanics as
we have done this in Section 4.1. This suggests we have to put the classical
electro-magnetic field theory, which is originally given in terms of Maxwell’s
PDEs, into a Hamiltonian form. As before we do this in two steps: by in-
troducing the action principle, and performing a Legendre transform. Then
we define the quantization map by associating with canonically conjugate
classical fields the corresponding operators, and quantizing observables cor-
respondingly. Since Maxwell’s equations are wave equations for vector fields
with constraints, to provide the reader with a simpler guide, we first quantize
the scalar Klein-Gordon equation, which yields the wave equation in the limit
of vanishing mass. The reader familiar with the quantization of the Klein-
Gordon equation can proceed directly to the next section on quantization of
the Maxwell equations. In what follows, we work in physical units in which
the Planck constant and speed of light are equal to 1: A =1, ¢ = 1.

19.1 Klein-Gordon Classical Field Theory

19.1.1 Principle of minimum action

We construct the Hamiltonian formulation of the Klein-Gordon equation. We
consider a scalar (real or complex) field ¢(z,t) on R? satisfying the evolution
equation

(O+m*)¢ =0, (19.1)

where, recall, [0 := 92 — A is the D’Alembertian operator and the parameter
m > 0 is interpreted as mass. For m > 0 this is the Klein-Gordon equation,
once proposed to describe relativistic particles, and for m = 0 this is the wave



228 19 Quantum Electro-Magnetic Field - Photons

equation (assumed to describe massless particles). The corresponding theory
is called the Klein-Gordon classical field theory.

We write the equation (19.1) as a Hamiltonian system. This is done in two
steps: introducing the action principle, and performing a Legendre transform.
Then we quantize the resulting infinite dimensional Hamiltonian system. To
fix ideas, we consider from now on only real fields. We remark on complex
fields at the end.

As for classical mechanics, we begin with the principle of minimal action
(properly, of “stationary” action). Recall that it states that an evolution equa-
tion for physical states is an Euler-Lagrange equation for a certain functional

called the action.

More precisely, one considers a space of functions ¢, defined on space-time,
called the fields. The equation of motion for ¢ is given by S’(¢) = 0, where S
is an action functional on the space of fields. This functional is of the form

T
S(¢) = /0 RdE(q&(az,t)Vz¢(m7t),q5(m7t))dxdt (19.2)

for ¢ : R x Ry — R (for the moment we consider only real fields). Here,
L :RxR*x R — R is the Lagrangian density. The space integral of the
Lagrangian density,

L(0.9) = [ £(0(,0).Voola,t). 9o 0)d (193

is called the Lagrangian functional. Recalling from in Section 4.4 the defi-
nitions of critical points and the derivation of the Euler-Lagrange equations
(see also Section 24.2 of Mathematical supplement), it is easy to show that
critical points of satisfy the Euler-Lagrange equation

— 0:(0;L(¢,0)) + 0sL (6, 0) = 0. (19.4)

Now, we turn to the Klein-Gordon equation. Let f : R — R be a differen-
tiable function. Consider the Lagrangian functional

26.8) = [ {5108 - 51%.0 - 10} o (19.5)

defined on some subspace of H'(R?) x L2(R%) such that f(¢(z)) is integrable.
The corresponding Lagrangian density is £(¢, ¢) = %|(b|2 — %|V‘7¢q§|2 — (o).
The critical point equation for the corresponding action functional S(¢) =
fT L(é(t), ¢(t))d?zdt is the (nonlinear) Klein-Gordon equation:

0
Oé + f'(¢) = 0. (19.6)

One can generahze the above construction by considering the action
fo @(t))dt, defined on the space of paths



19.1 Klein-Gordon Classical Field Theory 229

Pooor =10 € CH([0, T} X) | $(0) = o, p(T) = ¢r},

for some ¢g, pr € X, where the Lagrangian functional L(¢,n) is defined on
X xV.Here X is an open subset of a normed space V' (or manifold). X is called
the configuration space of the physical system, and its elements are called
fields. In an examples above, X is some functional space, say X = H!(R?, R).
(If X is a non-linear space, then the Lagrangian functional would be defined
on (a subset of) TX, the tangent bundle of X.) The Euler-Lagrange equation
in this case is ) ]

— 01(04L(9,¢)) + 0y L(, $) = 0 (19.7)
where 0y L and J4L are variational or Gateaux derivative of L with respect

¢ and qiS, respectively. (See Mathematical Supplement, Section 24.2 for the
definition.)

19.1.2 Hamiltonians

We generalize the construction we used in classical mechanics. Suppose the
dynamics of a system are determined by the minimum action principle with
a Lagrangian functional L : X x V' — R, which is differentiable. Here V' and
X are a Banach space and an open subset of V. We pass to the new variables
(o, ng) — (¢, ), where m € V*, as a function of ¢ and 6, is given by

m=0,L(¢,9). (19.8)

(Recall that V* is the space dual to V, see Mathematical Supplement, Sec-
tion 23.1.) We assume that the equation (4.28) has a unique solution for ¢.
(Typically, L is convex in the second variable.) With this in mind, we define
the Hamiltonian functional, H : X x V¥ — R, as

H(¢,m) = ((m,0) = L(6:9) |0, 1) (19.9)

As in Classical Mechanics, the space Z := X x V* is called a phase space of
the system.

Theorem 19.1 If L(¢, ¢) and H (¢, ) are related by (19.8)-(19.9), then the
Euler-Lagrange equation (19.4) for the action (19.2) is equivalent to the Hamil-
ton equations .

¢ =0H(¢p,m), T =—0sH(p,). (19.10)

The proof of this theorem is a straightforward generalization of the proof of
Theorem 4.4.

Problem 19.2 Prove this theorem.

This gives a hamiltonian formulation of CFT.

For the Klein-Gordon classical field theory, the Lagrange functional is
L(p,x) = f{%(|x|27 |Vo|?) ff(qb)}dx, and, consequently, the Klein-
Gordon Hamiltonian is
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1
HG.m) = [ {5072 +1V6P) + 1)} (19,11
Problem 19.3 Show (19.11).

19.1.3 Hamiltonian System

Suppose that Z = X x V* is a space of functions &(x) = (¢(z),w(x)) on
R?. The functional on X which maps X > ¢ + ¢(z) is called the evaluation
functional (at ), which we denote (with some abuse of notation) as ¢(x), and
similarly for V.

Problem 19.4 Show that 04¢(y) = 6, and 0,7 (y) = J,.

Now, we recognize that the Hamilton equations equations (19.10) can be writ-
ten, for all x, as )
Py(z) = {D(x), H} (D) (19.12)

where {F,G} is the Poisson bracket on Z defined for any pair differentiable
functionals F, G on Z as

{F,G} = (0,F,0,G) — (0. F,0,G)

19.13
= /{871-F8¢G — 8¢F8ﬂ-G}d$. ( )

(See Section 4.4 for the notion and another example of the Poisson brackets.)
Problem 19.5 Prove this.

One can show, formally, that with the Poisson bracket given in (19.13),

{r(@), ¢(y)} = 0(z —y), {¢(x),0(y)} =0, {m(z),n(y)} =0.  (19.14)
Problem 19.6 Show (19.14).

Equation (19.14) says that the evaluation functionals, 7, and ¢, are canonical
coordinates. To have a rigorous interpretation of the first equation in (19.14),
we introduce, for f € C§°(R?), the functionals

o(f) ¢ — ([, 9) and  w(f):m e (f,7).

Then (19.14) means that {7(f),#(g)} = (f,g), etc, for all f,g € C5°(RY).
Note that a path @, in Z solves (19.12) iff, for all functionals F,

d
EF(QS::) ={F(%),H}. (19.15)
Definition 19.7 A Hamiltonian system is a triple, (Z,{-, -}, H), a Poisson
space (Z,{-,-}) (a Banach space Z, with a Poisson bracket) together with a
Hamiltonian functional H defined on that space.
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For the Klein-Gordon classical field theory the phase, or state, space is
7Z = H'(R?) x H'(RY), the Hamiltonian is given by (19.11), and the Poisson
brackets are defined on it as

(.G} = / (0. F0,G — 0,F0, G (19.16)

(In principle we could consider a larger phase space, Z = H'(RY) x L?(R9),
but the space above is more convenient.)
For a more general situation see Mathematical Supplement, Section 24.6.

Remark 19.8 Our definition of a Hamiltonian system differs from the stan-
dard one in using the Poisson bracket instead of a symplectic form. The reason
for using the Poisson bracket is its direct relation to the commutator.

19.1.4 Complexification of the Klein-Gordon Equation

With the view to quantization, it is convenient to pass from the real phase
space Z = H'(RY) x H'(R?) = H'(R?,R?), with the Poisson bracket (19.16),
and with the canonical real fields, ¢(f) and w(f), to the complex one, Z¢ =
H'(R?,C), with the Poisson bracket

{F, G} = Z/ {8a(w)F6a($)G — 85(1)F8a(1)G}da:, (19.17)

where 8a(w) = 8Rea(:1;) — ialma(w) and aa(w) = aRea(I) — i@lma(z), and with
the canonical complex field «(f), and its complex conjugate &(f), defined by

alf) — 2 —1/2 in(CV)2

(f) 7 (p(CTV2f) +im(CYV2 1))
alf) — 2 ~1/2 py _ (/2

(f) 7 (e(C7V2f) (CY21),

where C' is an operator on L%(R%). The Poisson brackets (19.16) and (19.17),
imply, for f,g € C§°, the Poisson brackets

{a(f),alg)} = (].9), {a(f), alg)} ={a(f),a(g)} =0.  (19.19)

Problem 19.9 Prove the above statement.

(19.18)

Thus (19.18) is a canonical transformation. Consider the free classical field
theory, i.e. the Hamiltonian (19.11) with

1
F(9) = 5m?|of*, (19.20)
with m > 0. Since —A 4+ m? > 0, we can take
C=(-A+m?~12 (19.21)

Then the free Klein-Gordon Hamiltonian is expressed in terms of the fields
(19.18) as

H(a,&) = /o‘zC’ladx, (19.22)
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19.2 Quantization of the Klein-Gordon Equation

We are now ready to attempt to quantize the free Klein-Gordon theory, i.e.
(19.11) - (19.16), with (19.20). The Klein-Gordon equation (19.1), or the cor-
responding Hamiltonian system, (19.11) - (19.16), with (19.20), look like a
continuum of classical harmonic oscillators. The link becomes especially ex-
plicit if pass in the classical fields ¢(x,t) and 7(x,t) to the Fourier transform
in the x variable: ¢(k,t) and #(k,t). The Fourier transformed fields satisfy
the equation (92 + |k|?)é = 0, and have the Hamiltonian

Hom) =5 [(7F+o@?oP)ah,  w() = VREFm?. (1929

Thus we want to quantize the free Klein-Gordon classical field as a continuum
of harmonic oscillators. In the finite dimensional case we can quantize the cor-
responding hamiltonian system in any set of canonically conjugate variables.
In the infinite dimensional case, the choice of such variables makes the dif-
ference between a meaningful and meaningless quantum theory. Recall, that
we obtained a representation (7.16) of the harmonic oscillator, which can be
rewritten, with m=1and h=1,as H = Z] 1 wjaja; on the space

LA(R, dpte), dpe(w) = [det(2me)] /2™ (@e 00 drg,

where ¢ := diag(h/w;), so that (z,c'z) = >I_ | w;a? and d"z = [[;_, dz; is
the Lebesgue measure on R", and the operators a; and their adjoints aj, are
defined on the space L%(R", du.) by

/ [ 1
aj = 1‘35 . —_ ﬂazﬂ + \/2wjxj (1924)
J

due is Gaussian measure of mean zero and covariance c. The point here is
that unlike the standard representation, where the harmonic oscillator Hamil-
tonian acts on the space L?(R",d"x), which has no r — oo limit, the new
representation is on the space L?(R", du.), which can be considered as a finite-
dimensional approximation of the Gaussian space L?(Qs,duc). Here

Qs ={f| (~A+ ]z +1)7*/2f € LR},

for s sufficiently large, and duc is the Gaussian measure on Q5 of mean 0
and covariance operator C, acting on L?(R?) and having the matrix c as
a finite-dimensional approximation. Elements of the space L?(Q,,duc) are
functionals F'(¢) on @ such that

/ IF(6) Pduc() < .

s
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We explain this in more detail later, in Subsection 19.3 below. The repre-
sentation (19.22) can be thought of as coming from quantization of the clas-
sical hamiltonian system with the hamiltonian h(a, @) = (o, c ta), where
a = (aj).

Motivated by this representation, we associate with the complex fields
a(f), and a(f), the annihilation operator a(f), and its adjoint, the creation
operator a*(f), acting on the space L?(Qs,duc), with some covariance oper-
ator C, for s sufficiently large, according to the relations

a(f) =(C'?[,04), a*(f) = =(C'2f0y) + (C2 fg). (19.25)

(More precisely, a(f)F = (CY2f,0,F) = Ox|x=0F (¢ + AC/2[), etc.) These
operators satisfy the commutation relations

[a(f),a"(9)] = (f.9),
[a(f), alg)] = [a(f), a"(9)] = 0,

where f,g € Cg°. It is convenient to introduce the operator-valued distribu-

tiz(})lns, a(z) and a*(z) by a(f) = [a(z)f(z)dz and a*(f) = [a*(z)f(x)dz.

a(z) = C204(,), a*(z) = —C20y,) + C 1 ¢(a). (19.26)

With this correspondence, the Hamiltonian functional H(a, @) = [aC o is
mapped into the quantum Hamiltonian operator

Hy = /a(x)*Cila(I)dz, (19.27)

acting on the space L(Qs, duuc). (The subindex f stands for the ”field”.) Here
we put the creation operator a(x)* on the left of the annihilation operator a(x)
for a reason, to be explained later. Recall, that for the Klein-Gordon CFT,
the covariance operator is given by (19.21). In this case it is convenient to
pass to the Fourier representation, a(k) = (2m)~%? [ e~"*?q(z)dz, and use
the Plancherel theorem, to obtain

Hy = / w(k)a* (k)a(k)dk, (19.28)

where w(k) = /|k|2 + m? (and the meaning of the integral on the r.h.s. is
explained in Section 18.2).

Define the particle number and the momentum operators (cf. Section 24.8
of Mathematical Supplements and Problem 19.13)

N:/a*(x)a(x)dac and Py :/a*(x)(—ivx)a(w)dx. (19.29)

Problem 19.10 Show (formally) that the operators P, H, and N commute.
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19.3 The Gaussian Spaces

We sketch a definition of the Gaussian measure, duc(d), on @Qs, of mean 0
and covariance operator C, acting on L?(R?). (For detailed exposition see
[GJ, Sim1, Sim2].) One way to describe duc is through finite-dimensional
approximations, X, of Q% = ()_, given in terms of cylinder sets. For each
f € Q, we define the linear functional on @,

£6)i= [ fods

where the integral on the r.h.s. is understood as [(—A+ |z[2+1)%/2f - (—=A+
|z|? + 1)7%/2¢d%z. Let n = dim X. Given n linearly independent vectors
fi,..., fn from X, we associate with each Borel set B in R™, the X — cylinder
set

Cp:={o | (f1(®),..., [r(¢)) € B}.

With every measurable function g on R™ we associate the functional G(¢) =
9(P(f1), ..., d(fn)) on Q% called a X —cyliner function. We define duc(¢) by
giving its integrals of X —cyliner functions over X —cylinder sets

| c@inc@) = [ glor.....on)du ) (19.30)
Cg B

for every B and g and for increasing sequence of finite-dimensional spaces X,
whose limit is Q%. Here dug is the finite-dimensional Gaussian measure on
R™,

A (¢) = (det 2nCx )~/ 2e (@ Cx'®)/2qn g

where d"z is the usual Lebesgue measure on R™ (here we display the dimension
of the measure) and Cx is the matrix ((f;, Cf;)). duc(¢) can be extended
to a measure on the o—algebra generated by cylinder sets which leads to the
notion of the integral of measurable w.r.to this algebra complex functionals.

Next, as usual we define L?(Qs,duc) to be the space of measurable com-
plex functionals F(¢) on Qs such that st |F(¢)*duc(¢) < oo. The basic
examples of square integrable functionals are

F:9eQs—p@(fr),...,0(fn))

where p(t1,...,t,) are polynomials in ¢1,...,t, and f1,..., fr € Q%. In fact,
one can show that, by our construction,

the span of vectors of the form H o(f1)2, n>1, is dense in L*(Qs, duc).
1
(19.31)

Proving this latter fact requires some general considerations from the theory
of functional spaces. (See however the corresponding proof for the harmonic
oscillator.)
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We introduce the expectation of a functional F' with respect to duc:

E(F)i= [ F(@)duc(s).
The terminology “mean 0” and “covariance C” corresponds to the properties

E(@(f)) =0 and  E(o(f)¢(9)) = (f,Cyg),

or formally,
E(¢(z)) =0 and E(o(z)o(y)) = C(z,y)

where C(x,y) is the integral kernel of C. These formulae can be easily proven
by using finite dimensional approximations (19.30).

What should s be? Compute the expectation of the square of the norm
functional ¢ — [|9[|3). = (¢, (A +[z[* +id)*¢) = [ ¢(x)Ks(x, y)p(y)dxdy,
where K,(x,y) is the integral kernel of the operator (—A + |z|? + id)~%. We
have formally

E(ll¢|

b= [ [0 - K BG@ow)sdy
=//5($—y)Ks(x,y)C(x,y)dafdy-

Since C(z,y) = C(y,z), this gives E(||¢]|3,) = Tr((=4, + |z|* + id)~*C).

Now, the operator C' is bounded and the operator (—A, + |z|>+id)~* is trace

class if s > d = 3. So in this case E(||¢Hé) < oo. If we know more about

C, we can relax the condition s > d = 3. For example, for the Klein-Gordon

theory, C' = (—A +m?)~'/2 and we have s > d — 1 for the dimension d > 2.
The integration by parts formula in our space is

F(-i0,G)duc(é) = | T8, + 0 OFGauc(d).  (19.32)
Qs Qs

To prove (19.32) we use

| FiosGiducto) = [ TaFiGane(o) +i | FGouduc(o)

and the relation
dpdpc(¢) = —C~ pdpc ().

To see the latter relation, think formally about the Gaussian measure as being
duc(¢) = const e*<¢’c_l¢>/2D¢>.

The integration by parts formula implies that —i0s is not symmetric on
L? (Qs, duc):

(—i0y)* = —i0y +1iC ' ¢.
However, the above implies that the operator m := —idy + %iC’*lqﬁ is sym-
metric. In fact, it is self-adjoint: 7#* = 7.
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19.4 Wick Quantization

We now describe a systematic way to quantize observables, called Wick quan-
tization. To see why we need a special procedure let us quantize naively
the free Klein-Gordon Hamiltonian (19.11), with (19.20), which we rewrite

H(¢%, 7)) = L [{(7))? + (C~1¢)?}dx, where C is given in (19.21) and
where we denote for the moment the classical coordinate and momentum field
by ¢ and 7, respectively. First we observe that the quantum fields corre-
sponding to the classical fields ¢ and 7 are

x*i 12(q(z) + a*(x)) an szi “12(a(z) — a* (
¢()f\/§c(()+())d() i\/ic (a(z) —a”(x)). (19.33)

Here, remember, ¢(z) is considered as an operator of multiplication by the
evaluation functional ¢(z). The second equation gives

= —i0s + %iCilqﬁ.

We have shown in Subsection 19.3 that this operator is symmetric. Using this
expression, one can show that

ilr(2),o(y)] = 6(x —y) (19.34)
ilm(z), w(y)] = i[¢(x), 6(y)] = 0.
Problem 19.11 Derive formally the commutation relations above.

Now in the expression (19.11), with (19.20), we replace the classical fields by
the quantum ones above to obtain

/{77 + (Cr¢)*}dx
5 [15C72 @~ + 5072 + o) Yo

:Z/{Cfl/za*Cfl/za—kC*l/zaC 1/2 a*}dx

_1 *v—1 1 -1
—Q/aC a+4/(C 0z)dx

where we have used the commutation relation for a and a*, and the self-
adjointness of C~1/2. The first term on the right hand side is non-negative,
and the second is infinite (recall (19.21), which gives C~1 = (= A + m?)1/?),
and therefore the r.h.s. is infinite.

We can make this argument rigorous as follows. First, we move to momen-
tum space via the Fourier transform: a(x) — a(k), a*(z) — a*(k) (we omit
the "hats’ over a(k) and a*(k)). We wish to show that [w(k)a(k)a*(k)dk = oo

H(¢, )
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where w(k) = (|k|? +m?)'/2 (the dispersion law). Let R? = Uyez4Be (a dis-
joint union), where B, is the unit box with center at a lattice point in Z<,
ao =[5 a, and w, = mingep, w(k). Then

[a'a’ a?i] = 6(175

so that
/waa* > E Walad),.
a€Z3

On the other hand,

E Walaly, = E WalnGo + E We = 00.

Now we describe the quantization procedure which avoids the above prob-
lem. Fix the covariance C. Recall that we denote for the moment the classical
coordinate and momentum fields by ¢ and 7, respectively. Classical ob-
servables are functionals A(¢<, ) of ¢ and 7. We express A(¢!, 7) in
terms of the functions a and &, using

¢l = %01/2(04 +a) and 7¢ = %
(see (19.18)): A(¢!,7!) = B(a,a). We consider functionals B(a,a)

L*(R%) x L*(R?) — C, analytic in o and @, of the sense of the convergent
power series,

C V%o —a)

m m—+n
B(a7 a) == Z / Bm,n(x17 ceey :Eern) H d(;[;l) H a(xz)d(ﬂ"rm)x.
m,n i=1 i=m-+1

We associate with classical observables, A(¢°!, 7¢!), quantum observables, i.e.
operators A on the state space L?(Qs, puc), according to the rule

A(p, 1) = A= A(¢p,7): = : B(a*,a) : (19.35)
where : B(a*,a) : is a Wick ordered operator defined by

m m—+n

:B(a*aa): :Z/an(il’l,...,:L'ern)Ha*(xi) H a(xi)d(n+m)l,.

i=1 i=m+1
(19.36)
Here are some examples of Wick ordering:

Example 19.12
S = [Cil/z(a—i— a*))?:
- . (0_1/261/)2 + (C—l/Qa*)Q +C—1/2a*c—l/2a+C—I/Zac—l/Qa* .
_ (071/2(1)24*(071/2(1*)2 +2071/2G*C71/20.
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Using above, we compute

1 1
Hf = 5/ : {772 + |V¢|2 + m2¢2} tdr = 5 /a*ciladl" (1937)

Problem 19.13 Show that the momentum operator Py = [ a*(z)(—iVy)
a(x)dz can be written as (cf. (24.26))

Py = / cm(x)Veo(z) : du.

Problem 19.14 (see [GJ]) Let c = (f,Cf) = E(¢(f)?). Show

L= p(f)" = /2P, (c7Y/?¢(f)) where P, is the n*" Hermite polynomial
9. . o) — B —c/2,

19.5 Fock Space

Using the definitions (19.26) of the annihilation operator a(z), we see that
the only solution to the equation af2 = 0 is {2 = const. We thus set 2 = 1,
and call it the vacuum. Now we show that any element of L?(Q,duc) can
be obtained by applying creation operators to the vacuum. From now on, we
omit the subindex s in @s. Let (5)denote the symmetrized tensor product

and L%, (R"), the subspace of L*(R"?) consisting of functions which are

symmetric with respect to permutations of the n variables x; € R4,

Theorem 19.15 Any vector F' € L?(Q,duc) can be written uniquely as
= 1 * *
F= ;::0 7 /Fn(xl, coyZp)a (x) - a” (zp) 2dxy - - - day, (19.38)

where F,, € L2, (R"?) = G L*(R?).

Proof. For simplicity, we will denote the right hand side in (19.38) by >~ \/%
[ F.(a*)" 0. We first remark that for any G,, € L*(R"?),

/Gn(a*)”() = /G:;ym(a*)"fz (19.39)
where
sym 1 n
G (xl, e ,:L'n) = m ﬂ; G(xﬂ(l), .. .,xﬂ(n)) S Lzym(R d)

is the symmetrization of ¢. Here S,, is the group of permutations of the n
variables, and for 7 € Sy, 7(1,...,n) = (7(1),...,7(n)).
Next, we have by straightforward computation

(/Fn(a*)"ﬂ,/Gm(a*)mQ> — {n!(F,?,G nm (19.40)
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Problem 19.16 Show (19.40).

Thus, for two vectors, F' and G, of the form (19.38), we have

(F,G) =) (Fn,Gn). (19.41)

NE

n=1

Now we use the fact that the span of vectors of the form [T} ¢(f;)2, n > 1,
is dense in L? (see (19.31)). By the relation (19.33), we have

n

|
o(f;) =[] —=@(C2f;) +a*(C'2 f))).
H (f5) l:[ﬁ(( ) ( )

1

Using the commutation relation, a(f)a(f)* = a(f)*a(f)+ ([, g), to pull a’s to
the right of a*’s, we transform the product []J(a + a*) to the normal form
[Ti(a +a*) = Zk+l<ankl a*)kal. But (a*)*a'2 = 0 unless | = 0, so
[T o(fi)2 =>4, | Aro(a* k() By (19.39), this can be rewritten as

where Fk € L?

Sym(de) = (sjfsymL2(]Rd) Thus vectors of the form Y 1
[ F,,(a*)"£2 are dense in L% On the other hand, by (19.41), the subspace

{ Z\/_/ "0 | F, eLSym(R”d)} (19.42)

is closed. Since by above, it contains a dense set, it is the whole L? space.

Definition 19.17 The (bosonic) Fock space is

Fo= é[é}LQ(Rd)] with  (F,G) = i<Fn,Gn>.
n=0 1 n=1

We call F,, := @] L%(R?) the n-particle sector. By convention, Fy = C.

The previous theorem provides a unitary isomorphism
L*(Q,duc) ~ F

given by

Z\/—/% QH@% = (¢o, b1,02,...)-

Moreover it is easily checked that
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B(F) = / Fdpe = (92, FO)
Q

and on F,
a(f)¢n Efn'_’ﬁ<f7¢n> € Fno1

and

a*(f):¢n€anVn"’_lf@(i)nE]:nJrl'

Proposition 3. In the Fock space representation, the Hamiltonian, Hy =
fa*C’la, the momentum operator Py = [ a*(—iV)a and particle number,
N = [a*a, operators (see (19.27) and (19.29)) are of the form

Hip < @(ZC;;%), Pip < @(prﬁf’n)v
n=0 1 n=0 1

N¢ < B (non),
n=0

where the subscript x; in C, indicates that this operator acts on the variable
Zj.

This is simply a matter of using the commutation relations. We leave the
proof as an exercise.

Thus we have obtained a very simple realization of our state space
L?(Q, duc) which is independent of €', and in which the Klein-Gordon Hamil-
tonian acts as a direct sum of simple operators in a finite but increasing num-

ber of variables: .
Hf = @?LO:O Z 1/ —A$7 + m2.
1
In particular, the spectrum of Hy is
o(Hy) = {0} U {Unz1 [nm, o0)}

where the zero-eigenfunction is the vacuum, 2. Physically, this theory de-
scribes non-interacting particles (bosons) of mass m.

Problem 19.18 Find the spectrum of the momentum operator

Py = /a*(m)(—ivx)a(x)dm.

Remark 19.19 For connections with stochastic fields and with infinite di-
mensional pseudodifferential calculus, see [Zi] and Berezin [Ber], respectively.
There is also a relation to the Wiener chaos expansion used in stochastic
differential equations.



19.6 Quantization of Maxwell’s Equations 241
19.6 Quantization of Maxwell’s Equations

Maxwell’s equations as a hamiltonian system. As a prelude to quan-
tizing Maxwell’s equations we have first to write them in Hamiltonian form.
Recall that we work in physical units in which the Planck constant and speed
of light are equal to 1: h = 1, ¢ = 1. The Maxwell equations for vector fields
E :R3*t! — R3 (the electric field) and B : R3T! — R3 (the magnetic field) in
vacuum are

E
V-E=0 vxp=2E (19.43)

ot
VXE:—%—? V-B=0. (19.44)

The third and fourth equations are actually constraints. They can be used to
reduce number of unknowns by introducing the potentials U : R3*! — R and
A R3*! — R3 such that

B=V x A, E=—0A/ot — VU. (19.45)

Then the last the equations (19.44) are satisfied automatically. There is still a
redundancy in the choice of A and U. Specifically, any gauge transformation

A A+ Vy, Uw—U—0x/ot (19.46)

for x : R3! = R, results in new potentials A and U which yield the same
fields E and B. By appropriate choice of x, we may take

V-A=0

which is called the Coulomb gauge. From now on, we work in this gauge. The
equation for U is AU = 0, so we can take U = 0, which gives

E=-0A/0t, B=Vx A

Now, the first, third and fourth equations in (19.43) - (19.44) are automatically
satisfied while the second equation results in

0A =0, V-A=0. (19.47)

Thus the vector potential A is a transverse vector field satisfying a wave
equation. (A vector field f : R® — R? is called transverse (or incompressible
or divergence free) if V- f =0.)

Similarly as for the Klein-Gordon equation, one shows that Equa-
tion (19.47) is the Euler-Lagrange equation for the action

T
S(A) = %/0 /RS{|A|2 — |V x A|*}dadt (19.48)

where the variation is among transverse vector fields. Again repeating the
steps we went through in the Klein-Gordon case, we arrive, for Maxwell’s
equations, at
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1. the phase space, which is the direct sum of two Sobolev spaces of trans-
verse vector fields (i.e. the derivatives are considered in distributional
sense),

7 = Hl,trans(RB, RB) D Hl,trans(RS_ RB)
) Y )

2. the Hamiltonian functional (the Legendre transform of the Lagrangian

L(A, A) = [ {|AP — |V x AP}),

HAE) =5 [P +]9 x AP)do

(19.49)
5 [UBF + 1B )de

where —F is the canonically conjugate field to A : 0,L(A4, A)=A=—-E,
and V- E = 0;
3. the Poisson bracket

{F,G} := (04F, TOgG) — (05 F,TOAG) (19.50)

(on Z), where T be the projection operator of vector fields onto transverse
vector fields:
TF:=F —(A)"'V(V-F);

4. Canonically conjugate fields are A and E. If T;;(z — y) is the matrix
integral kernel of the operator T', then

{Ei(2), Aj(y)} = Tij(x — y).

Note that by the definition, 94 F = TO4 F and similarly for Og F'. The Hamil-
ton equations for the above system are

0 -T

& = JpdpH (D), Jr:= (T 0

) . &= (AE). (19.51)

Note that the first Hamilton equation yields, as expected,
A=TOgH(AE)= -TE = —E.
Problem 19.20 Check that V- (T'F) = 0.

Problem 19.21 Check that Maxwell’s equations are equivalent to the Hamil-
ton equations (19.51). (Cf. Problem 19.2.)

Quantization of the EM field. We quantize the Maxwell hamilto-
nian system in the same way as the Klein-Gordon one, but replacing scalar
generalized operator-functions, say a(x), by generalized transverse operator-
vector-fields, say a(z) = (a1(z), a2(x),as(z)) with V - a(zx) = 0, and using
the projection T onto the be the transverse vector fields, when needed. Here
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V - a(z) is understood as a distributional divergence of the operator-valued
distribution,

[ v-a@i@ds = - [ atw) - Viw)ds = -a(v ).

i.e. a symbolic way to represent the operator-valued functional —a(V f). The
resulting theory can be summarized as follows:

1. The quantum state space is L2(Q'"*"*, duc), where, for s sufficiently large,
QI = {A:R® - R3 | (A + |z)? +id)"*/2A € L?, divA = 0}

and duc is the Gaussian measure of Q'"%"* with the covariance operator
C=(-A)"1/2

2. The quantized A(x) and E(x) are operator-valued transverse vector fields,
acting on the space L?(Q""*"*, duc) as the multiplication operator by A(z)
and E(x) := —i0x () + %iC*IA(x), respectively. They give canonically
conjugate fields with the non-trivial commutation relation

i[Ex(2), Ai(y)] = Tra(z — y)1

where T'(z — y) is the integral kernel of the projection operator, T', onto
the transverse vector fields (recall our convention i = 1).

3. A(z) and E(x) are expressed in terms of the annihilation and creation
operators, a(z) and a*(z), as

1

_ V2alx)+a* (2 z) = —C Y2 (a(z)—a*(x
*ﬁc (a(z)+a*(z)), E(z) mc (a(z)—a"(z)). (19.52)

Here a(x) and a*(z) are operator-valued transverse vector-fields, a(x) =
(a1(z),az2(x),as(x)) with V - a(z) = 0, satisfying the commutation rela-
tions

[ai(2), a5 ()] = Tu(z —y)1,  [ai(x), a;(y)] =0 = [a] (2), aj(y)].
(19.53)

A(z)

4. The quantum Hamiltonian operator acts on the space L?(Q ", duc)
and is given by

Hy = %/ B 4|V x AR i de = /a(x)* N =Aa(z)dr, (19.54)

where a(x)* -/ —Aa(x) =, ai(x)*-v/—Aa;(x). (Here again the subindex
f stands for the ”field” and the precise definition of the integral on the
r.h.s can be found in Section 19.2.)
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Note an essential difference in the EM case: there is no mass (m = 0). That
is, the covariance operator is C' = (—A)~1/2.

The equations (19.52) - (19.54) give the full description of the quantized
electro-magnetic field in vacuum.

For the Maxwell theory, the Fock space is built on the one-particle
space L2, (R3R3) == {f € L*(R3 R3)|divf = 0}, instead of L?(R%) =

L?(R%,C). The Maxwell Hamiltonian acts on it as

n
Hf = @ZO:OZ \Y, _Afi'
1

This representation can be used to obtain the spectrum of H:
o(Hy) = {0} U{Un>1[0,00)}

where the zero-eigenfunction is the vacuum, (2. Physically, this theory de-
scribes non-interacting massless particles (bosons), called photons.

The Fourier transforms, a(k) and a*(k), of the operators a(z) and a*(z)
satisfy a(k) = (a1(k), az(k), az(k)) with k- a(k) = 0. The commutation rela-

tions for a;(k), al (k) are

(8.5 00] = (8 = T80 =B, [os(k). (8] = 0 = 8). 5 1)

(19.55)

In these terms, the Maxwell quantum Hamiltonian is of the form

Hy = /w(k)a*(k) -a(k)dk,
with w(k) = |k|, and the quantized vector potential, A(x), is given by

Al) = / (bl + () (19.56)

In the Fourier representation, we can choose an orthonormal basis ey (k) =
e(k,\), A€ {—1,1} in k*+ C R?, satisfying k - ex(k) = 0. The vectors ey (k) =
e(k,A), A € {—1,1} are called polarization vectors. We can write the operator-
valued transverse vector fields a* (k) as

at(k) = > exk)af(k),

xe{-1,1}

where af (k) = a” (k,\) := ex(k) - a”(k), the components of the creation and
annihilation operators a* (k) in the direction transverse to k; they satisfy the
commutation relations

[a¥ (k), a¥,(K')] = o, [ax(k), a (k)] = o\nd3(k— k).  (19.57)
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Now the Hamiltonian Hy and the quantized vector potential, A(x), can be
written as

Hp=>" / w(k)as (k)ax(k)dk
A

and

; , dk
Ax) = {e”'ka (k) + e kg (k) rex(k) —=. (19.58)
2\:/ ’ AV

Elements of F,, can be written as 1, (k1, A1, ..., kn, A\n), where A\; € {—1,1}
are the polarization variables. Roughly in the case of photons, compared with
scalar bosons, one replaces the variable k by the pair (k, A) and adds to the
integrals in k£ also the sums over A.






20

Standard Model of Non-relativistic Matter
and Radiation

In this chapter we introduce and discuss the standard model of non-relativistic
quantum electrodynamics (QED). Non-relativistic QED was proposed in the
early days of Quantum Mechanics (it was used by Fermi ([Fermi]) in 1932 in
his review of theory of radiation). It describes quantum-mechanical particle
systems coupled to a quantized electromagnetic field, and appears as a quan-
tization of the system of non-relativistic classical particles interacting with a
classical electromagnetic field (coupled Newton’s and Maxwell’s equations). Tt
is the most general quantum theory obtained by quantizing a classical system.

20.1 Classical Particle System Interacting with an
Electro-magnetic Field

We consider a system of n classical particles of masses m; and electric charges
e; interacting with electro-magnetic field. Recall that we work in physical
units in which the speed of light is equal to 1: ¢ = 1. The coupled Newton’s
and Maxwell’s equations, describing interacting particles and electromagnetic
field are

m,-ab'i(t) = 61'[E +x; A\ B](aci(t),t), (20.1)
V.E=p, VXB:%—f-i-j} (20.2)
VXEZ—%—f, V-B=0. (20.3)

Here p and j are the charge and current densities: p(x,t) = >, e;0(x — x4(t))
and j(z,t) =Y, e;x;(t)0(x — x;(t)). The first equation is Newton’s equation
with the Lorentz force. The last four equations are Maxwell’s equations in
presence of charges and currents.

To find a hamiltonian formulation of these equation we first present the
minimum action principle for this system. As before, we express the electric
and magnetic fields, F and B, in terms of the vector potential, A : R3t! — R3,
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and the scalar potential, U : R3T! - R via (19.45). The action functional
which gives (20.1) is given by

S0 = [ 3 (FHE -Vl e AG)). (204

Indeed, let us compute the Euler-Lagrange equation for this functional (see
(4.27)). Using the Lagrangian functional L(y,¥|U, A) = >, (% |7:|*—eU (v;)—
e¥i - A(v)), we compute

05 L(v,4|U, A) = m7 + eA(y), 0yL(v,%|U, A) = eVU(y) + eV - A(7).

Plug this into (4.27) and use the relations C‘l’lt () = A(Y)+(3-V)A(7), V(¥-
A)— (- V)A(y) =4 Acurld, and (19.45) to obtain (20.1).

To (20.4) we add the action of electromagnetic field found in the previous
chapter, but with a non-zero scalar potential,

Sem (U, A) = / / (JA+ VU]? = |V x A]?)(x, t)dzdt.

(We do not have to assume the Coulomb gauge, divA = 0, here.) Using that
eU(x(t),t) = [ps p(2,)U (2, t)dx and ei(t) - A(x(t),t) = [ps j(x,t)- Az, t)d,
to rewrlte the last two terms in (20.4), we obtain the action functional of the
coupled system

S(% U,A) = Sp('Y) + Sem (U, A) + Sint(7, U, A), (20.5)

where S, ( fo ; Sl |2dt is the action of the free particle, familiar to
us from Sectlon 4.4, Sem(U A) is the action of a free electro-magnetic field
given above, and S;,:(¢, U, A) is the interaction action, coupling them,

T
Sint(7, U, A) = /0 /R3 ( — plx, )U(z,t) + j(x,t) - A(:U,t))d:vdt. (20.6)

Tt is easy to check that the Euler-Lagrange equation for the action (20.5) gives
the Newton - Maxwell system (20.1) - (20.3).

Gauge invariance. The fields F and B are not changed under gauge trans-
formations (19.46) of A and U. Hence we would like to make sure that the
action (20.6) gives the same equations of motion for different A and U, con-
nected by a gauge transformation (19.46). Under (19.46), the action (20.6)
changes as S(v,U, A) — S(v,U, A) + A(y, x), where

T
Ay, x) == /0 /R3 (pOrx + j(w,t) - Vx)dudt (20.7)
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T
=/0 /]R (0e(px) +V - (jx) = (V- j + Opp))dzdt. (20.8)

Hence the gauge transformation leads to an equivalent action/Lagrangian, i.e.
to the action which gives the same Euler-Lagrange equation.

Covariant formulation. Geometrically, the electric field is a one-form,
while the magnetic field is a two-form. One can form the field tensor F' :=
—EAdx® + B, as a two-form on the Minkowskii space M>31!, with coordinates
(20, 21, 2%, 23), where 2¥ = t, and the metric g = diag(1,—1,—1,—1). By the
last two Maxwell’s equations, F' is a closed form, dF' = 0, and therefore it is
exact, i.e. there is a one-form A, s.t. F = dA. (A can be thought of as a con-
nection, and F' as a curvature on a U(1)—bundle.) Then the action functional
can be written as a 'Dirichlet’ integral, S(A) = — 2= [},511 (||[dA[? + (T, A)),
where J := (p,j) on the Minkowskii space M3+ with the norm and inner
product related to the Minkowskii metrics, g = diag(1, —1, —1, —1). This gives
the first two of Maxwell’s equations as d*F = J, where d* is the operator
adjoint to d.

Elimination of scalar potential. Note that the time derivative of scalar
potential U does not enter this Lagrangian. This indicates that U is not a
dynamical variable and we can eliminate it from the action. We do this in the
Coulomb gauge, divA = 0, as follows. Varying the action S(~,U, A) w.r. to
U, we obtain the first of Maxwell’s equations

— AU =p. (20.9)

Furthermore, divA = 0 implies, after integration by parts, that fR3 |A +
VU|2dx =[5 (|A[?+|VU|?)dz. Using this and [p, |VU|?dz = [, U(—A)Udx
= Jps Updz, we see that the terms involving U add to —3 [5s Updz. Now,
solving the Poisson equation (20.9) for U as U = (—A)~!p, we obtain

/ U dz — / p(—A) " pd = Vigui (),
R3 R3

where z = (x1,...,2,), plus the infinite Coulomb self-energy term. Here
Veout(z) = %Zi# ﬁm With this and dropping the Coulomb self-energy
term, we can write the action as

59 (y, A) = 557 () + S5(A) + Siei(v, A), (20.10)

wnt

cou T mg | T A
where S7 l(v) = fo (El —2”‘|%'|2 - Vcoul)dt, Sy(A) = %fo fRs (|A($at)|2 -
|V x A(z,t)|?)dzdt is the free action of electromagnetic field, encountered in
the previous chapter, and

T
St (6, A) = /0 /RS j(x,t) - Az, t)dadt. (20.11)
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Hamiltonian formulation. Now, we pass to the hamiltonian formulation.
To this end we impose the Coulomb gauge, divA = 0 and use the La-
grangian given by the above action. The generalized particle momenta are
ki = mua; + eA(x;), while the field momentum is —F = A, the same as
in the free case. The classical Hamiltonian functional is H(z,k, A, E) =
k-v— L(z,v, A, E”m,;fm:k:,-—eA(x,;),A:—E’ which gives

L (ks — esA(@))? + Viow(2) + Hy (A, E)

Hz, kA E) = 5

i

where k = (k1,...,k,) and H¢(A, E) is the Hamiltonian functional of the free
electro-magnetic field. Defining the Poisson bracket as the sum of classical
mechanics one, (4.34), and electro-magnetic one, (19.50), we arrive at the
hamiltonian formulation for a system of n particles of masses myq, ..., m, and
charges e1, ..., e, interacting with electromagnetic field, (E, B).

20.2 Quantum Hamiltonian of Non-relativistic QED

According to our general quantization procedure, we replace the classical
canonical variables 2§ and k¢ and classical fields A (z), and E°(z) by the
quantum canonical operators x;, p;, A(z), and E(x) (see (4.4) and (19.52)),
acting on the state space

LA(R*™) @ L*(Q"™  duc) ~ L*(R*") @ F = Hpart @ Hy. (20.12)

In the units in which the Planck constant divided by 27 and the speed of light
are equal to 1, 7~ =1 and ¢ = 1, the resulting Schrodinger operator, acting on
Hpart & va is

n

1
H=3 S i~ eiA(2:))* + Veou(z) + Hy, (20.13)
i=1

where, recall, m; and e; are the mass (in fact, the ’bare’ mass, see below)
and charge of the i-th particle. Recall the the quantized vector potential A(x)
and quantum Hamiltonian H; are given in terms of the annihilation and cre-
ation operators a(k) = ), ex(k)ax(k) and a*(k) = >, ex(k)a} (k) (obeying
canonical commutation relations (19.57)) by

A(z) = /{eix"“a(k) + e‘“"ka*(k)}m (20.14)

and

Hy = / w(k)a(k)” - a(k)dk. (20.15)
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Note that in the units we have chosen, various physical quantities entering the
quantum hamiltonian are not dimensionless. We choose these units in order
to keep track of the particle mass.

Also note that we omitted the identities 1,.,¢ and 1y on Hpare and Hy,
respectively, and a careful notation would have Voo (z) ® 15 and 1par ® Hy,
instead of Veoui(z) and Hy. In what follows, as a rule, we do not display these
identities.

Gauge principle (minimal coupling). We see that the full, interacting
Hamiltonian, is obtained by replacing the particle momenta p; by the covari-
ant momenta pa ; = p; —e;A(z;), and adding to the result the field Hamilto-
nian, Hy, responsible for the dynamics of A(z). This procedure is called the
minimal coupling and it is justified by a gauge principle requiring the global
gauge symmetry of the particle system also to be the local one.

Ultra-violet cut-off. The quantum Hamiltonian H we obtained above is ill-
defined: its domain of definition contains no non-zero vectors. The problem is
in the interaction (p — eA(z))? — p? = —2eA(x)p + e2A(z)? (written here in
the one-particle case). The A(x) is too rough an operator-valued function. It
has the empty domain. E. g.

A(z)(f(z) @ 2) = f(x)A(z)2
&k
w(k)

To remedy this we institute an wultraviolet cut-off. It consists of replacing
A(x) in (20.14) by the operator A, (x) := x * A(z) where x is a smooth
well-localized around 0 (i.e. sufficiently fast decaying away from 0) function:

= 1) [ e ot g o F

Alx) — Ay (x) :== x * A(z). (20.16)

Recall that x denotes the inverse Fourier transform of a function y. We choose
X to be a positive function whose integral is equal to 1 (a smoothed-out ¢-
function). In fact, the specific shape of x is not important for us. Now, A, (z)
is of the form

- k
Ay (z) = / (e a(k) + hoe) 2L g (20.17)
w(k)
Assuming that the ultra-violet cut-off x decays on the scale k, we arrive, as a
result, at the Hamiltonian of non-relativistic matter interacting with radiation:

1
Hew =) 5——(0a,9)* + € Veou(z) + Hy (20.18)
j=1 "

acting on Hpare @ Hy, where pa, ; = p; — ejAy(x;), and p; = =iV, (note
that the parameter e enters the definition of the operator p4, ;). This is the
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standard model of non-relativistic QED. We show below that H.. is well-
defined and is self-adjoint.

To sum up, we arrived at a physical system with the state space H =
H, ® Hy and the quantum Hamiltonian H,. Its dynamics is given by the
time-dependent Schrédinger equation with

7'8151/) = Henwv

where ¢ is a differentiable path in the Hilbert space H = H, ® Hy. A few
comments are now in order.

Choice of k. We assume that our matter consists of electrons and the
nuclei and that the nuclei are infinitely heavy and therefore are manifested
through the interactions only). We reintroduce the Planck constant, i and
speed of light, ¢, for a moment. The electron mass is denoted by ms). Since
we assume that x(k) decays on the scale &, in order to correctly describe the
phenomena of interest, such as emission and absorption of electromagnetic
radiation, i.e. for optical and rf modes, we have to assume that the cut-off
energy, hck, is much greater than the characteristic energies of the particle
motion. The latter motion takes place on the energy scale of the order of the
ionization energy, i.e. of the order a?mgc?, where a = #;c ~ % is the
fine-structure constant. Thus we have to assume a2mec? < hck.

On the other hand, for energies higher than the rest energy of the the
electron (me1c?) the relativistic effects, such as electron-positron pair creation,
take place. Thus it makes sense to assume that Ack < mec?. Combining the
last two conditions we arrive at the restriction a?mec? < hick <€ mec® or
a’meic/h < k < mere/h. In our units (A= 1, ¢ = 1) this becomes

anel K K KL Mgl

Free parameters. We will see later that the physical mass, mg, is not
the same as the parameter m = m; (the 'bare’ mass) entering (20.18), but
depends on m and k. Inverting this relation, we can think of m as a function
of me and k. If we fix and the particle potential V(z) (e.g. taking it to be
the total Coulomb potential), and me and e, then the Hamiltonian (20.18)
depends on one free parameter, the bare electron mass m (or the ultraviolet
cut-off scale, k).

Gauge equivalence. We quantized the system in the Coulomb gauge.
Assume we quantized the system in a different gauge, say the Lorentz gauge,
how is the latter Hamiltonian related to the former one? As we saw above,
classically, different gauges give equivalent descriptions of a classical system.
Do they lead to equivalent descriptions of the corresponding quantum sys-
tem? The answer is yes. One can show that quantum Hamiltonians coming
out of different gauges, as well as other observables, are related by unitary
(canonical) transformations.
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20.2.1 Translation invariance

The system of particles interacting with the quantized electromagnetic fields
is invariant under translations of the particle coordinates,  — x + y, where
y=(y,...,y) (n— tuple) and the fields, A(z) — A(z —y), i.e. H,,, commutes
with the translations

Ty:¥(z,A) = V(z+y,t,A), (20.19)

where (t,A)(z) = A(x—y). (We say that H, is translation invariant.) Indeed,
we use (20.19) and the definitions of the operators A(x) and E(x), to obtain
T,A(z) = (t,A)(z)Ty and T, E(z) = (t,E)(x)T,, which, due to the definition
of Hey, give

TyHen = HemTyv

In the Fock space representation (20.19) becomes
Ty : @n!pn(ﬁa kla R kn) e @neiy-(kl-&-.--kn)gpn(& + gv kla ttt k")

and therefore can be rewritten as T, : ¥(z) — e PrW(z +y), where Py is the
momentum operator associated to the quantized radiation field,

P; = Z/dkka;(/ﬂ)a)\(k).
A

As we know from Section 3.5, typically, symmetries of a physical system
lead to conservation laws. (In the classical case, this is the content of the
Noether theorem.) In our case, of a particular importance is space-time trans-
lational symmetry, which leads to conservation laws of the energy, He,, and
the total momentum. We check this for the spatial translations. It is straight-
forward to show that T}, are unitary operators and that they satisfy the rela-
tions Tp4y = T, T, (and therefore y — T), is a unitary Abelian representation
of R?). Finally, we observe that the group T, is generated by the total mo-
mentum operator, Pio, of the electrons and the photon field: T, = e Prot
Here P, is the selfadjoint operator on H, given by

Piot = pi ®1f + Lpar ® Py (20.20)

where, as above, p; := —iV,, the momentum of the j—th electron and Py is
the field momentum given above. Hence [Hy, Piot] = 0.

20.2.2 Fiber decomposition with respect to total momentum

Since the Hamiltonian H., commutes with translations, T}, it has a fiber de-
composition w.r.to the generator P, of the translations (cf. Section 6.4). We

construction this decomposition. Let H be the direct integral H = fﬂg HpdP,
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with the fibers Hp := L*(X) ® F, where X := {z € R* | > . m;x; =
0} ~ R3"=1 (this means that H = L*(R3 dP;L*(X) ® F)) and define
U : He ® Hy — H on smooth functions, compactly supported in z, by the
formula

(UW)p(gl) :/ ei(P—Pf)'wcmW(g/_"_zcm)dy7 (20.21)
R3

where 2z’ are the coordinates of the n particles in the center-of-mass frame and
Loy = (Temy -+ s Tem) (n— tuple), with zepm, = ﬁ >, mix;, the center-of-

—Ccm
mass coordinate, so that z = 2/ + z,,,. Then U extends uniquely to a unitary
operator (see below). Its converse is written, for ®p(z') € L*(X) ® F, as

(U1d)(z) = /R ) e~ @em (P=P)@ 1, (2")dP. (20.22)

The functions $p(z') = (U¥)p(z') are called fibers of ¥.

Lemma 1. The operations (21.8) and (20.22) define unitary maps L?(R3")®
F —H and H — L*(R®") ® F, and are mutual inverses.

Proof. By density, we may assume that ¥ is a C§° in z. Then, it follows from
standard arguments in Fourier analysis that

OB ) = [ape e [aye v 4y
_ /dy /dP e—iP~(a;cm—y)ein‘(xcm—y) Lp(z/ +y)
B /dy O(wem —y) T Eem VW (g! +y)

= U(z). (20.23)

On the other hand, for ¢ € H,

(UU'®)p(a) = /dyei(prf)y/dqei(q’Pf>y By ()

:/dq/dyei(pfq)ygpq@/)

~ [asr - g,
= Bp(2)). (20.24)

From the density of C§° in z functions, we infer that (20.23) and (20.24) define
bounded maps which are mutual inverses. Unitarity can be checked easily. O

Since H,.,, commutes with P, it follows that H,, admits the fiber decompo-
sition

€3]
UH., .U ' = / H,.(P)dP, (20.25)
R3
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where the fiber operators H..(P), P € R3, are self-adjoint operators on
the space fibers Hp. The latter means that UH,..U " '®p = H,.(P)®p for
Pp(z) € fﬂg HpdP. We compute H,,.(P). Using a(k)e~ ¥t = e~ (Pt g ()
and a* (k)e= Wt = e~ W (PR g* (), we find V, eV (PP A (2 +y)etv (P—F) =
0 and therefore

Ay (z)ev PP = ¢ (P=P) 4 (1 — ). (20.26)

Using this and (20.22), we compute

Heo(U™'0)(2) = / et (P=P) H (P)O(P)dP,
R3

where the fiber Hamiltonians H..(P) are given explicitly by

1
Hew(P) =)  5—(P P —iVa; — A (@5))” + Veom(@') + Hy  (20.27)
j 7

where z; = ; —Zen, is the coordinate of the i—th particle in the center-of-mass
frame.

20.3 Rescaling and Decoupling Scalar and Vector
Potentials

In order to simplify the notation and some of the analysis from now on we
assume that our matter consists of electrons and the nuclei and that the nuclei
are fixed (the Born-Oppenheimer approximation in the case of molecules,
see Section 10.1) and therefore are manifested through the interactions only.
Recall that we work in physical units in which the Planck constant and speed
of light are equal to 1: h = 1 and ¢ = 1, so that €?/47 = a ~ the

. . . 2
fine-structure constant. In the original units, o = ;5.

In the Hamiltonian (20.18) the coupling constant - the electron charge e -
enters in two places - into the particle system itself (the Coulomb potential)
and into coupling the particle systems to the quantized electro-magnetic field
and thus has two different effects onto the total system. To decouple these
two effects, we rescale our Hamiltonian as follows:

L
37

1
r— —x, k— ok,
Q@

Under this rescaling, the Hamiltonian H., is mapped into the Hamiltonian
a?H (g), where

H(e) = zn: %(N% +eAX(x;))? + V(z) + Hy, (20.28)

Jj=1
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where ¢ = 2/7a®?, AX(z) = A, (az) with x(k) replaced by x(a?k), and
V(z) = Veoul(z, aR). We write out the operator AX(x):

x(@k)

"0 k. (20.29)

AX(z) = /(eik‘wa(k) + h.c.)

The Hamiltonian H(e) is, of course, equivalent to our original Hamiltonian
He.
After the rescaling performed above the new UV cut-off momentum scale,
k' = a2k, satisfies
Mel < K < o ?mel,

which is easily accommodated by our estimates (e.g. we can have ' =
O(a™'3mg)). From now on we fix ' and we do not display « in the cou-
pling function in (20.29) (the presence of a multiplying 2 above only helps
our arguments).

At this point we forget about the origin of the potential V' (x), but rather
assume it to be a general real function satisfying standard assumptions, say

(V) V e L2(R3N) + Lo(R3Y),,

i.e. V can be written as a sum of L?— and L>°—functions, where the second
component can be taken arbitrary small. It is shown in Section 20.3.1 that a
sum of Coulomb potentials satisfies this condition and it is shown in Section
20.3.1 that under conditions (V), the operator

=~ 1
Hpart := — Z %ij +V(z)
j=1

is self-adjoint on the domain D(Y."_ | 5-A, ). The Hamiltonian H(e) is a
key object of our analysis.

20.3.1 Self-adjointness of H(¢)

The key properties of a quantum Hamiltonian are boundedness below and
self-adjointness. One way to approach proving these properties is to use the
gaussian space representation (20.12) and the Kato inequality (see [CFKS],
cf. Section 4.3). This would give the result for for all coupling constants e.
(See also a proof of the self-adjointness of H(e) for an arbitrary €, using path
integrals by [Hiro].) We take a different approach which demonstrates some
of estimates we need later, but proves these properties only for e sufficiently
small.

Theorem 20.1 Assume ¢ is sufficiently small. Then the Hamiltonian H ()
is defined on D(H(0)) and is self adjoint and bounded below.
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Proof. To keep the notation simple we consider one-particle systems (n = 1).
We decompose the Hamiltonian (20.28) into unperturbed part and perturba-
tion as

H(e) = H(0) + I(e). (20.30)

In this proof we omit the super-index x and write A(x) for AX(x) in (20.28).
Using (20.28), we find
1
I(e) = —ep- A(z) + 552|A(:c)|2. (20.31)

Now the self-adjointness of H(e) follows from the self-adjointness of H(0) =
Hpart ® 1 + 1pas ® Hy, Proposition 20.2 below, the smallness of € and an
abstract result, Theorem 2.11 of Section 2.2 . [

The next statement shows that I. is a relatively bounded perturbation in the
sense of forms.

Proposition 20.2 There is an absolute constant ¢ > 0, s. t.

(¥, 1(e)y) < ce((w, HO)¥) + [[0]). (20.32)

Proof. Let || - ||# stand for the norm in the Fock space F. First we prove the
bounds

2
oyl < [yl (2033
and

2
otz < [LEpm o+ e os

The first inequality follows from the relations

la(els < [ 171wl

(/1) (fawme)”

(due to the Schwarz inequality) and [ wl||ay||? = (,wa*a)) = (¢, Hy1p). The
second inequality follows from the first and the relation

(20.35)

la(f)¥lF = (¥, a(fa(f) ¥)F = lla(f)¢lF + / Il % (20.36)

The inequalities (20.33) and (20.34) yield the following bound || A(x)¥]|z <
c(IlH;*||7 + ||| ), which implies that

|AG@)(H; +1)7 2] <e. (20.37)

Now, chose ¢’ s.t. Hpare +¢’1 > 1. Using the equation H(0) = Hpare @15+
1,0t @ Hy and using repeatedly that for any positive operator B, ||B%w|\2 =
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(¥, BY) and that (¢, Hparet)) < (4, H(0)¥) (since Hy > 0) and (¢, Hytp) <
(¥, (H(0) + /1)4), we find that

I(Hy +1)7(H(0) + 1) %] < 1,

1 (Hpare + ¢'1)% (H(0) + ¢'1) 72| < 1.

These inequalities together with the estimates ||[pi]| < ¢|(Hpare + ¢'1)29]],
and (20.37) give,

|(Hpart + Hy 4 1) V2pA(x) (Hpare + Hy + ¢1)7V2| < c. (20.38)
Similarly, (20.37) implies that
|(Hpare + Hy + ¢ 1) Y2 A(2)? (Hpare + Hy + 1) 72| < c. (20.39)

The estimates (20.39) and (20.38) together with the relation (20.31) imply
(20.32). O

One can also prove a bound on I(¢) itself, not just on its form (1, I(€)v), so
that the self-adjointness of H(¢) would follow from the Kato-Rellich theorem
2.9. This is done in Appendix 21.8.

20.4 Mass Renormalization

In this section we study electron mass renormalization. First we analyze the
definition of (inertial) mass in Classical Mechanics. Consider a classical parti-
cle with the Hamiltonian h(z, k) := K (k)+V (), where K (k) is some function
describing the kinetic energy of the particle. To find the particle mass in this
case we have to determine the relation between the force and acceleration at
very low velocities. The Hamilton equations give © = Vi K and k=F , where
F = —0,V is the force acting on the particle. Assuming that K has a min-
imum at k = 0, we expand VK (k) around 0 to obtain & = K" (0)k, where
K"(0) is the hessian of K at k = 0. Differentiating the above relation w.r. to
time and using the second Hamilton equation, we obtain & = K" (0)F'(z). This
suggests to define the mass of the particle as m = K”(0)~}, i.e. as the inverse
of the Hessian of the energy, in the absence of external forces, as a function
of momentum, at 0. (K (k) is called the dispersion relation.) We adopt this as
a general definition: the (effective) mass of a particle interacting with fields is
the inverse of the Hessian of the energy of the total system as a function of
of the total momentum at 0.

Now, we consider a single non-relativistic electron coupled to quantized
electromagnetic field. Recall that the charge of electron is denoted by —e and
its bare mass is m. The corresponding Hamiltonian in our units is

1
HY = 5 (CiVe @1y + AX(x) )2+ Lpare ® Hy, (20.40)
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acting on the space L*(R?) @ F = Hpart @ Hy. It is the generator for the
dynamics of a single non-relativistic electron, and of the electromagnetic ra-
diation field, which interact via minimal coupling. Here recall A, (x) and H;
are the quantized electromagnetic vector potential with ultraviolet cutoff and
the field Hamiltonian, defined in (20.17) and (20.15)

The system considered is translationally invariant in the sense that He(,l.i)

commutes with the translations, T},
T,HS) = H)T,,
which in the present case take the form
Ty:¥(x,A) — ¥(x+y,t,A), (20.41)

where (t,A)(z, A) = A(z — y). This as before leads to aY commuting with
the total momentum operator,

Piot = Ppart ® 15 + 1pa ® Py, (20.42)

of the electron and the photon field: [Hé,?, Piot] = 0. Here Py := —iV, and
Py =%, [dkkaj(k)ax(k), the electron and field momenta. Again as in Sec-
tion 20.2.2, this leads to the fiber decomposition

UHPU! = H<1> (20.43)
R3
where the fiber operators Hé,?(P), P € R3, are self-adjoint operators on F.

The computation of the operator H, e(,l.;) (P) is the same as of thje corresponding
fiber operator in Section 20.2.2. Specifying (20.27) to the present case (i.e.
taking 2’ = 0), we obtain

1
HE)(P) = 5= (P~ Py — eAX) + Hy (20.44)
m

where AX := AX(0). Explicitly, AX is given by

x =3 / dk r]f||f/|2? ex(k) {ax(k) + ai(k)}. (20.45)
A

Consider the infimum, E(p) := inf J(Hé,? (P)), of the spectrum of the fiber
Hamiltonian HS@)(P) Note that for e = 0, E( )e=o =: Eo(P) is the ground
state energy of Hy(P) := Hé,{u)( P)le=o = 5 (P — Pf)2 + H¢ with the ground
state 2 and is Eo(P) = %. Moreover, it is easy to show that E(p) is
spherically symmetric and has a minimum at P = 0 and is twice differentiable
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P = 0. Following the heuristic discussion at the beginning of this section, we
define the renormalized electron mass as

Myen = E"(0)71,

where, recall, E”(0) is the Hessian of E(P) at the critical point P = 0. A
straightforward computation gives

(Hess E(P)) S

PPN Op E(P) PP
(51.]-7 J) i + 5192, E(P) (20.46)

P2/ P |[P[?

Since E(P) is spherically symmetric and C* at P = 0, and satisfies 9, p| E(0) =
0, we find Hess E(0)).. = Lt 8|2P‘E(0) and therefore as

i~ |P?
1
Myen ‘— 5 = —~ -

&%, E(0)

Recalling our discussion at the beginning of this section, the kinematic
meaning of this expression is as follows. The ground state energy F(P) can be
considered as an effective Hamiltonian of the electron in the ground state. (The
propagator exp(—itE(P)) determines the propagation properties of a wave
packet formed of dressed one-particle states with a wave function supported
near P = 0 — which exist as long as there is an infrared regularization.) The
first Hamilton equation gives the expression for the electron velocity as

v = 9pE(P).

Expanding the right hand side in P we find v = Hess E(0)P + O(P?). Since
E(P) is spherically symmetric, and C? in |P| near P = 0, this becomes

v = 9pE(0,0) P + O(P?).

This suggests taking (6‘2P|E(0))_1 as the renormalized electron mass.

It is shown in [BCFS2, Ch, ChFP1] that the infimum, E(P) =
inf spec(He(,l.i) (P)), of the spectrum of H » (P) is twice differentiable and P = 0
and the expression for m,..,, is computed to the order e3.

20.5 Appendix: Relative bound on I(¢) and
Pull-through Formulae

Proposition 20.3 There is an absolute constant ¢ > 0, s. t.

H(e)vll < ee(IH O]l + 1¥1) - (20.47)
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Proof. We use the pull-through formula a(k) f(Hy) = f(Hf+w(k))a(k), valid
for any piecewise continuous, bounded function, f, on R, proven in Appendix
21.8. Applying it to the function f(X) := (A +1)"2 gives

a(k)(H; +1)"% = (Hy + w(k) + 1) Za(k). (20.48)
Using this relation we obtain
latg)a(hul < [ 17llatg)atb]
- / [ flllalg)(Hy +w(k) + 1) Fa(k) (Hy + 1|
< [ 19llao) Ey + (k) + )4 (k) s + 1o

Applying now the bounds (20.33) and (20 35) and using that ||H1/2(Hf +
w(k) + 1)~ < )] and [[HY2(Hy + 1)40)) < [(Hj + 1)), we obtain

pagacsyot = (L) (Y oy 5 a0

Now, using this relation together with (20.33), (20.35) and (20.36), we find

@l <[5 [E 4 1y

fP? 2
+ UL [igpi2oe,

e <2 (U (Y s
v [UE [y
+3 17 [ laPiol®.

The above estimates imply

[A@)A@@)ell < c(IlHppll + [1]]) - (20.49)

and

Finally, using the estimates (20.37) and ||py|| < ¢||(Hpar + ¢/1)2¢]], for ¢/
8.t. Hpart + ¢'1 > 1, and the fact that Hpayy and A(z) commute, we find

IpA(@)e | < el A@)(Hpar+¢1) 20| < | (Hp+1)? (Hpar+¢'1) 20 (20.50)
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Using the equation H(0) = Hpart ® 15 + 1pae ® Hy and using repeatedly
that for any positive operator B, ||B24||2 = (1, By) and that (¢, Hparit)) <
(6, H(0)) and (, Hy) < (b, (H(0)-+¢/1)15), we find that ||(H-+1)* (Hpar-+
d1)24|| < ||(H(0) 4+ ¢/1)1||. This inequality together with (20.50) gives

IpA(2)¢l < cll(H(0) + ¢'1)3]]. (20.51)
The relation (20.31) and estimates (20.49) and (20.51) imply (20.47).

Now we prove the very useful “pull-through” formulae (see [GJ,BCFS2])
used above:
a(k)f(Hy) = f(Hy + w(k))a(k) (20.52)

and
f(Hy)a*(k) = a™(k)f(Hy + w(k)), (20.53)

valid for any piecewise continuous, bounded function, f, on R.

Problem 20.4 Using the commutation relations above, prove rela-
tions (20.52)- (20.53) for f(H) = (Hy — z)~ !, z € C/RT.

Using the Stone-Weierstrass theorem, one can extend (20.52)- (20.53) from
functions of the form f(\) = (A — 2)71, z € C\R™, to the class of functions
mentioned above. Alternatively, (20.52)- (20.53) follow from the relation

N N
st TL a2 = £ _wk) [ " (k)2

i=1

Problem 20.5 Prove this last relation, and derive (20.52)- (20.53) from it.
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Theory of Radiation

Emission and absorption of electromagnetic radiation by systems of non-
relativistic particles such as atoms and molecules is a key physical phe-
nomenon, central to the existence of the world as we know it. Attempts to
understand it led, at the beginning of the twentieth century, to the birth of
quantum physics. In this chapter we outline the theory of this phenomenon.
It addresses the following fundamental physical facts:

(a) a system of matter, say an atom or a molecule, in its lowest energy
state is stable and well localized in space, while

(b) the same system placed in the vacuum in an excited state, after awhile,
spontaneously emits photons and descends to its lowest energy state.

The starting point of theory of radiation is the Schrédinger equation

describing quantum particles interacting amongst themselves, and with quan-
tized electro-magnetic field. Here 1 is a path in the state space Hpart ® Hy
and the quantum Hamiltonian operator H(e) entering it acts on Hpare ® Hy
and is given by (see (20.28)):

1
H(e) = 5 (Ve + eAX(x4))? + V(z) + Hy, (21.1)

j=1

with the notation explained in the previous chapter. (Recall that we use the
units 27 = 1 and ¢ = 1 and, as a rule, we do not display the identities 1,4+ and
1; on Hpart and Hy, respectively. A careful notation would have Voo (z) @15
and 1part @ Hy, instead of Veow (z) and Hy.)

The mathematical manifestation of the fact (a) is that H(e) has a ground
state, which is well localized in the particle coordinates, while the statement
(b), rendered in mathematical terms, says that the system in question has no
stable states in a neighbourhood of the excited states of the particle system,
but ‘metastable’ ones.
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21.1 Spectrum of Uncoupled System

To understand the spectral properties of the operator H(e), we first examine
a system consisting of matter and radiation not coupled to each other. Such
a system is described by the Hamiltonian

H(O) = Hpart @ Ly + 10 @ Hyp (21.2)

which is obtained by setting the parameter £ in (20.28) to zero. The corre-
sponding time-dependent Schrodinger equation is

i— = H(0). (21.3)

The dynamics of a system of quantum matter (atom, molecule, etc., with
fixed nuclei) is described by the Schrédinger operator

n

I,
Hpart = Z %pj + V(i)
Jj=1
acting on Hpare = L*(R3™) (or a subspace of this space of a definite symmetry
type). Recall the spectral structure of the Schrédinger operator Hpar. By
HVZ theorem (see Section 12.4), we have

o(Hpart) = {negative EV’s, E;} U { continuum [0, c0) }. (21.4)
Here j = 0,1,... and we assume Ey < E; < .... The eigenfunction, ¢5*",

corresponding to the smallest eigenvalue, Ej is called the ground state, while
the eigenfunctions w;art for the higher eigenvalues E; with j > 1, are called
the excited states. The generalized eigenfunctions of the essential spectrum
are identified with the scattering states (see Fig. 21.1).

E, E,. .. 0
X—X X r—
N A }
bound states scattering states

Fig. 21.1. Spectrum of Hpay

For the field, o.ss(Hy) = [0,00) and o4(Hy¢) = {0}. The eigenvalue 0 is
non-degenerate, and corresponds to the vacuum vector: Hy{2 = 0.

Using separation of variables, we obtain the eigenfunctions and the gener-
alized eigenfunctions,

PP @2, and P @[] o (k)12 (21.5)

i=1
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for various s > 1 and ky,...,ks in R3, of H(0), corresponding to the eigen-
values E;, j = 0,1,..., and the spectral points E;(k) = E; + >.;_, w(k;) €
[E,;,00), respectively. This leads to the following stationary solutions

S
IR 0) and B0 e [[a)0)

i=1

of the time-dependent Schrodinger equation (21.3). The first of these states

describes the particle system in the state 1/1?”“ with no photons around, while

the second one corresponds to the system in the state w;art and s photons

with momenta k1, ..., ks. Both states are stationary in time. In the absence
of coupling between matter and radiation, the system of matter and radiation
placed in one of these states remains in the same state forever. Radiation is
neither absorbed nor emitted by this system.

Note finally that various eigenfunctions and generalized eigenfunctions
above lead to different branches of the spectrum of H(0), which, as a set,
is of the form

o(H(0)) ={EV's E;} U {continuum [E};, c0)} U continuum [0,00) (21.6)
Jj=0
(see Section 23.13 of the Mathematical Supplements).
The spectrum of H(0) is pictured in Figure 21.2.

branches of the continuous spectrum

/|

& I

PAN

N
E,E,. .. 0

h 1

bound states

L

P2

Fig. 21.2. Spectrum of H(0).

The question we want to address is: how does this picture change as an
interaction between the matter and radiation is switched on? This is the main
problem of the mathematical theory of radiation.

21.2 Complex Deformations and Resonances

In this section we discuss a key notion of the (quantum) resonance. It gives
a clear-cut mathematical description of processes of emission and absorption
of the electro-magnetic radiation. In this description, the process of radiation
corresponds to formation of resonances out of the excited states of particle
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systems. The most effective way to define resonances is to use complex trans-
formation of the Hamiltonian under consideration (see Section 16.1) which we
proceed to describe in the present setting.

Define the dilatation transformation, Uyg, on the Fock space, Hy = F, as
the unitary group of operators, given by

Upg2 =10 and  Upy [[a"(f))2 =] a"(uatj) 2. (21.8)
Here ug is the rescaling transformation acting on L?(R?), given by

(ugf)(k) = e /2 f(e~"k). (21.9)
(Uyg is the second quantization of ug.) This definition implies Usg := et
where T := [ a*(k)ta(k)dk and ¢ is the generator of the group ugy (see Chapter
18 for the careful definition of the integral [ a*(k)ta(k)dk) and

Usga® (f)U;y = a¥ (uf) (21.10)

where a?(f) stands for either a(f) or a*(f). Applying this transformation
to the photon Hamiltonian Hy, we find Hyp = e_er. Denote by Upg the
standard dilation group on the particle space: Upg : ¢(x) — 637"91/)(602) where,
recall, n is the number of particles (cf. Section 16.1). We define the dilation
transformation on the total space H = H, ® Hy by

Up = Upg @ Uyy. (21.11)

For # € R the above operators are unitary and map the domains of the
operators H (e) into themselves. Consequently, we can define the family of
Hamiltonians originating from the Hamiltonian H () as

H.g:=UgH(e)U, " . (21.12)

We would like to extend this family analytically into complex 6’s. To this
end we impose the following condition (in addition to condition (V)):

(A) Vy(z) := V(e’z), as a multiplication operator from D(A;) to Hpar, has
an analytic continuation, Vp, in 6 from R into a complex neighbourhood
of # = 0, which is bounded from D(A;) to Hpare.

Furthermore, we fix the ultra-violet cut-off x (k) from now on so that xg(k) :=
e=30/2y(e=?k) is an analytic function in a neighbourhood of § = 0, vanishing
sufficiently fast at oo, e.g. by taking x(k) = eIk,

Under Condition (A), there is a family H (e, ) of operators Type-A ana-
lytic ([Ka,RSIV,HS]) in the domain |Imf| < 6y, which is equal to (21.12) for
0 € R and s.t. H*(g,0) = H(s,0) and

H(g,0) = UrepH (¢,ilm0)Ug L. (21.13)
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Indeed, using (20.28), we decompose H(g) = Hpare + Hy + I(€), where I(¢)
is defined by this relation: I(e) = Y7, [iVy; - eAX(x;) + 56> AX(x;)?], where
we used that divAX = 0. Using this decomposition, we write for § € R

H(e,0) = Hy(0) @15 + e %1, ® Hf + I(¢,0) , (21.14)

Furthermore, using (21.10) and the definitions of the interaction I(g), we see
that I(e,f) is obtained from I(¢) by the replacement a#(k) — e~ % a#(k)
and, in the coupling functions only,

kE —efk and z; — ez (21.15)

This gives the required analytic continuation of (21.12). We call H (e, 0) with
Imé > 0 the complex deformation of H ().

One can show show that:

1) The essential spectrum of moves (e.g. the spectrum of the deformation
Hfg is O’(Hfg) = {0} Ue™ Ima[o, OO)),

2) The real eigenvalues of H(e,d), Im# > 0, coincide with eigenvalues of
H(e) and that complex eigenvalues of H(e,0), Imf > 0, lie in the complex
half-plane C—;

3) The complex eigenvalues of H (e, ), Imf > 0, are locally independent
of 6.

Let Wy = UpW, etc., for § € R and z € CT. Use the unitarity of Uy for real
0, to obtain (the Combes argument)

(W, (H(g) — 2)" @) = (W, (H(s,0) — 2) " dy). (21.16)

Assume now that for a dense set of ¥’s and @’s (say, D, defined below), Wy
and Py have analytic continuations into a complex neighbourhood of 8 = 0
and continue the r.h.s analytically first in § into the upper half-plane and then
in z across the continuous spectrum.

e The real eigenvalues of H(e,#) give real poles of the r.h.s. of (21.16) and
therefore they are the eigenvalues of H (e).

e The complex eigenvalues of H(g,#) are poles of the meromorphic contin-
uation of the Lh.s. of (21.16) across the spectrum of H onto the second
Riemann sheet.

The poles manifest themselves physically as bumps in the scattering cross-
section or poles in the scattering matrix.

An example of a dense set D for which the r.h.s. of (21.16) has an analytic
continuation into a complex neighbourhood of 6 = 0, is

D= |J Ran(xnvenXizi<d)- (21.17)
n>0,a>0

Here N = [ d3ka*(k)a(k) be the photon number operator and 7' be the self-
adjoint generator of the one-parameter group Uy, 6 € R. It is easy to show
that the set D is dense.
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We define the the resonances of H () as the complex eigenvalues of H (e, 0)
with Im6 > 0. Thus to find resonances (and eigenvalues) of H(g) we have to
locate complex (and real) eigenvalues of H (e, d) for some 6 with Imé > 0.

21.3 Results

The rigorous answer to the question of how the spectral properties of H(0)
change as the interaction is switched on is given in the theorem below. This
theorem refers to the notion of resonance described in Section 21.2 (see also
Section 16.1). We have

Theorem 21.1 Let € # 0 be sufficiently small. For statements (ii) and (iii),
we assume, besides (V), Condition (A). Then

(i) H(¢) has a unique ground state, .. This state converges to 5" @ §2

as € — 0, and is exponentially localized in the particle coordinates: i.e,
e?1#lyp || < oo for some & > 0.

(ii) H(e) has no other bound states. In particular, the excited states of Hpart
(i.e. w;art ® 2, j > 1) are unstable.

(iii) The excited states of Hpay, turn into resonances of H(e), € # 0 (see
Fig. 21.3).

Fig. 21.3. Bifurcation of eigenvalues of H(0)(the second Riemann sheet).

Statement (ii) uses in addition to (V) and (A) a technical condition called
(positivity of) the Fermi Golden Rule, which is satisfied except in a few “de-
generate” cases).

This theorem gives mathematical content to the physical picture based on
formal calculations performed with the help of perturbation theory. Statement
(i) says that a system of matter, say an atom or a molecule, in its lowest energy
state is stable and well localized in space, and according to statements (ii) and
(iii), the excited states of the particle system disappear and give rise to long-
living, metastable states of the total system.The latter are solutions of the
time-dependent Schrodinger equation

which are localized for long intervals of time, but eventually disintegrate.
(Recall that a metastable state is another term for a resonance.) These
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metastable states are responsible for the phenomena of emission and absorp-
tion of radiation and their life-times tell us how long, on average, we have to
wait until a particle system emits (or absorbs) radiation.

The real parts of the resonance eigenvalues — the resonance energies — pro-
duce the Lamb shift, first experimentally measured by Lamb and Retherford
(Lamb was awarded the Nobel prize for this discovery). The imaginary parts
of the resonance eigenvalues — the decay probabilities — are given by the Fermi
Golden Rule (see, eg, [HuS]).

In the rest of this chapter we outline the main steps of the proof of Theorem
21.1, with more machinery given in the next chapter.

21.4 Idea of the Proof of Theorem 21.1

A complete proof of statements (i)-(iii) can be found in [Sig2] (see also [BFS1,
BCFS1]). We will describe the proof of (i) in this chapter and in Chapter 22.
The proofs of (ii) and (iii) are similar. Namely, techniques developed in the
proof of (i) are applied to the family H (e, d), Im @ > 0, instead of H(e). Since
we are dealing only with the ground state, we will not need the analyticity
Condition (A) above.

The proof of statement (i) of Theorem 21.1 — existence of the ground
state — is done in two steps. On the first step, after performing a convenient
canonical transformation, we map the family H (¢) — 21 into a family Hy (e, z),
acting on the subspace of the Fock space Hy = F corresponding to the photon
energies < p for some € < p < B — EP* where ER™" and EP™* are the
ground state and the first excited state energies of Hp,.¢. On the second step,
done in Chapter 22, we apply to Hy(g, z) a spectral renormalization group
which brings it isospectrally into a very simple form which can be analyzed
easily.

We explain some intuition underlying the proof. To understand the prob-
lem we are facing we look at the spectrum of H (e = 0), i.e., when the interac-
tion is turned off (see Figure 21.4). We see that the unperturbed ground state
energy is at the bottom of the continuous spectrum. This suggests that only
the ground state gart of Hpare and the low energy states of Hy are essential.

region of
interest

R —

\E,/ E,

Fig. 21.4. Region of interest w.r.t. specH (0).

Hence - and this is the key idea - we would like to project out the inessential
parts of the spectrum without distorting the essential ones. But how do we do
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this? Let us try the first idea that comes to mind:
H— Q,HQ, (21.18)

where P, is the spectral projection for H(0) associated with the interval
[Eo, Eo + p]. The operator (), can be written explicitly as

Q, =Py @ By, (Hy) . (21.19)

Here PP™" is the orthogonal projection onto 5™ and Ej,,(Hy) is the spec-
tral projection of Hy corresponding to the interval [0, p], defined as follows.
First, recall that Hy = @, , Hyn, on F = @, Fn, where Hy o is the oper-
ator of multiplication by 0 on Fo := C, and for n > 1, Hy,, = > i w(k;) are
multiplication operators on F,, := @7 L?(R3). Next, let xy be the character-
istic function of the set A C R. Now we define

Ea(Hy) = ©p2oFEa(Hyn)

where for n > 1, Ea(Hjy,,) is the operator of multiplication by the function
xa(Xp_y w(ki)), acting on F,, and Ea(Hy,) is the operator of multiplica-
tion by xa(0) on Fo. The operator E ,(Hy) “cuts-off” the energy states of
H; with energy above p. The new operator Q,H (¢)Q, acts on the subspace
L?(R?) ® F which consists of states of the form

P @ ¢, ¢ € RanE ,(Hy)

(see Section 11.5). This is exactly what we want. However, the low energy
spectrum of the operator Q,H (¢)Q, is different from that of the operator
H(e). So we have lost the spectral information we are after. In Section 11.1,
we learned how to project operators to smaller subspaces without losing the
spectral information of interest. (We will refine this procedure in Sections 21.6
and 22.3.) But, as usual, there is a trade-off involved. While the map (21.18)
acting on operators H is linear, the new map we introduce is not. This new
map is called the decimation map (or Feshbach-Schur map). The result of
application of this map to the family H(e) — z1 is a family H(e) of operators
which act on the subspace RanFEjy, (Hy) of the Fock space F and which is a
small perturbation of the operator H; plus a constant. In fact, for technical
reasons it is convenient to use not the Feshbach-Schur map, but its exten-
sion - the smooth Feshbach-Schur map. (The latter is more difficult to define
but much easier to use.) This is done below. In the next chapter we apply
a renormalization group, based on the smooth Feshbach-Schur map, which
brings isospectrally the operators H,(e) arbitrarily close to operators of the
form -1+ wHy, with F € R and w > 0.

21.5 Generalized Pauli-Fierz Transformation

In order to improve the infra-red behaviour of the Hamiltonian H (¢), in this
section we apply to it a canonical transformation. To simplify notation we
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only consider the case n = 1 and m = 1. (The generalizations to an arbitrary
number of particles is straightforward.) In this case we have

1
H(e) = E(ivx +eAX(z))* +V(x) + Hy | (21.20)
where x € R3. The vector potential operator AX(z) is still given by (20.29).
Now Hpare = —3A + V(z) acts on Hpare = L*(R?), so that H(e) acts on
L? (RS) ®@Hy.

Now, we introduce the generalized Pauli-Fierz transformation
H. = e “F@ g (g)eF (@) (21.21)

where F(z) is the self-adjoint operator on the state space H given by

3
Z/fq«)\ ax(k) + for(k)a ())jm (21.22)

with the coupling function f, x(k) chosen as (recall we do not display « in
the coupling function in (20.29))

. k
efzk:a: X( )

VIl

The function ¢ is assumed to be C2, bounded, with bounded second derivative,
and satisfying ¢/(0) = 1. We assume also that ¢ has a bounded analytic
continuation into the wedge {z € C| |arg(z)| < 6p}. We call the resulting
Hamiltonian, H., the generalized Pauli-Fierz Hamiltonian. We compute

For(k) = o(lk|Zer(k) - z). (21.23)

H. = 5(p—ci(@))” + Vela) + Hy + £G(a) (21.24)

where A; (z) = AX(x) —VF(z), Vo(z) :==V(x)+ % S S 1| fzx(K)|?dPk and

- d*k
2)i= =i Y [ H(Fr®ar®) - fra®a ). (2125
b VAT
(The terms G and V. — V come from the commutator expansion
e E @ el (@) = _jg[F, Hy] — [F [F, Hy]].) Observe that the operator-

family A;(x) is of the form

3
Z/ (Xaor(F)ax(k) + xa(K)a (k:))\‘j']%| (21.26)

where the coupling function xy ;(k) is defined as follows

Xoz(k) = ex(k)e ™ x(k) — Vafor(k).
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It satisfies the estimates

Ixxz (k)| < constmin(1, \/|k|{z)), (21.27)
with (z) := (1 + |z|?)'/2, and

d3 9

The fact that the operators A; and G have better infra-red behavior than
the original vector potential A, is used in proving, with a help of a renor-
malization group, the existence of the ground state and resonances for the
Hamiltonian H. and therefore for H (). We note that for the standard Pauli-
Fierz transformation, the function f x(k) is chosen to be x(k)ex(k) -, which
results in the operator G (which in this case is proportional to (the electric
field at 2 = 0) - ) growing as x. This transformation can be used if our sys-
tem is placed in an external confining potential W (x) satisfying the estimate
W (x) > c|z|?, for |z| > R, for some ¢ > 0 and R > 0.
For further reference, we mention that the operator (21.24) can be written
as
H. = Hp. + I., (21.29)

where

Hoe = H0+—Z/ (Ifer(R)* + |XA;|](€|)| )dk, (21.30)

with Hy := H(e = 0) = Hpart + Hy (see (21.20)), and I. is defined by this
relation. Note that the operator I. contains linear and quadratic terms in
creation- and annihilation operators, with coupling functions (form-factors)
in the linear terms satisfying estimate (21.27) and with coupling functions in
the quadratic terms satisfying a similar estimate. Moreover, the operator H.
is of the form Hy. = HP** + H; where

HP™ = Hopy + Z JUrs®P +hosP2bes, 13

where, recall, Hpary = f%A + V(x). Note that similar to Proposition 20.3 one
can show the following

Proposition 21.2 We have

IG@)wl, |A@)BI < (I H el + [¥]]) - (21.32)

This theorem implies that I. is a relatively bounded perturbation of Hy..
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21.6 Elimination of Particle and High Photon Energy
Degrees of Freedom

Since we are looking at a vicinity of the ground state energy of H(e), the de-
grees of freedom connected to the excited particle states and to high photon
energies should not be essential. So we eliminate them isospectrally using
the smooth Feshbach-Schur (decimation) map. In this section we construct
this map and use it to pass isospectrally from the family H. — 2z - 1 to a
family Hy(e,z) of operators which act non-trivially only on the subspace
RanF ,(Hy), where recall Efg ,(A) is the characteristic function of the in-
terval [0, p], of the Fock space H; = F. The advantage of this family is that it
is even smaller perturbation of Hy plus a constant and that it can be treated
by the renormalization group approach developed in the next chapter. Passing
from H. — z -1 to Hy(e,z) will be referred to as elimination of the particle
and high photon energy (actually photon energy > p) degrees of freedom.

As was already mentioned, the smooth Feshbach-Schur map is a gener-
alization of the Feshbach-Schur map, discussed in Section 11.1, and it arises
when the projections P and P := 1— P are replaced by more general operators
P and P forming a partition of unity

P? 4 P? =1. (21.33)

Here we give a quick definition of the smooth Feshbach-Schur map. For more
details see Section 22.3. Consider operators H on a Hilbert space H with
specified decompositions H = Hg + I. We define

Hp :=Hy, + PIP. (21.34)

Assume now that
IP and PI extend to bounded operators on H (21.35)

and that z is s.t.
Hp — 2z is (bounded) invertible on Ran P. (21.36)

We define smooth Feshbach-Schur map, Ff;.mOOth, as

FEmooh ([T — 21) := Hy — 21 + PIP

. o (21.37)
— PIP(Hp — 2)"'PIP.

Definition 21.3 We say that operators A and B are isospectral at a point
z € Ciff

(a) z€0(A) & z€0(B),
(b) AY = 20 & Bop = z¢
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where ¥ and ¢ are related by ¢ = P and ¢ = Q¢ for some bounded operators
P and Q.

We have the following theorem :

Theorem 21.4 Assume H — z1 is in the domain of F}S;,mOOth. Then the op-
erators H and FEoo™ ([ — 21) + z1 are isospectral at z, in the sense of the
definition above, with the operator P, the same as in Ff;.m‘mth and the operator
(@ defined by

Qp(H —21):=P — P(Hp — 2) ' PIP. (21.38)

This theorem generalizes Theorem 11.1 of Section 11.1; its proof is similar
and is sketched in Section 22.3.

Now we adapt these notions to the families of operators (21.24). In this
case, a partition (P, P) (see (21.33) ) is defined as follows. Let x, = x,(Hy) :=
XH;/p<1 and Xp = Xp(Hy) = Xm,;/p>1, Where xa<1 and xx>1 are smooth
functions satisfying the relations

X?\gl + X§21 =1,

0 <xa<i,xa>1 < 1,and xa<1 = (1) i i ; iE’ (and the corresponding relation

for xa>1). Thus x,(Hf) = Xu,<, is an almost the spectral projection for the
operator Hy onto energies < p. With the definition (21.31), let furthermore

Py At — orthogonal projection onto the ground state eigenspace of H part
(21.39)
and PP™" :=1 — PP™". (Recall that HP*" is defined in (21.31).) Assume the
ground state of HP*" is simple and the corresponding eigenspace is spanned
by a function 1/5™". Then, in the Dirac notation, Py™" = [¢p*") (1x0™"|. We
introduce a pair of almost projections

P, := PP @ X, (Hy) (21.40)

and P, := PP+ PP ®x,(H}), which form a partition of unity P? —|—ﬁi =1.
Note that P, and Fp commute with Hy.. Let Fy and F; be the ground state
energy and the first excited state energy of HP**" and set

1
2, ={2€C | Rez < Ey + Zp} (21.41)

Now we have

Theorem 21.5 Let |¢| < p < Ey — Ey. Then ng‘:“”th is defined on for the
families of operators, H, — z- 1, z € {2,, where H, is given by (21.24), with
the decomposition (21.29), and is isospectral (in the sense of Theorem 21.4).
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Proof. The first part of the theorem follows from the definition of the domain
of the map F°°th given above and Propositions 21.9 and 21.10 given in
Appendix 21.10 below. The isospectrality follows from the first part of the
theorem and Theorem 21.4. [J

Let, as above, Ejy ,(A) be the characteristic function of the interval [0, p]. We
define the subspace

X, =8 @ Eo ) (HyYHy ~ Ejo ) (Hf)Hy

of Hpart ® Hy. Here ~ stands for the isomorphic isomorphism. The subspace
X, and its orthogonal complement, X pl, are invariant under Ff};o"th(HE —z1)
and span Hpart @ Hy.

Let AE = Ey — Ey. We choose pg such that ¢ < py < min(1, AE). We
apply Flsgf(l)""th to the families of operators (21.24) with the decomposition

H. = Hy. + I., as given in (21.29) - (21.30), to obtain the new Hamiltonian
Ho(e,2) := F°"(He — 21)|x,, - (21.42)

We claim that for Rez < Ey + ipo and 0 < pg < E; — Ey,
H.—21 and Hy(e,z) areisospectral at 0. (21.43)

Indeed, since P, = 0 on X pl? we have that
Fproo™(He — 21)|x1 = (Ho: — 21)|Ranx : - (21.44)

Therefore, for Rez < Eg + %p and 0 < p < By — Ey,
3
Fproo®(He — 21)|x2 > 77 >0 (21.45)

and, in view of Theorem 21.4, (21.43) holds.
Observe that since the projection PP*"* has rank 1, the operator Hy(e, 2)
is of the form

Ho(e,2) = [($§™" , FRro (He — 2090 ) rpane | IR g (1) (21.46)

Since we are interested in the part of the spectrum which lies in the set
{z€eR|Rez < Ey+ po}, we can study Ho(e, z), which acts on the space
Xp, = RanEjg ,,)(Hy), instead of H.. Thus we have passed from the operator
H. acting on Hpare ® Hy to the operator Hy(e,z) acting on the subspace,
RanFjg ,(Hy), of the Fock space Hy = F, which is isospectral (in the sense
of Definition 21.3) to H. — z1 at 0, provided z is in the set (21.41). We
eliminated, in an isospectral way, the degrees of freedom corresponding to
the particle and to the photon energies > py; i.e., we projected out the part
Ran (1 — PJ™") of the particle space Hpa, and the part Ran(1 — Eg . (Hy))
of the Fock space Hy = F. The parameter py is called the photon energy scale.
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21.7 The Hamiltonian Hy(e, 2)

Key properties of Hy(e, z) are summarized in the next theorem.

Theorem 21.6 Let z € {2,, and ¢ < py < AFE (pg is the scale parameter
entering the definition of Hy(g, z)). The operator Hy(e, z) has a generalized
normal form,

Ho(e,2) = Hooo + Y XpoHorsXpo» Hoo0 = hooo(Hy)

r4+s>1
r+s (21.47)
HO’TS = / H a’ ho s Hf7 kl kr-&-s) H a(ki)dr-i_ska
i=r+1

with coupling functions hg,,s which are analytic in z € (2, and satisfy the
estimates

r+s r+s
|0} ho,rs (11, k)| < (const)po Zw(kl) H (const - e py " - w(kj)*%), (21.48)

i=1 j=1

[N

for any i, 1 <i<r+s, p€10,1], and n = 0, 1,where the product is absent
in the case r = s =0, and

h0,00(0)] < (const)|Eg — z 4+ O(e?)|,  [Ouho00(p) — 1| < (const)e?/pg
(21.49)
for p € [0, 00).

We note that the crucial for the future analysis term Z:Jrf w(k; )2 is due
to the estimate (21.27) gained in the generalized Pauli-Fierz Hamiltonian
(21.24). The proof of this theorem is simple but lengthy. It can be found in
[BCFS1,FGSi]. Below we sketch its main ideas.

Sketch of proof of Theorem 21.6. Using the definition of the smooth
Feshbach-Schur map Flsgiflooth(H6 — z1), we write the operator Hy(e, z) in the
form

Ho(e, z) = Hy + XpoWXpo

where with the same definitions as in the proof of Proposition 21.10,
W=1I _< pert , Ie Rpo( ) € gart>Hpart )

with R,(z) = P,(Hoe + Py, 1P,y — z) ' P,. Now we use estimates obtained
in the proof of Proposition 21.10 of Appendix 21.10 below, to expand the

resolvent (Ho. + P,, I P,, —z) ! in a Neumann series, which with the notation
I=1,P=P,, P= Ppo, and Ry p = P(Ho: — 2) ' P can be written as
IRy TR (21.50)

n=0
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Next we bring each term on the right hand side of (21.50) to the generalized
normal form. To this end we observe that the terms on the right hand side
of (21.50), with n > 1, consist of sums of products of five operators: R, p,
P, p, a(k) and a*(k). We do not touch the operators Ry 5, P and p, while we
move the operators a(k) to the extreme right and the operators a*(k) to the
extreme left. In doing this we use the following rules:

1. a(k) is pulled through a* (k) according to the relation
a(k)a* (k') = a*(K)a(k) + 6(k — k')
2. a(k) and a* (k) are pulled through R, p according to the relations

w(k
a(k)Ry p = Ry a(k)

* * w(k
RO pa (k) =a (k)RO,(}S) )

where R:;%) = R01p|Hf CH (k) and simi_larly for pulling a(k) and a*(k)
through other functions of Hy, such as P (see the equations (20.52) of
Appendix 21.8).

The procedure above brings the operator Hy(g, z) to generalized normal form
(21.47), at least formally. It remains to estimate the coupling functions hg ;s
entering (21.47). A direct estimate produces large combinatorial factors which
we must avoid. So we use a special technique which amounts to a partial
resummation of the series, in order to take advantage of cancelations. This
can be found in [BCFS1,FGSi|. O

21.8 Estimates on the Operator Hy(e, z)

Though the operator Hy(e, z) looks rather complicated, we show now that
the complicated part of it gives a very small contribution. To this end we use
Proposition 21.11 of Appendix 21.11 and the estimates (21.48) and

b GG =1/ 2)

1

(valid for any functions J; and used for J; = w—1/2

r4+s>1,

or = 1), to obtain for

_ —1/2\r+4+s 3/2
X p0 Hors (€5 2)Xpo || < (r1s) ™22 (Vamepg %)+ pi/ 2. (21.51)

With choosing, say, po = €°/°, these estimates and the relation

1
hoo0(Hy) — ho00(0) — Hf = /(h6,00 (sHy) —1)ds Hy
0
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imply that the operator Hy(g, z) is of the form
Ho(e,z) = (Eo + AoE — 2) - 1+ w(Hy)Hy + O(e3)

where Ey + AoE — z = ho,00(0) and w(Hy) = 1 + O(E%). Here AgE is a
explicitly computable energy shift of the order O(¢2). Since the spectrum
of the operator Hy + Ey + AE fills in the semi-axis [Ey + AgE, 00), the
isospectrality Theorem 21.4 implies that spec H(g) = spec H. C [Ey+ AoE +
0(6%), 00), which implies the following intermediary result:

Theorem 21.7 Assume ¢ # 0 is sufficiently small and that the ground
state of the particle Hamiltonian, Hpay, is non-degenerate. Define Ey(e) =
inf o(H (¢)), the ground state energy of H(g). Then

Eo(e) = Bo+ AE + O(<*),

with explicitly computable energy shift AgE of the order O(g?).

Applying the renormalization transformation iteratively (see the next chapter)
to quantum Hamiltonians of the form (21.47) - (21.49), given in Theorem 21.6,
we find energies E(™ = Ey + O(£2) and numbers w(™ = 1+ O(e3), such that
for p=0(s) < 1 and any n > 1,

H. (or H(e)) is isospectral to EM™ 4w ™ H; 4+ O(2p™)

in the disk D(E("),p"). This will give us a much more precise information
about the spectral properties of the Hamiltonian H (). The above procedure
is at the heart of the renormalization group approach.

Remark 21.8 The property that the interaction vanishes under renormaliza-
tion transformations, i.e. when we go closer and closer to the ground energy
(or farther and farther from the particle system) is called infrared asymptotic
freedom.

Note that the spectrum of the operator H ¢+ Ey+ Ao contains the eigenvalue
Ey + AgE, with eigenfunction §2, and the continuum [Ey + AgE, o0), with
generalized eigenfunctions Y™ @ ITa*(k;)f2. Hence, extending the results of
Theorem 21.4, Qp, (He — 2){2, where Qp(H — z1) is given by (21.38), gives
an approximate eigenfunction of H. with approximate eigenvalue, Ey + AgFE

and similarly for the continuum.

21.9 Ground State of H (e)

Let Ugg be a unitary group of operators, given by (21.8). We define the rescal-
ing transformation, S,, on operators on the Fock space F by

Sp(H):=UpHU;)',  0=—Inp. (21.52)
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In particular, we have (see (21.10))
Sp(a* (k) = p~*2a* (p™ k), (21.53)

so that
Sy(Hy) =pH; and S,(x,) = x1- (21.54)
Define HO) (¢, z) := py ' S,, (Ho(e, 2)), where, recall, Hy(e, 2) is defined in
(21.42). The operator H(®) (e, 2) is of the form

H = Hyy + Z X1Hrsx1, Hoo = hoo(Hy)

r+s>1
r+s (2155)
/ Ha hes(Hp by kegs) [ a(ki)d ™k,
i=r+1

acting on acting on the space Ejg 1(Hy)F, where recall Ey ;(\) denotes the
characteristic function of the interval [0, p], and with coupling functions h,
satisfying the estimates

r+s r4+s
|0 s (1, )| < (comst)pf > w(ki)® [ (60 -2 w(ky)™2), (21.56)
i=1 j=1
forany i, 1 <i<r-+s, ue€l0,1], & > 0, and n = 0, 1,where the product is
absent in the case r = s = 0, and

const const
|E0 — 2+ O( )‘7 |8Mh00( ) — 1| < p 2 s (2157)
0

lhoo(0)] <

for u € [0,00). To prove this we use (21.53). Then Theorem 21.4 implies that

z€ou(H.) < 0€oy (H(O)(E,Z)) (21.58)
as long as z is in the set 2,, = {z € R | z < Ey + 1po}. Next,
let S := {w € C|Rew > 0,|Imw| < iRew}. Theorem 21.6 above im-

plies that for e sufficiently small, the operators H(® (e, z) (more precisely,
HO(e,2) — (H9(e,2)) ) satisfy the assumptions of Theorem 22.1 of the
next chapter, which implies, in particular, that

o HO(g, 2) has a simple eigenvalue A (g, 2) € D(0, c£?);
o ou(HO(e,2)) A (e,2) + S.

With some extra work (in which the analyticity of A (e, 2) in 2z € £2,,
plays an important role) we show that the equation A() (¢, z) = 0 for z has a
unique solution. Let Ey(¢) solve this equation. By (21.58), this gives that Ey(e)
is a simple eigenvalue of H. and o4 (H(g)) C S. This together with (21.58)
shows that Fy(e) is the ground state energy of the operator H..
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Finally, if ¢ is the eigenfunction of H() (g, Ey()) corresponding to the
eigenvalue 0, then Qp,(H: — Ey(c)1)¢, where Qp(H —21) is given by (21.38),
is an eigenfunction of H. corresponding to the eigenvalue Ey(e).

Finally, we use the relation o4 (H.) = o4 (H(c)) with a simple relation
between the eigenfunctions to transfer the spectral information from H. to
H(e). O

21.10 Appendix: Estimates on I. and Hp (¢)

Recall that we consider the Hamiltonian H., given in (21.24), whose decom-
position into unperturbed part and perturbation is given in (21.29) - (21.30).
In this section we omit the subindex 1 in A;(x), entering (21.24), so that the
operator-family A(zx) is given by
— ; 3k
Alz) =Y [ (xen(B)ax(k) + xaa(k)ad (k) ===, (21.59)
X vald

with the coupling function x» ,(k) satisfying the estimates (21.27) - (21.28).
Using (21.29)-(21.30), we find

I.=—p-Alx) + %5|A(m)|2 + G(x).

Proposition 21.9
I Py|| < Cle| . (21.60)

Proof. We write P, P for P,, P,, respectively. Since p is bounded relative to
Hpart, we have ||P - p|| < C . Finally, since p < ¢, the bound (21.32) implies
that

PG|, [IPA()] < C.

Collecting the last four estimates and using the fact that Rez < Ey + p, we

arrive at (21.60). O

In the present context, the operator Hp, introduced in (21.34), is given by
Hp (e) = Ho + B,LP, (21.61)

Proposition 21.10 Assume |¢| < p. Then (2, C p(Hp, (¢)) and, for z € £2,,
the inverse of Hp (¢) — 2 satisfies the estimate

|B,(Hp, (€) — 2) '] < Cpt. (21.62)

Proof. To simplify notation we assume z is real. If we omit the subindexes p

and € and denote P = P,, P = P, and I = I. (e.g. Ip stands for P,I.P,).
Recall the definition (21.39) (P = PP*" @ y,(Hy)) and the definitions before
and after this equation. We have



21.10 Appendix: Estimates on I. and Hp, (¢) 281
P=PP" @1+ PP @ x,(Hy) . (21.63)

Now using Hg’artpé)art > Elp(f’art , HP™ > Eyand Hf >0, Hyx,(Hy) >
pXp(Hy) , where recall Ey and E; are the ground state energy and the first
excited state of HP** and using that Ho. = HP*' @ 15 + 1pare @ Hy, we
estimate

PHy.P > (B, + Hf) PP @15

2
“p+

1 _
3 S H ) Lpare @ Xp(Hy).

+ (Eo + 3

Setting 0 := 3min(E; — Ey — ip, %p) > p. Since for z € £2,, z < Ey + ip , We
conclude that 1
P(Hoy. — 2)P > —(5 + Hy) P2 (21.64)

Due to (21.64) and the fact that Ho. commutes with P, we can define, for any
real a, the invertible, positive operator Ry 5 := P(Hoe—z) " (Hog—z) ap,

satisfying R B % = P? 5o that the followmg identity holds:

P(Hp(e) — 2)P = Ry /*[1+ KR /?, (21.65)

where K = Rl/QIRl/2 Next we show that || K|| < const €. Using the definition
of I, we find

1K < ellpRy 21 A@) Ry 2|
—||R”2A< I A@) Ry 2| (21.66)
+52|\R”2||||G<x> E B

The relative bound on A(x) proven above implies that

1A R 21 < e(1Hy*Rg/p 1 + I1R5/21). (21.67)
Now let u = Ré/lzv Then the estimate (21.64) can be rewritten as

16+ Hy)'/* Ryl Zull < V3| Pull .
This gives, in particular, that, for z € 2 N R,
1H 2 Ry/2I < V3 (21.68)

and
IR 21 < V3612, (21.69)
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Next, using that [|pv||? = (v,p*v) < (v, (Hoe + C)v) and taking v := R1/2
we obtain "
IlpRY/ 2|l < Co71/2, (21.70)

Estimates (21.66) - (21.70) imply | K|| < Cep™? | if 2 € £2,. Pick now |¢| < §
so that ||K|| < 1/2 and therefore the right hand side of (21.65) is invertible
and satisfies (21.62). O

21.11 Appendix: Key Bound

Recall that Ejy ;) (\) denotes the characteristic function of the interval [0, p].
Proposition 21.11 (Key bound) Let H,; be an rs-monomial of the form

r4s
/ Ha hes(Hp ky - keys) [ alk)d ™k, (21.71)

i=r+1

where h,5(u, k), k = (k1 ... kr45), are measurable functions on [0, x R3(r+s)

1]
called coupling functions, and let 2,,(p) = {k € R3U+s) | Z w(k;) <

r+s
p, > w(k;) < p}. Then we have the following bound:
j=r+1

sup,, |hrs(p, K)o
HE[O-,P] (Hf)HTSE[O,P] (Hf)H2 < pr+s / Wﬂi“ﬁk (21 72)
2 T wlk) '
j=1
Proof. In this proof we denote E, := Ejg ,(Hy). Using the form (21.71) of
H,, taking the norm under the integral sign, and using the norm inequality
for the product of operators, as well as ||A*|| = ||A||, we have

1B BN < [ [0 Bl llaEl (21.73)

Here [|h,s| is the operator norm of h,s(Hy, k). So ||hys|| = sup,, [hrs(p, K-
Let f be a positive, continuous function on R3”. We will prove the estimate

2
/flla”EpHé(p” / nf )2 (21.74)

Y wi<p lI[ wi

where w; = w(k;), which will imply (21.72).
First, we prove the estimate for n = 1. By the pull-through formula (20.52),
we have

a(k)E, = E,(H; +w(k))a(k)E,.
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Since Hy > 0, this implies
a(R)Epll < Xw(r)<plla(k)Ey|-

Proceeding as in the proof of the relative bound on a(k) (see (20.33)), we
obtain

PNV s
<( ;) \HY2E,)| (21.75)
P

which implies (21.74) for n = 1. Now we prove (21.74) for arbitrary n > 1.
First of all, applying the pull-through formula (20.52) n times, we find

[ ate)E,(Hy) = Hf+z H (k))E,.

1

Hence
[HlaEl< [ flas) (21.76)
Yrwisp
Secondly, applying the pull-through formula (20.52) n times again, we obtain
= - —1/2 771/2
[TakE, = [[atkn) ;21 ?E,
1 1

Hf+z WH“ Hi*E

This formula and inequalities (21.75) and (21.76) give

1/2
. P o o
[t < [ ( /Z L) B
wj<p

Proceeding in the same fashion we arrive at (21.74).
Applying the bound (21.74) with n = r to the integral [ ||a"E,||||hrs|d"k,
we bound the r.h.s. of (21.73) by

||h ||2 i
a’Epll | p / H“ dk| d°k.
/H /l” < >l wi<p 1Wj )

Applying bound (21.74) with n = s to the outer integral gives (21.72). O
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Renormalization Group

In this chapter we investigate spectral properties of quantum Hamiltonians of
the form (21.55) - (21.57). To this end we develop a spectral renormalization
group method. It consists of the following steps (see Sections 22.2-22.5):

e Pass from a single operator H (= H.) to a Banach space, B, of
Hamiltonian-type operators (of the form (21.55) - (21.57));

e Construct a map, R,, on B, with the following properties:
(a) R, is isospectral in the sense of Definition 21.3;
(b) R, removes the photon degrees of freedom related to energies > p.

e Relate the dynamics of semi-flow, R}},n > 1, to spectral properties of
individual operators in B.

The map R, is called the renormalization map. It is of the form
R, = p_lsp oF,

where F), is the smooth Feshbach-Schur (decimation) map, and S, is a simple
rescaling map (see Sections 21.9 and 22.4). F, maps operators which act non-
trivially only on the subspace RanEjy 1)(Hy) consisting of states with photon
energies < 1, to operators which act non-trivially on states with photon en-
ergies < p. The rescaling S, brings us back to the subspace RanFEjy 1j(Hy).
By design, the renormalization map R, is isospectral in the sense that the
operators K and R,(K) have the same spectrum near 0, modulo rescaling.

The renormalization map gives rise to an isospectral (semi-)flow Ry, n=>
1, (called renormalization group (RG)) on the Banach space B. We will see
that orbits of this flow, with appropriate initial conditions approach the op-
erators of the form wHy (for some w € C) as n — oo. In fact, CHy is a line
of fixed points of the flow (R,(wHyf) = wHy). By studying the behaviour of
the flow near this line, we can relate the spectrum of an initial condition, H,
near 0 to that of Hy, which we know well. This is the basic idea behind the
proof of Theorem 21.1.
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22.1 Main Result

In this section we formulate the main result of this chapter. It concerns the
spectra of quantum Hamiltonians of the form (21.55) - (21.57),

H=Ho+ Y xiHrx1, Hoo := hoo(Hy), (22.1)
r+s>1
T r+s
o= / (L G hrsHp ko) T alka)d*k,  (22.2)
j=1 i=r+1

acting on the space Hyeq := Ejo1(Hy)F, where recall Ey ,()\) denotes the
characteristic function of the interval [0, p]. Here x, := x,(Hy) are the oper-
ators defined in Section 21.6 (the shorthand we use from now on) and the
coupling functions, h,, : I x B"T% — C, satisfy the estimates

r+s r+s
00 hes (1. B) < 0 Y w(ki)® [ (6o - wlk)™2), (22.3)
i=1 j=1

forany i, 1 <i<r+s, uel0,1], & > 0, and n = 0,1, where the product is
absent in the case r = s =0, and

|hoo(0)] < o, |Ophoo(p) — 1] < Bo s (22.4)

for p1 € [0,00). Here B” denotes the unit ball in R3", I := [0,1] and, recall,
k= (k... krys).
Note that, in order to be able to apply our theory to the analysis of reso-
nances of H, the space of operators H, should include non-selfadjoint ones.
Let D(0,7) stand for the disc in C of the radius r and centered at 0. We
denote by D; the set of operators of the form (22.1) - (22.4) with hoo(0) = 0.
We define a subset S of the complex plane by

1
S :={w € C| Rew > 0, |Imw| < gRew}. (22.5)

Recall that a complex function f on an open set A in a complex Banach space
W is said to be analytic if VH € A and V¢ € W, f(H + 7€) is analytic in the
complex variable 7 for || sufficiently small (see [Berg]). We are now prepared
to state the main result of this chapter.

Theorem 22.1 Assume that Sy and vy are sufficiently small. Then there is
an analytic map e : Dy — D(0, @) such that for H € Dy the number e(H)
is a simple eigenvalue of the operator H and o(H) C e(H) + S. Moreover,
e(H) eR, for H= H*.
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Note that our approach also provides an effective way to compute the
eigenvalue e(H) and the corresponding eigenvector.

Operators on the Fock space of the form (22.1) - (22.4) will be said to
be in generalized normal (or Wick) form. Operators of the form (22.2) will
be called (rs)-monomials. Though Hy can be expressed in the standard Wick
form, Hy = [ wa*a , the corresponding coupling function, w(k1)d(k1 — k), is
more singular than we allow. But even if this coupling function were smooth,
finding the Wick form of operators like x,(Hy), or the h,s, is not an easy
matter. In what follows we manipulate the operators a*(k), a(k) and Hy as if
they were independent, using only the commutation relations

[a(k), Hf] = w(k)a(k) ,

etc.

22.2 A Banach Space of Operators

In this section we define the Banach space of operators on which the renor-
malization group acts. We consider formal expressions of the form (22.1) -
(22.4) acting on RanFEjy 1)(Hy).

For £, v > 0, we define the Banach space, Be,,, consisting of formal expres-
sions, (22.1) - (22.2) acting on the space Hieq := Ejo,11(Hy)F and satisfying
| H||er < 00, where

[Hllew = Y &) ||Hyl, (22.6)
r4+s>0
with | Hys|lw i= [[Arsl, and

1
|hrslly == Z maxsulg)[0§7'+s)|8ﬁhm|] < o0, (22.7)

n=0 mE

where QJ(-n) =1 for n =0, and Qj(-n) =w(k;) VT, Vw(k;) forr+s>1.
Similarly to (21.51) we obtain

Proposition 22.2 Let H,¢ be as above. Then for any v > 0,
IXpHrsxoll < (rls!) ™2 (Vdmp)™** p¥ || Hys - (22.8)
Thus ZTJrle XpHrsXp converges in norm.

Next we state without proof that the map {h,s} — > [(a*)h,sa® is one-
to-one (see [BCFS1, Thm. II1.3]). Here the {h,s} satisfy (22.7). Hence the
normed space B, is indeed a Banach space.
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For the future analysis it is important to know how different operators
behave under rescaling, more precisely, under the action of the rescaling map
p~1S,, defined in (21.52), as p — 0 (or of (p~15,)" as n — oo, which in the
present case is the same). We have for r + s > 1

p_lsp(Hrs) — /(a*)rh%)aﬁ (229)

where
WO (Hy k) = p* 204", (pHy, pk) - (22.10)
If H,, € By, then h,¢ behaves for small |k;|’s like 377 w(k;)” [T72 wlk;)~2.

j=1
Since by (21.53), S,(a* (k)) = p=3/2a% (p~1k), we have for r +s > 1

p LS, (Hys) ~ p" PV H, (22.11)

In the r + s = 0 case, we have to specify the behaviour of the function
hoo(p) at p = 0. In our case, hoo(fr) — hoo(0) ~ p and therefore

p~ 1S, (Hoo — (Hoo)2) ~ Hoo — (Hoo)02),

-1 —1 (22.12)
P~ Sp((Hoo)2) = p~ (Hoo)n2-

where we used the notation (A), := (2, AQ). Hence, H,.s, 7+s > 1, contract,
Hoo— (Hop); are roughly invariant, while (Hqg) g, expand under our rescaling.
This suggests to decompose the Banach space B, into the direct sum

Bey =C-14+T+W, (22.13)

of the subspaces which expand, are roughly invariant or contract under our
rescaling:

T={T(Hf) | T:[0,00)— CisC" with T(0) =0}, (22.14)
and
W= { Z X1Hrsx1 € Bey }- (22.15)
r+s>1

This decomposition will plat an important role below.

Remark 22.3 The subspace 7 can be further decomposed into the invariant
substace C - Hy and and contracting one,

T.={T(Hy) | T:[0,00) — Cis C' with T(0)=T'(0) =0} . (22.16)

The decomposition of the Banach space B¢, into the subspaces C-1, C- Hy
and 7; + W is related to the spectral decomposition of the map p‘lSp.
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22.3 The Decimation Map

In this section we construct a map which projects out the degrees of freedom
corresponding to high photon energies. We use the smooth Feshbach-Schur
map, which we define here in a greater generality than in Section 21.6, and
formulate its important isospectral property. Let y, X be a partition of unity
on a separable Hilbert space H, i.e. Y and ¥ are non-negative operators on
H whose norms are bounded by one, 0 < x,¥ < 1, and 2 4+ X? = 1. We
assume that x and Y are nonzero. Let 7 be a (linear) projection acting on
closed operators on ‘H with the property that operators in its image commute
with x and . We also assume that 7(1) = 1. Let 7:= 1 — 7 and define

H, + =71(H) + x"7(H)x", (22.17)
where x# stands for either x or ¥.

Given x and 7 as above, we denote by D, , the space of closed operators,
H, on 'H which belong to the domain of 7 and satisfy the following three
conditions:

D(r(H)) =D(H) and xD(H) C D(H), (22.18)
H, % is (bounded) invertible on Ran, (22.19)
T(H)x and x7(H) extend to bounded operators on H. (22.20)

(For more general conditions see [BCFS1,GrH].)
The smooth Feshbach-Schur map (SFM) maps operators on ‘H belonging
to D, to operators on H by H — F.,(H), where

Fry(H) = Ho + xWx — xWXH_;XWx. (22.21)

Here Hy := 7(H) and W := 7(H). Note that Hy and W are closed operators

on ‘H with coinciding domains, D(Hy) = D(W) = D(H), and H = Hy + W.

We remark that the domains of xWx, XWX, H; ., and H; 5 all contain D(H).
Define operator

Qr(H) = x — XH XWx. (22.22)

The following result ([BCFS1]) generalizes Theorem 11.1 of Section 11.6.

Theorem 22.4 (Isospectrality of SFM) Let 0 < xy < 1 and H € D,
be an operator on a separable Hilbert space H. Then we have the following
results:
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(i) H=0 = F,(H)¢=0,¢:=xy € Rany.

(i) Frx(H) o =0 = H¢=0,4¢:=Qr(H)p cH.

(iii) dlm NullH = dim NullF; , (H).

(iv) H is bounded invertible on H if and only if F; , (H) is bounded invertible
on Ran y. In this case

= QT,X(H) F‘r,x(H)il QT,X(H)# =+ YHy_lyv (2223)
Foy(H)™'=xH ' x + X7(H)™'x. (22.24)

)

We also mention the following useful property of F; ,:
H is self-adjoint = F,,(H) is self-adjoint. (22.25)

The proof of this theorem is similar to the one of Theorem 11.1 of Section 11.6.
We demonstrate only the proof of the statement (ii) which we use extensively
below and refer for the rest of the proof to [BCFS1]. The statement (ii) follows
from the relation

HQ,(H) = xF-\(H). (22.26)

Now we prove the latter relation, using the shorthand Q = Q,(H), H, =
Hy + xWx, Hy =Ho +XxWx:

HQ=Hyx — HYH_'YWx = xHy
+ X°Wx — (XHx + x>Wx) HZ'XWx . (22.27)

Since XHYHY_1YWX = (YHO + XQWX) H;yWX = Y?Wy, the r.h.s. gives
X Frx(H).

The Feshbach-Schur map is a special case of the smooth Feshbach-Schur
map and is obtained from the latter when Y is a projection, x? = ¥, by taking
7 = 0. Then F;, becomes F\(H) = x(H — HXHy_lXH)X, Hy := Hoyy =
XHYX, as defined in Section 11.1.

For Hamiltonians of the form H = > H,4 considered in Sections 22.1-
r+s>0
22.2, we define the decimation map as
F

b=

Fyr oy, (22.28)

where I, is the smooth Feshbach-Schur map and the operators 7 and x are
chosen as

T(H) = HOO = ho()(Hf) and X =Xp = Xp(Hf) = prlegb (2229)
where the cut-off function y<; is defined in Section 21.6. To isolate a set on
which the map R, is defined we write H = Hoo + >, x1Hrsx1 € Bey as

r+s>1

H=E+T+ x1Wxa, (22.30)
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where E := (2, H2) = hoo(0), T := Hyo— E and W := " H,, (cf. (22.13)
r+s>1
- (22.15)) and define the following polydisc in Be,:

Dev(o,8,7) i= {H € Be | [hool0]] < o (22.31)

sup_[hfolr] = 1] < B, [Wlew < 7.
rel0,00)

The following lemma shows that the domain of the decimation map F), con-
tains Dg, (o, §,7), for appropriate numbers «, 3,y > 0.

Lemma 22.5 Fix 0 < p < 1,v<1/2, and 0 < ¢ < (47)~'/2. Then it follows
that the polydisc D¢, (p/8,1/8, p/8) is in the domain of the decimation map
F

P

Proof. Let H € D¢, (p/8,1/8,p/8). We observe that x1Wx1 := H — hoy
defines a bounded operator on F, and we only need to check the invertibility
of H:,, on Ran X,- Now the operator hy o is invertible on Ran X, since for all
r € [3p/4,0)

Re hoolr] > r — |hoolr] — 7|

> r(1 = sup [Hols] = 11) = [hool0]

>3L-1/8) -

oD

> g . (22.32)

Furthermore, by (22.8), HXlWX1|| < ||Wllew < v = p/8. Hence Re(hoo +
x1Wx1) > § on Ran,, i.e. Hr 5, is invertible on Ran,. O

Note that the decimation map, F}, maps isospectrally operators which act
nontrivially on Ran x; into those which nontrivially on Ran x,.

22.4 The Renormalization Map

Using that the subspace RanFEjq 1) (H) is invariant under the composition map
S, o F,, we define the renormalization map as a composition of a decimation
map and a rescaling map on the domain of the decimation map F, (see (22.28))
as

R, = pilsp oF, |RanE[0,1](Hf) (22.33)

where S, is the rescaling map defined in (21.52). By Lemma 22.5, its domain
contains the polydiscs Dg, (a, 3,7), with a, 3,7 < £. Note that the map S,0F),
acts on the orthogonal complement, RanF, 17(H 7))+, trivially:

pflSp oF, = pflSp or on RanFEj (Hf)l‘ (22.34)
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where the map 7 is defined in (22.29). Note that while the standard Feshbach-
Schur maps have the semigroup property (see Supplement 22.6): R,, o R,, =
Rpsp: > the smooth ones have this property only under certain conditions on
p1 and ps.

Next, we list some elementary properties of the map R, which follow
readily from the definitions

1. R, is isospectral in the sense that p-R,(H) and H are isospectral at 0 in
the sense of Theorem 22.4,
2. Ry(wHyf + 21) = wHy + %zl Yw, z € C.

In particular, CHy is a complex line of fixed points of R,: R,(wHy) =
wHy Vw € C, and C-1 is (a part of) the unstable manifold. The first property
follows from the relations (22.34).

Problem 22.6 Prove the statements above.

Describing the range of the renormalization map R, on polydiscs Dg,
(e, B,7) is considerably harder. The following result, proven in [FGSi|, shows
that contraction is actually a key property of along ’stable’ directions.

Theorem 22.7 Let ¢g : H — (2, H?), and p := v > 0. Then, for any
0>1,0<p<1/2, a,3< £, and v < 1, we have that

RP - 9_160 : Dfu(aaﬁa’}/) - Dfu(rp(aﬁﬁa,)/))' (2235)

continuously, with £ := % and, for an absolute constant c,

role, B,7) = (ev*/p, B+er?/p, cp™v). (22.36)
Moreover, R,(H) and H are isospectral (modulo rescaling) at 0.

Remark 22.8 Subtracting the term p~'¢ from R, allows us to control the
expanding direction during the iteration of the map R,. In [BCFS1], such a
control was achieved by changing the spectral parameter A\, which controls
(2, H2).

The proof of this theorem is similar to the proof of Theorem 21.6 which we
outlined above: expand R ,(H) in the perturbation W := H — Hyg, reduce the
resulting series to generalized normal form, and estimate the obtained coupling
functions. To bring the operators we deal with into generalized normal form,
we use the “pull-through” formulae (20.52) and (20.53).

To explain the result above, we, as usual in the study of nonlinear dy-
namics, consider the linearization (variational derivative) of OR,(w - Hy) in
order to understand the dynamics of the map R, near its near its fixed points
w - Hy, w € C. The variational derivative of the map R, at a point Hy is
defined as

B
OR,(Ho)§ = 5-R,(Ho + 5€)] _,
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for any & € Be,. Thus OR,(Hy) is a linear operator on B, . By the definition
of the map F, we have the relation F,(w- Hy + s§) = w- Hy + s7(£) + O(s?),
which in turn implies (informally) that 0D, (w-Hy)& = 7(£§)+x,7(§)x,- Using
this and the relation S,(x,) = x1, we obtain

IR, (w - Hp)é = p~1S,(€) . (22.37)

Scaling properties of H,; = [(a*)"h,sa® are given in (22.11) - (22.12). They
suggest that for v > 0, the termsH,s, r + s > 1 contract, the terms Hyg —
(Hgo) g2 are essentially invariant, and the terms (Hyg) s, expand. In the physics
terminology and for v > 0,

r+s>1 <~ drrelevant terms,
Hoo — (Hoo)a < marginal terms,

(Hoo)a < relevant terms.

where we used the notation (A)g, := (2, A2).
The following equation follows from Eqs (22.9) - (22.10) :

”p_lSp(Hrs)”&J = p(1+u)(r+s)_1”Hr8”5V = p_IHHTSH/fl*”E,V : (22'38)

Applying these equalities to operators of the form W = > H,,, we find
r4+s>1

o™ S (W )lew < (IWllp-ve < "W o (22.39)
(Recall that v > 0.) Let RE“ = 0R,(w-Hy)=p 'S, and

rp(a, 8,7) = (0, B, 7). (22.40)

The estimate (22.39), together with the relations p=1S,(E1) = p~'1 and
p~1S,(wHy) = wHy, implies that

R,loin - pileo : Dfi/(a7ﬁ7 ’Y) - D&u(T})in(a’ﬁafY))' (22'41)

This is the linearization of the estimate (22.35). Theorem 22.7 deals essentially
with controlling the nonlinear part of the map R,.

In the next section we address the dynamics of R} as n — oo in a vicinity
of the fixed point manifold My, O CHy, and connect this dynamics with
spectral properties of operators of interest.

22.5 Dynamics of RG and Spectra of Hamiltonians

To describe the dynamics of R* we need some definitions. Consider an initial
set of operators to be D := D¢, (v, fo,Y0), With ao, o, 70 <K 1. We let
D; := De,, (0, Bo,70) (the subindex s stands for ’stable’). We fix the scale p so
that
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1
a0, fo, 70 < p < 5. (22.42)

Below, we will use the n—th iteration of the numbers «ag, 5y, 7o under the
map (22.36): ¥n > 1

(Oén»Bm’Yn) = TZ(O[01 ﬁOv’YO)'

For H € D we denote H, := (H) and Hs := H — (H) 1 (the unstable- and
stable-central-space components of H, respectively). Note that Hs € Dy. It is
shown in [FGSi] that the following objects are defined inductively in n > 1
(with eg(Hs) = 0 VH, € Dy)

1
Vo :={H € D| |H, —en_1(Hs)| < Ep”“}; (22.43)
E.(H):= (R}(H)),,, H € Vy; (22.44)

en(Hy) is the unique zero of the function A — E,, (Hy — A1)

X (22.45)
in the disc D(e,—1(Hs), Ep”+ ),
and have the following properties:

Vi C Va1 € D(RY); (22.46)

R, (Vi) € Dug(p/8, B, ); (22.47)

4

ONEn(N) < —2p " (22.48)

len(Hs) — en—1(Hs)| < 2amp™; (22.49)

en(Hs) R, if H=H" (22.50)

Proof (Proof of Theorem 22.1). Now we prove the first statement of Theorem
22.1. By (22.49), the limit e(H,) := lim;_. e;(H,) exists pointwise for H €
D. Tterating Eqn (22.49) and using that (cp)?p < 1/2, we find the estimate

len(Hs) — e(Hy)| < 20419, n > 0. (22.51)

Since eg(Hs) = 0, for n = 0 this estimate gives |e(H,)| < 2a1p = ¢v3,
which shows that e : Dy — D(0, 21 p). Moreover, (22.50) shows that e(H,) €
R, if H = H*. We skip the proof of analyticity of e(Hj) in Hs.

Next, we prove that e(Hy) is a simple eigenvalue. We omit the reference
to Hs and set e = e(Hy). Let H := H® — el € N, V,,. (22.46) implies that
N, Va C D(R’;), Vk. Hence we can define a sequence of operators (H ()
in By s € B(Hrea) by HM = R, (H(O)). Recall the definitions of S, and Uy
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in (21.52) and (21.8) and let I}, :== Uy, p = e~%. Then the definition (22.33)
of R, implies that, for all integers n > 0,

1
o — L (FP(HWU )) T, (22.52)

where, recall, F, is defined in (22.28). We will use the operators Q -, defined
in (22.22), and the identity (22.26) (HQry = xFry(H)) which they satisfy.
Let

Q) = Qry (H™) (22.53)

with 7 and x = x, given in (22.29). Then the equation HMQM =
Xpr(H(n)) together with (22.52), implies the intertwining property

HOD Q=Y s = prxg H™. (22.54)

Eq. (22.54) is the key identity for the proof of the existence of an eigenvector
with the eigenvalue e.

For the construction of this eigenvector, we define, for non-negative inte-
gers 3, vectors Wy in ‘H by setting ¥y := {2 and

7, = QO r; QW Iy QD (22.55)

We first show that this sequence is convergent, as k — oo. To this end, we
observe that {2 = I'} x,, {2 and hence

U1 — ¥ = QW r; QW Iy Q=1 r; (Q(k) _ Xp) 0. (22.56)

Since [|x,|| < 1, this implies that

B—1
21 =0l < QW =l TT{1 + Q9 —ll}- 257
j=0
To estimate the terms on the r.h.s. we consider the j-th step Hamiltonian
HU). By (22.30) and (22.47), we can write H) as
HY = B -1 4+T; +W; (22.58)

with )
Bl < gand Wil < v < 5 (22.59)

Recalling the definition (22.53) of Q\), we have
By (22.59), for all j € N, we may estimate
16 Vi

. p -1
o - QO < (2 = iwil) il < (2261)
8
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Inserting this estimate into (22.57) and using that H;io(l + X)) <
exp [E?io AJ}, for A\; > 0, we obtain

16 i ]i—f{l 4 16’}/]}
P P

169
p

1541 —

IN

< exp [3270p7 ], (22.62)

where we have used that Z]o'io v; < 27 (recall the definition of v, after Eqn
(22.42)). Since Z;io v; < 00, we see that the sequence (¥)ken, of vectors in
‘H is convergent, and its limit ¥, := limy_ . ¥ , satisfies the estimate

3270

Voo = 2| = ||Voo — W < exp [3270p7 '], (22.63)

which guarantee that W) # 0.
The vector W, constructed above is an element of the kernel of H(® | as
we will now demonstrate. Observe that, thanks to (22.54),

HO B, = (O QO 17) (@ 13+ Q D 0)
=pl)x1 (H(l) QW r (Q(Q) rr-.. Q=1 Q)

= o (I 1) H® 2. (22.64)

Eq (22.58) together with the estimate (22.59) and the relation T2 = 0
implies that

| H® Q|| = || (W + Er) 2| (22.65)
<Yk + 8ai < 2 .

Summarizing (22.64)—(22.65) and using that the operator norm of I’y x1 is
bounded by 1, we arrive at

|HO || < 2 — 0 (22.66)
as k — oo. Since H(©) € B(H) is continuous, (22.66) implies that

HO Wy = lim (HOw) = 0. (22.67)

Thus 0 is an eigenvalue of the operator H(®) := H —el, i.e. e is an eigenvalue
of the operator H, with the eigenfunction V.

Finally, we prove the second statement of Theorem 22.1. To simplify ex-
position we restrict ourself to self-adjoint operators. We omit the reference to
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H, and set e = e(H,) and e, = e,(H,). Let H™(\) := Ry (Hs — A) and,
recall, E,()\) := H(”)(/\)u. Using the equation E,(e,) = 0, the mean value
theorem and the estimate (22.48), we obtain that E,(\) > —2p7"(\ — e,),
provided A < e,. Hence, if A < e, — 6,, with 8, > v,p" and 6,, — 0 as
n — oo, then H™(X) > 2p="0,, — O(7,) > . This implies 0 € p(H™ (X))
and therefore, by Theorem 22.4, 0 € p(Hs — \) or A € p(H,). Since e, — e
and 0, — 0 as n — oo, this implies that o(Hs) C [e, 00), which is the second
statement of the theorem for self-adjoint operators. [J

We discuss the geometrical meaning of the results obtained above. Let
H €V, C D(R}™). According to (22.30), H™ = Ry (H) can be written as

H™ = E, 14T, +W,, (22.68)

where T,, = T,,(Hs) with T,,(r) € C! and T,,(0) = 0. By (22.47) we have
10, T (r)—1| < Bn and [[Wh|ws, < vn. Hence the function 7,(r) := Ty (r) /r =

fol T'(sr)ds is continuous and satisfies |7, (r)—1| < B,,. One can also show that
T, — T = (constant) for H € (), V,,. By the definition of V,,, |E,—e,—1(H,)| <

1 n+1
i5p" " . Hence

R, (H) — e(Hs) + 7Hy in the norm of By, (22.69)

where e(H,) := lim;_. e;(Hs), as n — oo. In other words M, := (), V}, is the
(local) stable manifold for the invariant manifold M, := CH/ of fixed points.
(Formally, a local stable manifold can be defined as a manifold invariant under
R, and such that M, = {H € Bg, | R, (H) — Mypas n — oo}.) By the
definition of V,,, it is the graph of the map e: Dy — Vi;:

My={HeD | (H)g=-e(H,) (22.70)

One can show that M, is invariant under R,,.

Consider the invariant manifolds M,,, M, and M. Since M, is of the co-
dimension one and contains the manifold CH} of fixed points, while M,, := C1
is invariant and expanding under R,, we see CHy =: My, and M, := C1
are fixed point and unstable manifolds, respectively.

The subspaces V,, :=C -1, V., :=C- Hy and V. + Vi := T + W spanning
the Banach space Bg, (see Section 22.2) are tangent spaces to the manifolds

Mu, ./\/lfp and Mg at pr.

M= C~I-§- /H"

4
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Fig. 22.1. RG flow.
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22.6 Supplement: Group Property of R,

The Feshbach-Schur maps has the semi-group property:

Proposition 22.9 (semigroup property) Assume the projections P; and P
commute. Then Fp, o Fp, = Fp, p,

Proof. Assume for simplicity that H and Fp,(H) are invertible. Then the
statement follows by applying equation (11.42) twice. O



23

Mathematical Supplement: Spectral Analysis

We have seen already in the first chapter that the space of quantum-
mechanical states of a system is a vector space with an inner-product (in fact
a Hilbert space). We saw also that an operator (a Schrédinger operator) on
this space enters the basic equation (the Schrédinger equation) governing the
evolution of states. In fact, the theory of operators on a Hilbert space provides
the basic mathematical framework of quantum mechanics. This chapter de-
scribes some aspects of operator theory and spectral theory that are essential
to a study of quantum mechanics. To make this chapter more self-contained,
we repeat some of the definitions and statements from the chapters in the
main text.

23.1 Spaces

In this section we review briefly some background material related to linear (or
vector) spaces. We introduce the simplest and most commonly used spaces,
Banach and Hilbert spaces, and describe the most important examples. We
begin with the basic definitions.

Vector spaces. A vector space V is a collection of elements (here denoted
u, v, w, ...) for which the operations of addition, (u,v) — w4+ v and multipli-
cation by a (real or complex) number, (o, u) — au, are defined in such a way
that

u+v=v+u (commutativity)
u+ (v+w)=(u+v)+w (associativity),
u+0=04u=u (existence of zero vector),
o) = (aB)u,
(a+ BYu = au+ B,

alu+v) = au+ av,
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Ov =0, lv =w.

We also denote —v := (—1)v. Elements of a vector space are called vectors.
Here are some examples of vector spaces:

(a)R" = {z = (z1,...,2,)] —00 < x; < oo Vj}- the Euclidean space of
dimension n;

(b) C(£2) — the space of continuous real (or complex) functions on 2, where
(2 is R™, or a subset of R";

(b) C*¥(£2) — the space of k times continuously differentiable real (or complex)
functions on 2, k =1,2,3,....

The addition and multiplication by real/complex numbers in these spaces
is defined in the pointwise way:

(x+y);=zj+y; and (az); =az; Vj

and

(f +9)(@) = f(2) +glx) and (af)(@) = af(z) Yo e 2.
Problem 23.1 Show that R, C(£2) and C*(£2) are vector spaces.

Norms. To measure the size of vectors, one uses the notion of norm. A norm
on a vector space V is defined to be a map, V' 3 u — ||u|| € [0, 00), which has
the following properties:

(a) lu| =0 <= u=0;
(b) [lecul| = |e[[ul];
() lu+ ol < [jull + v

The last inequality is called the triangle inequality. We give some examples of
norms:

(a) ||z = [a] = (¥; 27)"/* in R™;

(b) [[flloo = sup,eq | f(2)] in C(£2) (also denoted || f]|c);
(c) I fller = maxo<j<i sup,ep |7 f(2)] in C*(R);

(D) 1Fllp = (fo, [f (@)[Pda) /P in CO(£2)

For examples (b) and (d), clearly, || f||, =0 < f =0, |laf|l, = |a| || fllp, Ya €
C, and for p = 1,00, [|f + gllp < |Ifllp + llgllp- We will prove the triangle
inequality for 1 < p < oo later.

A vector space equipped with a norm is called a normed vector space. Here
are some examples of normed vector spaces

(a) R™ with the norm ||z|| = |z|;
(b) The subspace Cy,(£2) of C'(£2) consisting of all continuous, bounded func-
tions on {2 C R™, equipped with the norm || f||co;
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(c) The space C*(£2), for £ = [0, 1], equipped with the norm || f||c+ or the
norm || f{|p-

Problem 23.2 Show that Cy(£2) is a normed vector space.

Banach spaces. A normed vector space is said to be complete, if Cauchy
sequences in it converge; that is, if u; € V, j = 1,2,... is such that
lim; g0 ||uj —ug|| = 0, then there exists u € V' such that lim;_, ||u; —ul| =
0. A normed vector space which is also complete is called a Banach space.

Examples of Banach spaces include

(a) R™ with the norm ||z|| = |x|;
(b) Cp(£2) with the norm || f|s;
(c) C*(£2), for 2 = [0,1] with the norm || f||c#;
(d)For 1 < p < oo, the LP-space

LP)y={f:02-C| /Q|f(z)|pd1:<oo}
with the norm || f||,.

Dual spaces. Next we define the important notion of dual space.

1. A bounded linear functional on a vector space V, with a norm || - ||, is a
map ! :V — C (or — R if V is a real, rather than a complex vector space)
such that

Ha& + fn) = al(§) + Bl(n)
forall {,n € V, and «, 8 € C (or R), and there is C' < 0o such that

L&) < Clill

forall £ € V.
2. The dual space of a normed vector space V, is the space V* of all bounded
linear functionals on V.

Note that on a finite dimensional space all linear functionals are bounded.
The dual space V* is also a normed vector space, under the norm

[ty = sup [I()]
gevillélv=1

If V is a Banach space, then so is V*, under this norm. One often denotes the
action of [ € V* on £ € V by

{1,€) = 1(&)-

Inner products and Hilbert spaces. Now let H be a (complex) vector
space. We assume H is endowed with an inner product, (-,-). This means the
map

(, Y HxH—-C

satisfies the properties
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1. linearity (in the second argument):

(v, aw + Bz) = afv, w) + B(v, 2)
2. conjugate symmetry: (w,v) = (v, w)
3. positive definiteness: (v,v) > 0 for v # 0
for any v,w,z € H and «, 8 € C. It follows that the map || - | : H — [0, 00)

given by
o] := (v, 0)!/2

is a norm on H. If H is also complete in this norm — that is, if it is a Banach
space — then H is called a Hilbert space.

Our main example of a Hilbert space is the space of square-integrable
functions, the L2-space (the state space of a a quantum system):

DY) = (v R | [ P < oo}
R4

with the inner-product
w.9) = [ G
]Rd

Here and throughout, we will often use the simplified notations [ f or fRd f
for [ou f(x)dx.

Another important example of a Hilbert space is the Sobolev space of order
n,n=1273,...

H™"(RY) := {¢ € L*R?) | 8*¢ € L*(R)V «, |a| < n},

Here « is a multi-index: o = (a1, . . ., ), ; non-negative integers, and |a| :=
2?21 a;. The expression 0%t denotes the partial derivative dg} ---ddv of
order |a|. In other words, H™(R?) is the space of functions all of whose deriva-
tives up to order n lie in L2(R?). The inner-product that makes H™(R?) into
a Hilbert space is

W, @) m = Y (0%,0%0)

0<]e|<n

where (-, ) is the L? inner-product defined above. The Fourier transform — see
Section 23.14 — provides a very convenient characterization of Sobolev spaces:

Y e H'(RY) — / (14 k> (k)2 dk < oo. (23.1)
R4
We recall here two frequently used facts about Hilbert spaces (see, eg., [Fo]

or [RSI] for proofs).

Proposition 23.3 (Cauchy-Schwarz inequality) For v,w € H, a Hilbert
space,
(v, w)| < [Jofll|wl.
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A set {v,} C H, n=1,2,...1s called orthonormal if ||v,| = 1 for all n
and (v, v,) = 0 for n # m. It is a complete orthonormal set (or basis) if
the collection of finite linear combinations of the v,’s is dense in H. Recall
that for a subset D C H to be dense in H means that given any v € H and
€ > 0, there exists w € D such that ||v — w|| < e. A Banach space which has
a countable dense subset is said to be separable. A Hilbert space is separable
if and only if it has a a countable orthonormal basis.

Proposition 23.4 (Parseval relation) Suppose {v,} C H is a complete
orthonormal set. Then for any w € H,

lol* = I{w, va)*.

If H is a Hilbert space, then we can identify its dual, H*, with H itself,
via the map H > u — I, € H* with I, v := (u,v) for v € H (here the notation
(+,-) indicates the Hilbert space inner-product). The fact that this map is an
isomorphism between H and H* is known as the Riesz representation theorem.

23.2 Operators on Hilbert Spaces

In this section we explain the notion of a linear operator on a Hilbert space H
(often just called an operator), which abstracts some of the key properties of
the Schrodinger operator introduced in Chapter 1. Operators are maps, A,
from H to itself, satisfying the linearity property

A(av + pw) = cAv + fAw

for v,w € H, a, € C. Actually, we only require an operator A to be defined
on a domain D(A) C H which is dense in H:

A: D(A) — H.

An example of a dense subset of L2(R?Y) is C§°(R?), the infinitely-
differentiable functions with compact support. (Recall, the support of a func-
tion f is the closure of the set where it is non-zero:

supp(f) := {z € R?| f(x) # 0}.

Thus a function with compact support vanishes outside of some ball in R?. For
2 C R, C§°(92) denotes the infinitely differentiable functions with support
contained in (2.)

Here are some simple examples of linear operators, A, acting on the Hilbert
space L?(R?). In each case, we can simply choose D(A) to be the obvious
domain D(A) := {¢ € L3(RY) | Ay € L2(R9)}.
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1. The identity map
1:¢9p—
2. Multiplication by a coordinate

€y 'IZJ — CCJ"LZJ
(ie. (z;9)(x) = ;9 (x))

3. Multiplication by a continuous function V : R — C
Viy—Viy

(again meaning (Vp)(x) = V(z)y(x)).
4. The momentum operators (differentiation)

pj Y — —ihoy

5. The Laplacian
d
A Z 8?1#
j=1

6. A Schrodinger operator

2
H:wH—h—A'L/)JrV'L/)
2m

7. An integral operator
v [ Keuwiy

(ie. (K¢)(z) = [ K(z,y)¢(y)dy). The function K : R? x RY — C is called
the integral kernel of the operator K.

The domain of the first example is obviously the whole space L?(R¢). The do-
main of the last example depends on the form of the integral kernel, K. The
domains of the other examples are easily seen to be dense, since they con-
tain C§°(RY) (assuming V() is a locally bounded function). If the potential
function V(z) is bounded, then the largest domain on which the Schrédinger
operator, H, is defined, namely D(H) := {¢ € L>(RY) | Hvy € L*(R%)}, is
the Sobolev space of order two, H?(R%).

Remark 23.5 If the kernel K is allowed to be a distribution (a generalized
function), then the last example above contains all the previous ones as special
cases.

It is useful in operator theory to single out those operators with the prop-
erty of boundedness (which is equivalent to continuity).
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Definition 23.6 An operator A on H is bounded if

JAlI= s [Ag] < . (23.2)
{peH | [l¢ll=1}

In fact, the expression (23.2) defines a norm which makes the space B(H)
of bounded operators on H into a complete normed vector space (a Banach
space). As we will see, bounded operators are, in some respects, much easier
to deal with than unbounded operators. However, since some of the most
important operators in quantum mechanics are unbounded, we will need to
study both.

Problem 23.7 Which of the operators in Examples 1-7 above are bounded?

In particular, show that the operators p; := —ihd; and Hy := f%A are
unbounded on L%(R%).

Often we can prove a uniform bound for an operator A on a dense domain,
D. The next lemma shows that in this case, A can be extended to a bounded
operator.

Lemma 23.8 If an operator A satisfies || Ay|| < C|j9|| (with C independent
of 9) for 9 in a dense domain D C H, then it extends to a bounded operator
(also denoted A) on all H, satisfying the same bound: ||Ay| < C|¢| for
Y eH.

Proof. For any u € H, there is a sequence {u,} C D such that uw, — u as
n — oo (by the density of D). Then the relation

HA“n — At | < Cllup — |

shows that {Au,} is a Cauchy sequence, so Au, — v, for some v € H (by
completeness of H), and we set Au := v. This extends A to a bounded operator
on all of H (with the same bound, C). O

A converse statement — that an operator defined on all of H must be bounded
— holds for certain important classes of operators. One such class is closed
operators:

Definition 23.9 An operator A on H is called closed if whenever {u;}32; C
D(A) is a sequence with u; — w and Au; — v as j — oo, u € D(A) and
Au = v. Another way to say this is that the graph of A, {(u, A(u))| u €
D(A)} C H x H, is closed.

A second such class is symmetric operators — i.e., those satisfying
(u, Av) = (Au, v) (23.3)

for all u, v € D(A). As we have seen, the operators of most importance in
quantum mechanics are symmetric (indeed, self-adjoint). Symmetric and self-
adjoint operators will be discussed in more detail below.
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Theorem 23.10 A closed or symmetric operator, defined on the entire
Hilbert space, is bounded.

Proof. For a closed operator, this is the “Closed Graph Theorem” of functional
analysis. For a symmetric operator, this is the “Hellinger-Toeplitz” theorem
— see, eg., [RSI].

We conclude this section with a useful definition.

Definition 23.11 The commutator, [A, B, of two bounded operators A and
B is the operator defined by

[A,B] := AB — BA.

Defining the commutator of two operators when one of them is unbounded
requires caution, due to domain considerations. Given this warning, we will
often deal with commutators of unbounded operators formally without giving
them a second thought.

23.3 Integral Operators

Let K be an integral operator on L?(R%):
(K)w) = | K@ y)ely)dy

where K : R? x R? — C is the integral kernel of the operator . Examples
include

1. K = g(—ihV) for which the kernel is
K(z,y) = (2nh)~"g(z —y) (23.4)

(here g denotes the inverse Fourier Transform of g — see Section 23.14).
2. K =V (multiplication operator) for which the kernel is

K(z,y) = V(x)d(z —y).
The following statement identifies the kernel of the composition of integral
operators. The proof is left for the reader.

Proposition 23.12 If Ky and K5 are integral operators (with kernels K7 and
K5), then the integral kernel of K := 1K is

K(Iay): dKl(x,z)Kg(z,y)dz.
R

Problem 23.13 Prove this.
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Proposition 23.14 Let K be an integral operator with kernel, K (x, y), which
lies in L? of the product space: K (x,y) € L?(R? x R?). Then K is a bounded
operator on L?(R?), and

K < [ ey Pdady, (23.5)
"X

Proof. To show that the operator K is bounded, we estimate by the Cauchy-
Schwarz inequality,

‘/ny dy‘ (/|ny|dy)1/2 (/|u<y>|2dy)1/2

This implies
1KulP < [ |G Pdsdy [ lu)dy

which in turn yields (23.5). O

23.4 Inverses and their Estimates

A key notion of theory of operators is that of the inverse operator. Given an
operator A on a Hilbert space H, an operator B is called the inverse of A if
D(B) = Ran(A), D(A) = Ran(B), and

BA = llgan(n), AB = 1|Ran(4)-

Here
Ran(A) := {Au|u e D(A)}

denotes the range of A. It follows from this definition that there can be at
most one inverse of an operator A. The inverse of A is denoted A~'. Put
differently, finding the inverse of an operator A is equivalent to solving the
equation Au = f for all f € Ran(A).

A convenient criterion for an operator A to have an inverse is that A be
one-to-one: that is, Au = 0 = wu = 0, or equivalently that it has trivial
kernel or nullspace:

Null(A) == {u € D(A) | Au =0} = {0}. (23.6)

The operator A is said to be invertible if A has a bounded inverse. Since
by definition a bounded operator is defined on all of H, an invertible operator
A, in addition to being one-to-one, must also be onto: that is,

Ran(A) = H. (23.7)
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Remark 23.15 Conditions (23.6) and (23.7) ensure that A~! exists and is
defined on all H. In fact, they are enough to ensure that A is actually invertible
(i.e. that A=! is also bounded) in some important cases, namely:

e if A is a closed operator, since by Definition 23.9 then so is A~!, and so
by Theorem 23.10, A~! is bounded;

e if A is symmetric, since then so is A~', and so by Theorem 23.10, A~ is
bounded.

Problem 23.16 Show that if operators A and C are invertible, and C is
bounded, then the operator C'A is defined on D(CA) = D(A), and is invert-
ible, with (CA)~! = A-tC~1.

The following result provides a widely used criterion for establishing the

invertibility of an operator.

Theorem 23.17 Assume the operator A is invertible, and the operator B
is bounded and satisfies || BA~!|| < 1. Then the operator A + B, defined on
D(A + B) = D(A), is invertible.

This theorem follows from the relation A+ B = (1+ BA™!)A, Problem 23.16
above, and Problem 23.18 below.

Problem 23.18 Suppose an operator K is bounded, and satisfies || K|| < 1.
Show that the series Y 2 (—K)" is absolutely convergent (i.e. > -, [|[(—K)"||
o0) and provides the inverse of the operator 1 + K.

In other words, if ||K|| < 1, then the operator 1 + K has an inverse given by

oo

1+K)" =) (-K)". (23.8)

n=0

The series (23.8) is called a Neumann series, and is used often in this book.

23.5 Self-adjointness

To make this section more self-contained, we repeat the definitions of sym-
metric and self-adjoint, as well as some basic results for self-adjoint operators
from Section 2.2 of the main text. Recall,

1. A linear operator A acting on a Hilbert space H is symmetric if
(u, Av) = (Au, v) (23.9)

for all u, v € D(A).
2. A linear operator A acting on a Hilbert space H is self-adjoint if it is
symmetric, and Ran(A £14) = H.
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Note that the condition Ran(A £ ¢) = H is equivalent to the fact that the
equations
(At =f (23.10)

have solutions for all f € H.

Example 23.19 On ‘H = L?(RY), the operators z;, p; := —ih0y;, Hy :=

—%A (on their natural domains) f(x) and f(p) for f real and bounded,

and integral operators K f(z) = [ K(z,y)f(y) dy with K(z,y) = K(y,z) and
K € L*(R? x RY), are all self—ad301nt (See Section 23.14 for the definition of

f(p) using the Fourier transform.)

Proof. As an example, we show this for the operator p = —ih% on L%(R)
with domain D(p) = H'(R). This operator is symmetric, so we compute
Ran(—ihd, +i). For f € L?(R), solve

(—ihdy + i) = f,
which, using the Fourier transform (see Section 23.14), is equivalent to

(k+d)d(k) = f(k),

and therefore

¢Gﬁ==£$l, w@ﬂ::@ﬂm—wz/’muﬁgildk

Notice (14]k|?)[)[2 = | f|?, so since f € L? (and hence f € L?), by (23.1), ¢ €

HY(R) = D(p), and therefore Ran(—ihd,, + i) = L?. Similarly Ran(—ihd, —
i) = L2. O

Problem 23.20 Show that on L%(R%), x;, —%A (on their natural domains),
and f(x) and f(p) for f: R? — R bounded are self-adjoint (the last two are
bounded operators, and so have domain all of L?(R%)).

The next result provides important information about the invertibility of
self-adjoint operators.

Lemma 23.21 Let A be a symmetric operator. If Ran(A — z) = H for some
z with Im z > 0, then it is true for every z with Im z > 0. The same holds for
Im z < 0. Moreover, if A is self-adjoint, then A — z is invertible for every z
with Im z # 0 and satisfies the estimate

1
[Tm 2|

I(A—2)"1 < (23.11)
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Proof. Write z = A+ ipu with A\, p € R. Then, since A is symmetric, we have
I(A=2)ull® = (A=2)u, (A=2)u) = [[(A=Nyul*+|pu|® > [p|]u]?. (23.12)

Hence, if Imz > 0 (or Imz < 0), then Null(4 — z) = {0}. If also Ran(A4 —
z) = H, then (A — z)~! is defined on all of H. Further, (23.12) implies that
(A — 2)~! is bounded, with bound (23.11) (if one defines v := (A — 2)u),
and so in particular (A — z) is invertible. Then, by Theorem 23.17, A — 2’ =
(A—2z)+ (2 —2') is invertible for |2’ — z| < ||(A — 2)~}||~!. Therefore, A — 2’
is invertible if |z’ — z| < |Imz|, so we can extend invertibility of A — 2z’ to
all Imz’ > 0 (or Im 2z’ < 0). if A is self-adjoint, then Ran(A4 +¢) = H and
therefore A — z is invertible and satisfies (23.11) for every z in C/R. O

This lemma shows that if A is self-adjoint, then aA + (3 is self-adjoint for
any real a # 0 and 3, and also that

A is self-adjoint = (A — z)9 = f has a unique solution VIm z # 0. (23.13)

The next theorem shows that for bounded operators, self-adjointness is
easy to check.

Theorem 23.22 If A is symmetric and bounded, then A is self-adjoint.

Proof. By Lemma 23.21, it suffices to show that Ran(A + i\) = H provided
|A| is sufficiently large. This is equivalent to solving the equation

(A+iNy=f (23.14)
for all f € H and such a A\. Now, divide this equation by ¢\ to obtain
Y+ KNy =g,

where K(\) = (iA\)"*A and g = (iA\)"1f. Let |\| > ||[V]|. Then |[K(\)|| =
‘—ilﬂAH < 1 and we conclude that 1+ K () is invertible, as shown in Prob-
lem 23.18 above. [

As an example, we consider an integral operator K with kernel, K (z,y),
which lies in L? of the product space: K(z,y) € L?(R? x RY), and satisfies
K(z,y) = K(y,z). Then the integral operator K is symmetric (see Prob-
lem 2.3). By Proposition 23.14 it is bounded, and therefore by the theorem
above, it is a self-adjoint operator on L?(R%).

The property of self-adjointness can also be described in terms of the
general notion of adjoint of an operator.

Definition 23.23 The adjoint of an operator A on a Hilbert space H, is the
operator A* satisfying

(A%, ¢) = (¥, Ad) (23.15)
for all ¢ € D(A), for ¢ in the domain

D(A™) :={y e H | (¢, Ap)| < Cyl|#|| for some constant C,
(independent of ¢), V¢ € D(A)}.
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It is left as an exercise to show this definition makes sense.

Problem 23.24 Show that equation (23.15) defines a unique linear operator
A* on D(A*) (hint: use the “Riesz lemma” — see, eg., [RSI]).

The subtleties surrounding domains in the definition above are absent for
bounded operators: if A is bounded, then by Lemma 23.8 we may assume
D(A) = H. Since

[, Ag) < [[¥[l[[Allll#ll,

for ¢, ¢ € H, we have D(A*) = H.

Not surprisingly, one can show that an operator A is self-adjoint according
to our definition above, if and only if A = A* (that is, A is symmetric, and
D(A*) = D(A)).

We conclude this section with a useful definition.

Definition 23.25 A self-adjoint operator A is called positive (denoted A > 0)
if

(Y, Ap) >0

for all » € D(A), ¥ # 0. Similarly, we may define non-negative, negative, and
non-positive operators.

Problem 23.26 Show that the operator —A on L%(R9) is positive (take
D(—A) = H?*RY)). Hint: integrate by parts (equivalently, use the diver-
gence theorem) assuming that ¥ € Dg := {¢ € C*RY) | [0%¢Y(z)| <
Co(1 +|2))7" ¥V a,|a| < 2} for some 8 > d/2, Then use the fact that Dg
is dense in H?(R?) to extend the inequality to all ¢ € H2(R?).

23.6 Exponential of an Operator

In this section we construct the exponential e=**4 for a self-adjoint operator
A, which allows us to solve the abstract Schréodinger equation

oY

i— = A 23.16

S8 = ay (23.16)
where ¢ : t — 1(t) is a path in a Hilbert space H and A is a self-adjoint
operator on H. In our applications, hA is a Schrodinger operator. As before,
we supplement equation (23.16) with the initial condition

Yli=0 = 1o (23.17)

where ¥y € H. Our goal is to prove Theorem 2.16 of Section 2.3 which shows
that self-adjointness of A implies the existence of dynamics. We restate this
theorem here in terms of an operator A:
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Theorem 23.27 If A is a self-adjoint operator, then there is a unique family

of bounded operators, U(t) := e "4 having the following properties, for
t,s € R,

i%U(t) =AU (t) = U(t)A, (23.18)

U(0)=1and U(t)y — 1, ast — 0, (23.19)

U)U(s)=U(t+s), (23.20)

U@ = [l (23.21)

Proof. We will define the exponential ¢4 for an unbounded self-adjoint oper-
ator A, by approximating A by bounded operators, and then using the power
series definition of the exponential for bounded operators:

oo An
et = ZO — (23.22)

which converges absolutely since

‘ n
!

— 1A _ = I1A]
nzz:o n! SnE::o n

We have already shown in Section 2.3 that Theorem 23.27 holds for bounded,
self-adjoint operators A. (The self-adjointness is only needed for (23.21).) Now,
we extend it to unbounded operators. By Lemma 23.21, the operators

= el Al < 0.

Ay = %AQ[(A +iA) 7+ (A—in)T

are well-defined and bounded for A\ > 0. The operators Ay approximate A in
the sense that Ayy) — Ay as A — oo for all ) € D(A). To see this, note first
that

Ay = B\A, By = %M[(A +iA) "= (A —iN)7Y (23.23)

and 1
1-By=[(A+ iNTH 4 (A—iN)THA.

So using the estimate
(AN~ <

> =

which is established in Lemma 23.21, we find, for any ¢ € D(A),

11— Bx)gl|

A+ + (4 —in 49|

A

1
X||A¢H—>O as A — oo.
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And since D(A) is dense and || By|| < 1, we have By¢ — ¢ as A — oo for any
¢ € H. Finally, taking ¢ = Ay for any ¢ € D(A), we conclude by (23.23),
that

Ayp — A as A — oo for¢p € D(A), (23.24)

as required.

Since A, is bounded, we can define the exponential e** by power series.
We will show now that the family {e*4», X\ > 0} is a Cauchy family, in the
sense that

| (e — e )yl — 0 (23.25)

as A\, A" — oo for all ¢» € D(A). To prove this fact, we represent the operator
inside the norm as an integral of a derivative:

1

eiAA/ _ eiAA :/ geiSAk,ei(l_s)Ade. (2326)
0 38

Since Ay is symmetric and bounded, it is self-adjoint (Theorem 23.22). Us-

ing (23.18) and (23.21) in (23.26), we find (noting that Ay and Ay commute)

1
Il — el = | [ et igay — Ay
0
1
< / e Ax e 1=)A55 Ay, — Ay )| ds (23.27)
0

1
- / 1(Ax — Ax)llds = | (Ax — Ax)]l.

(The inequality used in the first step — the Minkowski inequality — can be
proved by writing the integral as a limit of Riemann sums and using the
triangle inequality — see [Fo]). Due to (23.24), relation (23.25) follows.

The Cauchy property (23.25) shows that for any ¢ € D(A), the vectors
e*\9h converge to some element of the Hilbert space as A\ — co. Thus we can
define

et = Jim et (23.28)

for i € D(A). Since we have already shown that the theorem holds for bounded
operators, we have that ||e?4|| < ||¢| for all 1 in D(A), which is dense in H.
Thus, as in Lemma 23.8, we can extend this definition of e to all ¢ € H.
This defines the exponential e*4 function for any self-adjoint operator A.

Now we prove (23.18). We use the definition (23.28) and the fact Ay is
a bounded operator and therefore e~"4x satisfies (23.18). Formally bringing
the differentiation into the limit, we obtain, for ¢ € D(H),

0 iAo\ O CiA N s 0 _ita
Zha@’a e "ah) = Uon )\ILIEO<¢7 e ") =i )\11—>H;o<¢7 TN o)
= )\lim (¢, Aye™MNtag) = /\hm (Axe, e~ tehg)

= <A¢7 671‘At l/}0> .
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This exchange of limits is readily justified (the reader is invited to supply the
details). Furthermore, if 1)g € D(A), one can show that e~*4*)y € D(A), and
therefore i- 2 e~ "4y, = Ae™ Ay, So Y(t) 1= e~y satisfies (23.16) and
therefore (23.18) holds.

Next, clearly U(0) = 1. Moreover, for any 1y € D(A),

t
U(t)'@[]o — g = Z/O U(S)A’L/J()ds —0ast—0.

Hence (23.19) holds.

Now we prove that U(t) has the group property (23.20). To this end we
again use representation (23.28). By Problem 2.17, e~ " has the group prop-
erty (23.20). Given this result, for any ¢, ¢ € H,

(0, URU(s)8) = (U1, U(s)9) = Jim (e, e/ Mgs)
= lim (i, e H0G) = (1, U(t + 5)9)

which proves (23.20). O

The theorem above has the following corollary

Corollary 23.28 If A is self-adjoint, then the Cauchy problem (23.16)-
(23.17) has a unique solution which conserves probability.

Indeed, the family ¥ (t) := U(t)vy is a solution of the Cauchy problem (23.16)-
(23.17), which conserves the probability. It is the unique solution of (23.16)-
(23.17), since, if there are two solutions, then their difference, 1, solves (23.16)
with '(/;|t:0 = 0, and therefore by conservation of probability (a consequence
of symmetry of A), ||1(t)|| = [|4(0)|| = 0 for all ¢ and hence ¥ = 0.

The operator family U(t) := e~ %4 is called the propagator or evolution
operator for the equation (23.16). The properties recorded in the equa-
tions (23.20) and (23.21) are called the group and isometry properties. The
operator U(t) = e~"4 is invertible (since U(t)U(—t) = 1) and is isometry
(i.e. JU@)] = ||%]])- Such operators are called unitary. More precisely,

Definition 23.29 An operator U is called unitary if UU* = U*U =1

To show that U(t) = e~"4 is unitary, we observe that ||U(t)y| = ||¢| im-
plies {16, 9) = (U0, UB)Y) = (1, U* (U (D)), from which U*(HU(¢) = 1
follows. Similarly, U(¢t)U*(t) = 1. So U*(t) = U(—t) = (U(¢))~!. This if A is
self-adjoint, the operator U(t) := e~*A* exists and is unitary for all ¢ € R.

The following very simple example illustrates the connection between uni-
tarity and self-adjointness.

Example 23.30 If ¢ : R? — R is continuous, then the bounded operator

U e
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is easily checked to be unitary on L?(R%) (just note that U* is multiplication
by e~*). Now ¢ is bounded as a multiplication operator iff it is a bounded
function. Note, however, that U is well-defined (and unitary) even if ¢ is
unbounded.

Remark 23.31 If A is a positive operator, then we can define the opera-

tor e~ in a way similar to our definition of e’ above. We take e=4 :=

limy o e~ where Ay = (A4 A\)"!'\A is a family of bounded operators.

23.7 Projections

Let H be a Hilbert space. A bounded operator P on H is called a projection
operator (or simply a projection) if it satisfies

P?=P.
This relation implies ||P|| < || P|[?, and so ||P|| > 1 provided P # 0. We have
vERanP <= Pv=v and o€ (RanP)* <= P*v=0. (23.29)

Indeed, if v € RanP, then there is a u € H s.t. v = Pu, so Pv = P?u = Pu =
v; the second statement is left as an exercise.

Problem 23.32 Prove that (a) P*v = 0 if and only if v 1 RanP, (b) RanP
is closed and (¢) P* is also a projection.

Example 23.33 The following are projection operators:
1. let H = L*(R?%) and let E be a subset of R?. Then
Xecr : f(x) = xB(z)f(z)

where
lx el

is a projection.
2. again let H = L?(R%) and let E be a subset of R?. Then

XpeE = F 'Xxier Fu(z) — (xpk)a(k) (2)

is a projection.
3. let H be any Hilbert space, and ¢, € H satisfying (¢, 1) = 1. Then

fr=Ae, v

is a projection.
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4. as in 3), but now let {¢;}; be an orthonormal set (i.e. (1;,%;) = d;;).
Then

N
Fe> (W
1
is a projection.

Definition 23.34 1. A projection P is said to be of rank r < oo if
dim RanP = r.

2. A projection P is called an orthogonal projection if it is self-adjoint, i.e.
if P = P*.

If P be an orthogonal projection, then (23.29) implies that
v L RanP <= Pv =0, i.e. NullP = (RanP)*. (23.30)

The projections in Examples 1), 2) and 4) above are orthogonal. The
projection in Example 3) is orthogonal if and only if ¢ = .

Problem 23.35 Let P be an orthogonal projection. Show that

1. [|P]| £ 1, and therefore ||P|| =1 if P # 0 (Hint: Use (23.29));

2. 1 — P is also an orthogonal projection, Ran(1 — P)LRanP, and Null(1 —
P) = RanP;

3. 'H = RanP & NullP.

Remark 23.36 Orthogonal projections on H are in one-to-one correspon-
dence with closed subspaces of a Hilbert space H. This correspondence is ob-
tained as follows. Let V' = RanP. Then V is a closed subspace of X. To show
that V is closed, let {v,} C V, and v,, — v € X, and show that v € V. Since
P is a projection, we have v, = Py, so ||[v — Pv|| = ||v — v, — P(v —vp)|| <
[|lv—vn||+||P||||v — vn|| = 0, as n — oo. Therefore v = Pv,sov € V, and V
is closed. Conversely, given a closed subspace V', define a projection operator
P by

Pu=v, where u=v+ovtecVaoVvt (23.31)

Problem 23.37 Show that P defined in (23.31) is an orthogonal projection
with RanP = V. For any given V, show that there is only one orthogonal
projection (the one given in (23.31)) such that RanP = V.

23.8 The Spectrum of an Operator
Again to keep this section self-contained we repeat some definitions and results
from Section 6.1 of the main text.

Definition 23.38 The spectrum of an operator A on a Hilbert space H is the
subset of C given by

o(A):={\ e C | A— Xisnot invertible (has no bounded inverse)}
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(here and below, A — A denotes A — A1). The complement of the spectrum of
A in C is called the resolvent set of A: p(A) := C\o(A). For A\ € p(A), the
operator (A — \)~1, called the resolvent of A, is well-defined.

The following exercise asks for the spectrum of our favourite operators.

Problem 23.39 Prove that as operators on L?(R?) (with their natural do-
mains),

1. o(1) = {1}.

2. o(p;) =R.
3. O'(l‘j) =R.
4. o(V) = range(V), where V is the multiplication operator on L?(R?) by a

continuous function V(z) : R — C.

5. o(—A) =10, 00).

6. o(f(p)) = range(f), where f(p) := F~1fF with f(k), the multiplication
operator on L?(R%) by a continuous function f(k): R¢ — C.

Theorem 23.40 The spectrum o(A) is a closed set.

Proof. We show that the complement of the spectrum, p(A) := C/o(A), called
the resolvent set, is an open set. Indeed, let z € p(A). Then A — z is invertible
(has a bounded inverse) and therefore by Theorem 23.17, so is A — 2/ =
(A—2)[1+(z—2")A-2)7Y,if |2/ —z| < [(A—2)7Y L. O

We observe that self-adjoint operators have real spectrum.
Theorem 23.41 If A = A*, then 0(4) C R.
Proof. This follows immediately from Lemma 23.21. J

One familiar reason for A — X not to be invertible is that (A — X)) = 0 has
a non-zero solution ¢ € D(A) C H. In this case we say that X is an eigenvalue
of A and 1) is called a corresponding eigenvector.

Definition 23.42 The discrete spectrum of an operator A is
04(A) = {A € C| X is an isolated eigenvalue of A with finite multiplicity }
(isolated meaning some neighbourhood of \ is disjoint from the rest of o(A)).
Here the multiplicity of an eigenvalue A is the dimension of the eigenspace
NulllA =X :={veH | (A-Nv=0}

Problem 23.43 1. Show Null(A — )\) is a vector space.
2. Show that if A is self-adjoint, eigenvectors of A corresponding to different
eigenvalues are orthogonal.
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The rest of the spectrum is called the essential spectrum of the operator A:

Oess(A) := g (A)\oa(A).

Remark 23.44 Some authors may use the terms “point spectrum” and “con-
tinuous spectrum” rather than (respectively) “discrete spectrum” and “essen-
tial spectrum’.

Problem 23.45 For the operators z; and p; on L?(R?%) show that

1. 0'688(pj) = U(pj) =R;
2. Oess(zj) = 0(z;) =R;
3. Oess(—A) =0(—A) =0, 0).

Hint: Show that these operators do not have discrete spectrum.

Problem 23.46 Show that if U : H — H is unitary, then o(U*AU) = o(A4),
oa(U*AU) = 04(A), and 0¢ss(U*AU) = 0ess(A).

Problem 23.47 Let A be an operator on H. If X\ is an accumulation point
of o(A), then X\ € 0.55(A). Hint: use the definition of the essential spectrum
and Theorem 23.40.

For a self-adjoint operator A the sets {span of eigenfunctions of A} and
{span of eigenfunctions of A}*, where

Wh={weH| @ w) =0 VYweW},

are invariant under A in the sense of the definition

Definition 23.48 A subspace W C 'H of a Hilbert space H is invariant under
an operator A if Aw € W whenever w € W N D(A).

Problem 23.49 Assume A is a self-adjoint operator. Show that

1. If W is invariant under A, then so is W+=;
2. The span of the eigenfunctions of A and its orthogonal complement are
invariant under A;

23.9 Functions of Operators and the Spectral Mapping
Theorem

Our goal in this section is to define functions f(A) of a self-adjoint operator
A. We do this in the special case where A is bounded, and f is a function
analytic in a neighbourhood of o(A).
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Problem 23.50 Let A be a bounded self-adjoint operator. Show o(A4) C
(=l Al [|A[l]. Hint: use that if [z] > [|A[], then [|(A = 2)ul| = (|z] = [[A])]ul].

Suppose f(A) is analytic in a complex disk of radius R, {A € C | |\| < R},
with R > [|A]|. So f has a power series expansion, f(A\) =Y~ a,A", which
converges for |A| < R. Define the operator f(A) by the convergent series

A) = a,A™. (23.32)
n=0

We have already encountered an example of this definition: the exponential
e? discussed in Section 2.3. As another example, consider the function f()\) =
(A —2)7L, for |z| > ||A]|, which is analytic in a disk of radius R, with [|A]| <
R < |z|, and has power-series expansion

o0

O == 157 = 1 VP

=0

The corresponding operator defined by (23.32) is the resolvent
1 o
A—z) == “TAT. 23.33
(A-2)1==23 2 (23.33)

(Recall that the series in (23.33) is a Neumann series.) Of course, the resolvent
is defined for any z in the resolvent set p(A) = C\o(A). In fact, (A —2)71 is
an analytic (operator-valued) function of z € p(A). To see this, we start with
the relation

(A=2)"t=(A=20)"" = (20— 2)(A—20) (A—2)""

for z,z0 € p(A), which the reader is invited to verify (this relation is called
the first resolvent identity). Thus

(A—2)"'=[1—(2—20)(A—2) 1 ]7HA - 2)" "
If |z — 20| < (|(A — 20)71||) "%, the first inverse on the right hand side can be

expanded in a Neumann series, yielding

oo

Z z—2z)’ 720)—3'—1.

J=0

Thus (A — 2)~! is analytic in a neighbourhood of any zg € p(A).
The following useful result relates eigenvalues and eigenfunctions of A to
those of f(A).

Theorem 23.51 (Spectral mapping theorem) Let A be a bounded op-
erator, and f a function analytic on a disk of radius > ||A||. If A¢ = A\¢, then

f(A)p = f(N)¢.
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Proof. 1If {a;} are the coefficients of the power series for f, then
= aAe= (3 a;N)p=F(No.
j=0 §=0

O

We conclude with a brief discussion of alternatives to, and extensions of,
the above definition. Suppose f is analytic in a complex neighbourhood of
o(A). We can replace definition (23.32) by the contour integral (called a Riesz
integral)

% f(z )" tdz (23.34)

where I" is a contour in C enmrchng o(A). The integral here can be understood
in the following sense: for any v, qb eH,

. S(A0) = 5 § S (A=) o)

(knowledge of (v, f(A)¢) for all ¥, ¢ determines the operator f(A) uniquely).

Problem 23.52 Show that the definition (23.34) agrees with (23.32) when
f(A) is analytic on {|A\| < R} with R > ||A||. Hint: by the Cauchy theorem,
and analyticity of the resolvent, the contour I" can be replaced by {|z| = Ro},
|A]l < Ro < R. On this contour, (A — z)~! can be expressed as the Neumann
series (23.33).

A similar formula can be used for unbounded operators A to define certain
functions f(A) (see [HS]).

If A is an unbounded self-adjoint operator, and f is a continuous, bounded
function, the bounded operator f(A) can still be defined. One example of this
is the definition of e in Section 23.6. The definition of f(iV) using the
Fourier transform (Section 23.14) provides another example. More generally,
the Fourier transform, together with Theorem 23.27, allows one to define
functions of self-adjoint operators as follows:

Definition 23.53 Assume A is a self-adjoint operator and f(A) is a function
whose inverse Fourier transform, f is integrable, [ |f(t)|dt < oco. Then the
operator

f(A) := (2rh)~1/2 /_ h F(t)ei At/ hat (23.35)

is well-defined, bounded, and is self-adjoint if f is real.

We present without justification a formula connecting the equations (23.34)
and (23.35) (i.e. connecting the propagator and the resolvent):

eTAf(A) = 2 / " AW M Im(A = A= i0) (23.36)

— 00

The reader is referred to [RSI] for the general theory.
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23.10 Weyl Sequences and Weyl Spectrum

We now want to address the question of how to characterize the essential
spectrum of a self-adjoint operator A. Is there a characterization of o.ss(A)
similar to that of o4(A) in terms of some kind of eigenvalue problem? To
answer this question, we observe that there is another reason for A—\ not to be
invertible, besides A being an eigenvalue of A, namely (A — X)) = 0 “almost”
having a non-zero solution. More precisely, there a sequence {t¢,} C H s.t.

1. ||¢n| =1 for all n
2. [[(A=Np|| = 0asn — o
3. Yp — 0 weakly as n — oo (this means (¢, 1,) — 0 for all ¢ € H).

We say {¢n,} C H is a Weyl sequence for A and X if these statements hold.

Definition 23.54 The Weyl spectrum of an operator A is
ow(A) ={\| there is a Weyl sequence for A and A}.

The following result says that when A is self-adjoint, the sets o4(A) and
ow(A) are disjoint, and comprise the whole spectrum:

Theorem 23.55 (Weyl) If A is self-adjoint, then o.55(A) = 0,(A), and
therefore the spectrum of A is the disjoint union of the discrete spectrum of
A and the Weyl spectrum of A:

0(A) = 04(A) U oy (A).

Proof. Suppose first that A € 0¢ss(A). Then inf =1 pepca) [[(A =N =0,
for otherwise A — A would be invertible. Hence there is a sequence ¢, € D(A)
such that ||, = 1 and ||(A — N)¢n|| — 0 as n — oo. By the Banach-
Alaoglu theorem (see, eg., [RSI]), there is a subsequence {t,,/} C {¢,} and
an element vy € H such that ¢,,, — 19 weakly as n’ — oo (we drop the prime
in ' henceforth). This implies that for all f € D(A),

Hence 1 € D(A) (since D(A) = D(A%) = {6 € H | [(Af,4)| < C|lf|| ¥ €
D(A)} and [(Af,v0)| = [A(f,v0)| < [Alllvoll[[f]]) and Aty = Mbo. If thy = 0,
then {4} is a Weyl sequence for A and A, and so A € o,(A4). If ¢y # 0,
this implies that A is an eigenvalue of A. So A must therefore have infinite
multiplicity or be non-isolated. If A\ is an eigenvalue of infinite multiplicity,
then an orthonormal basis of Null(A — \) yields a Weyl sequence for A and
A, and therefore A € o,,(A). If A is not isolated, then consider a sequence
Aj € o(A)\{A} with A\; — X. If there is a subsequence consisting of distinct
eigenvalues, a corresponding sequence of normalized eigenvectors is orthonor-
mal, and so converges weakly to 0 — hence it is a Weyl sequence for A and .



322 23 Mathematical Supplement: Spectral Analysis

On the other hand, if the sequence A; consists (eventually) of non-eigenvalues,
then, arguing as above for each \;, one can construct a diagonal sequence
which is Weyl for A and A. So we conclude A € 7,,(A), and we have shown
that 0es5(A) C 04 (A). Now suppose A € 0,(A4), and let ¢, be a corresponding
Weyl sequence. Then certainly A € o(A), otherwise

[9nll = (A = N)7HA = Nl < (A= X)7HIIA = Nl — 0,

a contradiction. Suppose A is an isolated eigenvalue of finite multiplicity. For
simplicity, suppose the multiplicity is one (the argument is straightforward to
generalize), and let 1y be a normalized eigenvector. Write ¢,, = ¢ty + 1/J~n
with ¢, = (10,%n) and <¢~n,}?0> = 0. Since 9, — 0 weakly, ¢, — 0, and
50 ||¢m]| — 1. Also (A — A\p)Y, — 0. Because A is isolated in the spectrum,
(A —¢)~! is uniformly bounded on (1)o)* for ¢ near A, and so

ol = (A = An) ™ (A = An)n]
< (const)|[(A = An)tn|| — 0,

a contradiction. Thus A € gss(A), showing o, (A) C 0ess(A) and completing
the proof of Theorem 23.55.

As an application of the Weyl theorem we consider a Schrodinger operator
on a bounded domain, with Dirichlet boundary conditions.

Theorem 23.56 Let A be a cube in R?, and V' a continuous function on A.
Then the Schrédinger operator H = —A + V, acting on the space L?(A) with
Dirichlet boundary conditions, has purely discrete spectrum, accumulating at
+00.

To be precise, the operator “H on L?(A) with Dirichlet boundary conditions”
should be understood as the unique self-adjoint extension of H from C§°(A).

Proof. Suppose A = [0, L]%. Consider the normalized eigenfunctions of the
operator —A on L?(A) with Dirichlet boundary conditions:

a/2 d .
or(x) = (%) Hsin(k;jxj), ke Z(Z+)d

(see Section 7.1), so that
— Ady, = k|- (23.37)
Now we recall that the eigenfunctions ¢, k € Z(ZT)?, form an orthonormal
basis for L?(A):
b= Y (D)

ke (z+)d

for any ¢ € L?(A) (this is a special case of a general phenomenon valid for
self-adjoint operators).
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We show now that the operator H has no essential spectrum. Assume on
the contrary that A € o.ss(H), and let u,, be a corresponding Weyl sequence;
ie. ||uyl =1, u, — 0 weakly, and || (H —A)u,|| — 0. By the triangle inequality

1 = Nt 2 (= A = Nun | = [Vetn > [(— A — \jun | - max | V] (23.38)
since |lup|| = 1. Writing
Unp = Zaqusk
k
where af = (¢, u,), and using (23.37), we compute
(=4 =D (kP = Nakor
k
and so by the Parseval relation (Proposition 23.4)
(=2 = Nual* =D (kP = 1)) (23.39)
k

The Parseval relation also gives

1= lun|? =" |ak|*. (23.40)
k

Now choose K such that |k|> — A\ > v/2(max|V| 4+ 1) for |k| > K. Then
by (23.39) and (23.40),

[(=A=Nun | > 2(max [V[+1)* Y [ak]? = 2(max|V]+1)*(1— > |ai]?)
|k|> K |k|< K

Since u,, — 0 weakly,
ap, = (P, un) — 0

as n — oo, for each k. Choose N sufficiently large that |a¥| < (2K4)~ /2 for
k with |k| < K and n > N, where

Ky = #{k el <Z+)d | |k| < K}.

2 <1/2, and so

nl

Then forn = N, 37,k lak
I(=A = Nunl* > (max[V] + 1)

Returning to (23.38), we conclude that for n > N, |[(H — X)uy,|| > 1, which
contradicts the property ||[(H — A)uy|| — 0. Hence no finite A can be a point
of the essential spectrum of H.

Proceeding as in the proof of Theorem 6.16, one can show that H has an
infinite number of eigenvalues which accumulate at co. [
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Next, we present a result characterizing the essential spectrum of a
Schrodinger operator in a manner similar to the characterization of the dis-
crete spectrum as a set of eigenvalues.

Theorem 23.57 (Schnol-Simon) Let H be a Schrodinger operator with a
bounded potential. Then

o(H) = closure {\ | (H — X)y = 0 for ¢ polynomially bounded }.

So we see that the essential spectrum also arises from solutions of the eigen-
value equation, but that these solutions do not live in the space L?(R?).

Proof. We prove only that the right hand side C o(H), and refer the reader
to [CFKS] for a complete proof. Let ¢ be a polynomially bounded solution of
(H — X)yp = 0. Let C; be the box of side-length 2r centred at the origin. Let
jr be a smooth function with support contained in C;41, with j,. =1 on C},
0 < jr <1, and with sup, , 14)<2 105 ()| < 0o. Our candidate for a Weyl
sequence is

o
3l
Note that ||w,| = 1. If ¢ & L?, we must have ||j,1| — oo as r — oo. So for

any R,
1
|wr|2g.—/ 2 0
/z<R ||Jr¢”2 lz|<R

as r — 0o. We show that
(H—XNw, — 0.

Let F(r) = [, c |4|2, which is monotonically increasing in r. We claim there
is a subsequence {r,} such that

F(r,+2) o1
F(rp,—1)

If not, then there is @ > 1 and rg > 0 such that

F(r+3)>aF(r)

for all r > 7. Thus F(rg + 3k) > a*F(ro) and so F(r) > (const)b” with
b = a'/3 > 1. But the assumption that 1 is polynomially bounded implies
that F(r) < (const)r™ for some N, a contradiction. Now,

(H - )‘).77“1;[} = ]T(H - /\)d} + [_Avjr]q/L
Since (H — A\)p = 0 and [A, j,] = (4j,) + 2V, - V, we have
(H - )‘)er = (_Ajv)'(/) —2Vj, - Vi,

Since |0%j,| is uniformly bounded,
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ICE — \)jmd]] < (const) / (0P +V9[) < (const) / 2.

Cr41\Cr Cry1 Cr
%0 F(r+2)—F(r—1) _ . F(r+2)

and so ||(H — N)w,,

— 0. Thus {w,, } is a Weyl sequence for H and \. O

In the rest of this section, by way of illustration, we construct Weyl se-
quences for the coordinate and momentum operators. We assume, for simplic-
ity, d = 1.

Thus for any A € R, we will find a Weyl sequence for z and \. This sequence
is such that its square approximates the delta-function ) (z) = 6(A—2) which
formally solves the equation

(x—=A)dr=0

exactly. Such a sequence is sketched in Fig. 23.1.

Fig.23.1. Weyl sequence for z, A.

How do we construct such a sequence 1,7 Let ¢ be a fixed non-negative
function supported on [—1, 1], and such that

[1oe=1.

We compress this function, increasing its height, and shift the result to A:

Un(z) := n'2p(n(z — N)).

J1en= [ 108 =1
and

o= Nl = [ o= APnloln(e = M)Pdo = 5 [ Plow)Pdy -0

Then
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asn — oo. Thus A € o(z), at least. Now we show that 1, — 0 weakly. Indeed,

for any f € L2(R?),
1/2
o f| — o 2 2

which — 0 as n — oo by a well-known result of analysis. Thus, A € o¢ss().
It is easy to convince yourself that x has no eigenvalues.

Now we construct a Weyl sequence, {¢,, }, for p and A. Using properties of
the Fourier transform, we have

1o = Nl = (0 = Nea)ll = ll(k =AYbl

Take for zﬁn the Weyl sequence constructed above:
U =n'2h(n(k — A)

for ¢ supported on [—1,1], and [[$|? = 1. So we have [|1h, | = ||¢o|| = 1 and

[ Fon= [ Fin o0

for any f € L?(R?). Further,

1/2

Ik =Nl =0 = (o= Nl =0

and so 1, is a Weyl sequence for p and A. Thus o(p) = 0ss(p) = R. Now let
us see how 1, looks. We have

Un(z) = (27h)~Y/2 / ekl (n(k — N))dk = e N =2 (x/n).

Suppose, for example, that ¢ = 1 for || < 1/2. Then v, looks like a plane
wave (with amplitude n~'/? and wave vector \), cut off near co by ¢(z/n)
([thn| is sketched in Fig. 23.2).

[y, 1/[n

| |
“n2 2

Fig.23.2. Weyl sequence for p, A.

We remark that the fact o(p;) = 0ess(pj) = R also follows directly from
the fact o(xj) = 0ess(z;) = R, together with Problem 23.46 and properties of
the Fourier transform.
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23.11 The Trace, and Trace Class Operators

This section gives a quick introduction to the notion of the trace of an operator,
a generalization of the familiar trace of a matrix. More details and proofs can
be found in [RSI], for example.

Let p be a bounded operator on a (separable) Hilbert space, H. Since
p*p > 0, we can define the positive operator |p| := \/p*p (this operator can
be defined by a power series — see [RSI]; see also Section 23.9). The operator
p is said to be of trace class if

> (W lplehy) < o0

J

for some orthonormal basis {v;} of H. If p is a trace class operator, we define
its trace to be

Trp=> (¢;,pih;)

J

for some orthonormal basis {t;} of H. This definition is independent of the
choice of basis.

Problem 23.58 Show that the trace is well-defined by showing the that the
right-hand side is independent of the choice of basis. Hint: consider another
orthonormal basis { ¢;} and let ¢; = > ¢;;¢;. Show that

E CikCil = Okl,
i

using the fact that
> bk i) (Wi, 1) = (s 1),

7

and then use that to show that

ZWJ,P%‘) = Z<¢j7p¢j>~

J J

Properties of the trace:

1. Trp* =Trp, and Trp > 0if p > 0.
2. If p is trace class and A is bounded, then Ap and pA are trace class with
Tr(Ap) = Tr(pA) (cyclicity of the trace).
. Tr(aA+ pB) =aTr A+ 3Tr B.
(K f)(x) = [ K(x,y)f(y) dy, then Tr K = [ K(x,z)dz.
5. If p is trace class, then oess(p) C {0} and ), [As| < oo, where \; are the
eigenvalues of p.

=~ o
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The trace class operators form a Banach space under the norm

ol == Tx|pl,

and the trace is a linear functional on this space.

Let us look at a few examples of trace class operators.

The first example is useful in the preceeding sections. Let A be an un-
bounded, self-adjoint operator, bounded from below, with purely discrete
spectrum. Let By < E; < FEy < --- be the eigenvalues of A (since there
is no essential spectrum, we must have E; — oo if j — 00). It is a general fact
(see [BeS,RSI]) that the set of eigenvectors of A forms a basis in the under-
lying Hilbert space. Since the eigenvectors of A can be chosen to be mutually
orthogonal, there is an orthonormal basis of eigenvectors. Suppose f: R — C
is a continuous function.

Proposition 23.59 f(A) is trace class with
= (B, (23.41)
J

provided the sum on the r.h.s. converges absolutely.

Proof. Let {1;} be an orthonormal basis of eigenvectors corresponding to the
eigenvalues {E;} of A. By the spectral mapping theorem (see Section 23.9),

[f(A)lby = [ (Ej)|eb;, so

ZW’J’U i) Z|f )| < oo

J

by assumption. Hence f(A) is trace class, and we may compute its trace as

Te(f(A)) = > (1, f(A Zf

J

Integral operators provide another useful example.

Proposition 23.60 Let K be a continuous function on [a, b]>. Then the in-
tegral operator K on L?([a,b]) defined by

b
:/memwy

b
TrIC:/ K(z,x)dz.

is trace class, with

A bounded operator K is called Hilbert-Schmidt if I*IC is trace class. We
have
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Proposition 23.61 An integral operator K on L?(R?) with kernel K €
L?(R4 x R?) is Hilbert-Schmidt, and

T K = |K (z,y)|*dxdy.
R x R4
Proof. Let {1} be an orthonormal basis in L?(R¢). Then by the definition

of the trace,

TrK* K = ij,%*icw = Z</cwj7icwj>
— 12 — xX 1 2 X
- 21w ;/RJ/WK( )y (w)dy[d
/Rdzj:/w K (z,y)¢;(y)dy|*dz.

By the Parseval relation, this is
1wk = [ | [ K G)Pdylde = [ K(e.g)Pdady
R4 R4 Rd xRd

as required. [

A final example of a trace-class operator is a finite rank projection.

Problem 23.62 Show that if P is a rank-r projection, then P is trace class.
If, in addition, P is an orthogonal projection, then TrP = r.

We end this section by describing the spectra of trace-class operators.

Theorem 23.63 If p is a trace class operator, then its spectrum consists of
isolated eigenvalues with finite multiplicity, and possibly the point 0. Thus
eigenvalues can accumulate only at 0.

Proof. We prove the theorem for p positive. We begin with

Lemma 23.64 If p > 0 is a trace class operator, ¢, — 0 weakly, and ||¢;]| <
M for all j, then

(thy, pips) — 0. (23.42)

Proof. Let {¢,} be an orthonormal basis in our Hilbert space. Writing

by =Y (bnr )b,

n

we find

<¢jap¢j> = Z <¢n7wj><¢ma¢j><¢n7p¢m>

n,m
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Since p = p'/?p'/?, we have

(s 6| = 10"/ 260, 0 /20m)| < 1920016
= (00 P60) /(B pon) 2.

The last two relations yield

<wjvpd}j> < (Z |<¢na ¢]>|<¢n7p¢n>1/2>

n

2
<2 > [{n ¥3)(bns pn) /2
n<N
2
+2 (Z |<¢n,wj>|<¢n,p¢n>”2> :
n>N

Applying the Cauchy-Schwarz inequality, we obtain

(W p05) <2 [ D Wm0 | [ D (dns )

n<N n<N
+2 (Z;V|<¢n,wj>|2) (Z;v<¢n,p¢>n>> :

Since p is trace class, given any € > 0, there is N(¢) such that

D (bnipdn) <

n>N(e)

Since 1); converges weakly to zero, for any € > 0 and N > 0, there is J(¢, N)
such that

> on )| <e forall j>J(e N).

n<N

The last three inequalities imply that for all j > N(e, N (e)),

(s, pg) < 2¢ Trp+ 2|15 %, (23.43)

where we used

S (G pbn) <D (S, pbu) = Trp

n<N

and

> Ubn )P <> Hbms )P = Il

n>N n

Since |[1;]] < M, the inequality (23.43) completes the proof of the lemma. O
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Lemma 23.65 If p > 0 is trace class, then so is p2.

Proof. Since

(0, 0°0) = (pd, pd) = || pol|?
=1p"2p" 20|12 < 102112 10" 20 )1* = |1p*2|* (0. po),

for any orthonormal basis {¢;},

> (65.0%85) < 1?17 Z , po) < oo.

J
Hence p? is trace class.

Now we are ready to prove our spectral statement. Let {1/;} be a sequence
with 1; — 0 weakly, and ||¢;|| = 1. Then by Lemmas 23.64 and 23.65,

(0 = M5l17 = (W, (0> = 200 + A*)¢;)
= (j, p2j) — 2\(b;, pibj) + A — A2

Hence p and A # 0 have no Weyl sequence. Thus by Theorem 23.55, X # 0 is
not a point of the essential spectrum of p. Thus o.ss(p) C {0}. O

Theorem 23.66 Let p be a self-adjoint trace class operator on a Hilbert
space H. Then the normalized eigenvectors of p form a basis in H.

Proof. The normalized eigenvectors of p are independent, since p is self-
adjoint. Let V' denote the span of the normalized eigenvectors of p, and define
p* to be the operator p restricted to V+. Then p' is a self-adjoint trace-class
operator on V. It cannot have non-zero eigenvalues, since all such eigenvec-
tors would lie in the space V. Hence o(pt) C {0}. Since p* is self-adjoint
and non-negative, we apply Theorem 8.2 to p~ and —p’ to conclude that
(¢, prp) = 0 for all 9 € V+, and so p~ = 0. That means V+ must consist of
zero-eigenvectors of p, and hence must be empty. Thus V ="H. O

A self-adjoint trace-class operator p can be written in the form

p=3p;P,, (23.44)

where {1;} are orthonormal eigenfunctions and p; are the corresponding
eigenvalues, p1); = p;1,. Indeed, since by Theorem 23.66, {¢,} forms a basis
in H, any ¢ € H can be written as ¢ = > (¢}, $)1);, and so

po = ij Vi, o) = ijpibj

Since TrPy = 1 and Tr(}_; A;) = >°; TrA;, the last relation implies the
relation Trp =3~ p;.
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23.12 Operator Determinants

In this section we discuss determinants of differential operators, which appear
in the stationary phase expansion of the path integrals developed in Chap-
ter 15.

For a square matrix A, the determinant function has the properties

. A is invertible iff det A #£ 0
A=A"=det AR

. det(AB) = det(A) det(B)

. A>0=det A=e(InA)

. detAZH)\ evofA)‘

We would like to define the determinant of a Schrédinger operator.

Uk W N

Example 23.67 Let H = —A+V on [0, L] with zero boundary conditions
(assume V is bounded and continuous). Then using the fact that for n € Z,
sin(mnz/L) is an eigenfunction of —A with eigenvalue (7n/L)?, we obtain

|(H —(mn/L)?) sin(mna/L)|| = |V («) sin(rnz/L)|| < (max [V])|| sin(rna/L)]|,

and spectral theory tells us that H has an eigenvalue in the interval [(7n/L)?—
max |V|, (mn/L)? + max |V|]. Since {/2/Lsin(rnz/L) | n = 1,2,...} is an
orthonormal basis in L2[0, L], we have

o(H) = {(7n/L)*+O0() | n € Z}.
So trying to compute the determinant directly, we get [, oy g A = 00.
For a positive matrix, A, we can define (a(s) :=TrA™ =3 oy of 4 A °-
Problem 23.68 Show in this case that det(A4) = e ¢4(0),
Now for H = —A 4V on [0, L]¢ with zero boundary conditions,
Cu(s)=tr H % := Z A8
A evof H

exists for Re(s) > 1/2 (see Example 23.67 for d = 1). If (i has an analytic
continuation into a neighbourhood of s = 0, then we define

det H := ¢~ ¢u(0),

So defined, det H enjoys Properties 1-4 above, but not Property 5. It turns
out that for H = —A+V, (g does have an analytic continuation to a neigh-
bourhood of 0, and this definition applies.

It is difficult, however, to compute a determinant from this definition. In
what follows, we describe some useful techniques for computation of determi-
nants.
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Using the formula

1 % o1 —ta
Ar— / ety
I'(s) Jo

for each A\, € o(H) leads to

_ L > s—1 —tAn
Cu(s) = F(s)/o t En:e tAn dt,

tA —tH

Now A is an eigenvalue of H iff e ** is an eigenvalue of e
example of the spectral mapping theorem — see Section 23.9), and so e~
the n-th eigenvalue of e~*#. Thus

(this is an
tAn s

_ L > s—1 —tH
CH(S)—F(S)/O t5~Tre "t 4t.

This formula can be useful, as it may be easier to deal with Tr(e *#) =
[ e (2, 2)dx than Tr(H~*).

Example 23.69 We consider H = —A in a box B = [~L/2, L/2]¢ with
periodic boundary conditions. In this case

e_tH(ac, y) s (27Tt)—d/2€—|m—y|2/2t

in B x B, if B is very large, and so

Tre tH :/ e "Mz, z)de ~ / (2mt) 4% = (2mt)~/vol(B).
BxB B

But calculation of det H by this method is still a problem.

Remark 23.70 Often (and in all cases we consider here), we have to compute

a ratio, %, of determinants of two operators A and B, such that det A

and det B must be defined through a regularization procedure such as the
one described above, but the determinant of the ratio AB~' can be defined
directly. Since 9¢t4 = det(AB~!), we can make sense of the ratio on the left
hand side without going to regularization.

The most useful calculational technique for us is as follows. Let A and B be
Schrédinger operators on L2([0, T]; RY) with Dirichlet boundary conditions.
Denote by J4 the solution to AJ4 = 0 with J4(0) =0, J4(0) =1 (Jadxd
matrix valued function on [0, 7). Then one can show (see, eg., [LS,Kl])

det A det Ja(T)
det B det Jp(T)’

(23.45)

Remark 23.71 If A = S"(¢) for a critical path ¢, then J4 is the Jacobi
matrix along ¢ (see Section 24.4).
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Problem 23.72 Let A(T) be the operator —9?+¢(t) defined on L2(]0, T]; RY)
with Dirichlet boundary conditions, and let J4 be the corresponding Jacobi
matrix. Show that the functions det A(T') and det J(T') have the same zeros of
the same multiplicities (¢ is a zero of f(t) of multiplicity n if 3% /0t* f(ty) = 0
for k=0,...,n—1and 0"/0t" f(ty) # 0).

23.13 Tensor Products

We collect here a few facts about tensor products of Hilbert spaces, and tensor
products of operators and their spectra (see [RSI] for details and proofs).

Let H1 and Ho be two separable Hilbert spaces. The tensor product of Hy
and Hs is a Hilbert space H; ® Hs constructed as follows. To ¢ € H; and
o € Ho, we associate a map

Y1 @Yot Hy X Hy — C
(f1, f2) = (f1,¥1) 1, (fo, Y2)H,

which is conjugate linear in each component (Y1 ® Wa(afi, fo) = a1 ®
Ya(f1, f2), 1 @ Yo(f1 + g1, f2) = ¥1 @ Ya(fi1, f2) + P1 @ P2(g1, f2), and the
same for the second component). On the vector space, V', of all finite linear
combinations of such conjugate bilinear maps, we define an inner-product by
setting

(V1 ® Y2, 91 ® ¢2) = (1, 01)m, (Y2, P2), (23.46)

and extending by linearity (it is straightforward to check that this is well-
defined). Then H; ® Hs is defined to be the completion of V' in the inner-
product determined by (23.46).

A simple example, which appears in Section 12.1, is

for positive integers m,n. This Hilbert space isomorphism is determined by
the map

f@gw— f(z)g(y)

(see, eg., [RSI] for details).
Given bounded operators A and B acting on H; and Hs, the operator
A ® B, which acts on ‘H; ® Ho, is defined by setting

A® B(1h1 @ 12) = A1 @ Bba,

extending by linearity to all finite linear combinations of elements of this
form, and then by density of these finite linear combinations, to Hi ® Ha.
This produces a well-defined operator.

This construction can be extended to unbounded self-adjoint operators A
and B, yielding a self-adjoint operator A ® B (see, eg., [RSI]).
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Of particular interest for us are operators of the form A® 1+ 1® B,
acting on H = H; ® Ha, where A and B are operators acting on H; and
‘Ho respectively. This is an abstract version of the “separation of variables”
situation of differential equations. It is intuitively clear that we should be
able to reconstruct characteristics of such operators from the corresponding
characteristics of the operators A and B. As an example, we have the following
important (and simple) description of the spectrum of A® 1 +1 ® B under
certain conditions on A and B, and, in particular, for A and B self-adjoint:

0(A®1+1® B) =0(A) +0(B)
0i(A®1+1®B) Co4(A)+04(B) C{evsof A®1+1® B}
Oess(A®1+1® B) = 0ess(A) + 0ess (B)
U [0ess (A) + 0a(B)]
U[0q(A) + 0ess(B)].

Rather than prove any such statements (an involved task, requiring further
assumptions), let us just do a simple, suggestive computation. Suppose Ay =
A1 and By = Aa2. Then note that

(AR1+1® B)1 @Y = Ap1 @ P2 + 1 @ By
=M1 @ P2 +P1 @ (Nat2) = M (Y1 @ ¥2) + A2(PP1 ® )
= (A1 + A2)1 @ o,

which shows, in particular, that o4(A) + 04(B) C { ev'sof A® 1+ 1® B}.

23.14 The Fourier Transform

The Fourier transform is a useful tool in many areas of mathematics and
physics. The purpose of the present section is to review the properties of
the Fourier transform, and to discuss the important role it plays in quantum
mechanics.

The Fourier transform is a map, F, which sends a function ¢ : R — C
to another function 1& :R? — C where for k € R,

D(k) = (2mh) /2 /R ()

(it is convenient for quantum mechanics to introduce Planck’s constant, #,
into the Fourier transform). We first observe that 1& = Fu is well-defined if ¢
is an integrable function () € L'(R?), meaning [g, [¢(2)|dz < oo), and that
F acts as a linear operator on such functions.

In the following exercise, the reader is asked to compute a few Fourier
transforms.

Problem 23.73 Show that under F
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2
1. e 27 — (ha) (Re( ) > 0). Hint: try d = 1 first — complete
the square in the exponent and move the contour of integration in the
complex plane.
2. ¢ mrTATE /2 (det A)L/2e~ 2k 4k (A a positive d x d matrix). Hint:
diagonalize and use the previous result.

3. 4 /%ﬂ — (|k]> + )~ (b > 0, d = 3). Hint: use spherical coordi-

|

nates. Alternatively, see Problem 23.75 below.

In the first example, if Re(a) > 0 then the function on the left is in L'(R?),
and the Fourier transform is well-defined. However, we can extend this result
to Re(a) = 0, in which case the integral is convergent, but not absolutely
convergent.

Properties of the Fourier Transform. The utility of the Fourier transform
derives from the following properties.

1. The Plancherel theorem: F is a unitary map from L?(R?) to itself (note
that initially the Fourier transform is defined only for integrable (L!(R?))
functions — the statement here is that the Fourier transform extends from
LY(R4) N L%(RY) to a unitary map on L2(R%)).

2. The inversion formula: the adjoint * of F on L?(R?) is given by the map
1) +— 1) where

D) = (2mh) 912 /]R Ry k)

(and by the Plancherel theorem, this is also the inverse, F~1).
For the next four statements, suppose ¢, ¢ € C5°(R?).

—ihV (k) = ki (k).
(k) = iV (k).
oY = (21h)~Y2¢ x 1)
o 0 = (2nh)/2dy.

Here

S ot W

(f*9)( / fW)g(x —y)dy (23.47)

is the convolution of f and g. The last four properties can be loosely sum-
marized by saying that the Fourier transform exchanges differentiation and
coordinate multiplication, and products and convolutions.

Proof. The proof of Property 1 is somewhat technical and we just sketch it
here (see, eg, [Fo| for details). In particular, we will show that ||| = || /]|
Suppose f € C§°, and let C. be the cube of side length 2/e centred at the
origin. Choose € small enough so that the support of f is contained in C,. One
can show that

{Ey := (¢/2)2eR /M | |k € ehnz?}
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is an orthonormal basis of the Hilbert space of functions in L?*(C,) satisfy-
ing periodic boundary conditions. Thus by the Parseval equation (Proposi-
tion 23.4),

Loe= [ ae= 3 wmnr

keehnZa

= (e 30 IfE— [ 1P

k€ehnZd
as € — 0.
Problem 23.74 Show that {E}} is an orthonormal set.

We will prove Property 3, and we leave the proofs of the other properties as
exercises. Integrating by parts, we have

—ihNip(k) = (2wh) =42 / e @R/ (ihN )i (x)da
=k- (%h)*d/?/e*”'k/%(x)dx = kip(k).

O
Problem 23.75 1. Show that for b > 0 and d = 3, under F !,

— V2 Jz]

2 -1
(KP4 0)7 oy [

(hint: use spherical coordinates, then contour deformation and residue
theory).
2. Show that under F~1,

§(k — a) — (2rh) =Y/ 2eia/h,

Here 0 is the Dirac delta function — not really a function, but a distribution
— characterized by the property [ f(2)d(z —a)dx = f(a). The exponential
function on the right hand side is called a plane wave.

Functions of the derivative. As an application, we show how the Fourier
transform can be used to define functions of the derivative operator. Recall
our notation p := —iAV. Motivated by Property 3 of the Fourier transform,
we define an operator g(p) (for “sufficiently nice” functions g) on L?(R?) as
follows.

Definition 23.76 g/(m\qb(k;) := g(k)y(k) or, equivalently,

g(p)¥ == (2mh)~ g * 1.
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Let us look at a few examples.

Example 23.77 1. If g(k) = k, then by Property 3 of the Fourier transform,
the above definition gives us back g(p) = p (so at least our definition makes
some sense).

2. Now suppose g(k) = |k|?. Then m(k) = |k|24.
Problem 23.78 Show that —h2Ad = |k|24).

Thus we have |p|> = —h%2A. Extending this example, we can define g(p) when
g is a polynomial “with our bare hands”. It is easy to see that this definition
coincides with the one above.

3. Let g(k) = (5= k> + A)~!, A > 0, and d = 3. Then due to Problem 23.75,
we have

m e_%n)\‘m_y‘

" 27h? R3S T — Y

((Ho +X)""9)(x) P(y)dy (23.48)

where we have denoted Hy := 5|p|? = —%A.

Problem 23.79 Let y € R? be fixed. Find how the operator e acts on
functions (here y - p = Z?Zl Yipj, pj = —ih0y,).
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Mathematical Supplement: The Calculus of
Variations

The calculus of variations, an extensive mathematical theory in its own right,
plays a fundamental role throughout physics. This supplement contains an
overview of some of the basic aspects of the variational calculus. This material
will be used throughout the book, and in particular in Chapters 15 and 16 to
obtain useful quantitative results about quantum systems in the regime close
to the classical one.

24.1 Functionals

The basic objects of study in the calculus of variations are functionals, which
are just functions defined on Banach spaces (usually spaces of functions).
(Recall that a Banach space is a complete normed vector space.) If we specify
a space, X, then functionals on X are just maps S : X — R (or into C).

In the calculus of variations, one often uses spaces other than L?(R?),
and which are not necessarily Hilbert spaces. Among the most frequently
encountered spaces are the Sobolev spaces H*(R%), s = 1,2, ..., introduced
in Section 23.1. Recall that the Sobolev spaces are Hilbert spaces.

Spaces of continuously differentiable functions also arise frequently. For
k€ {0,1,2,...}, and an open set £2 C R?, we define C*(£2;R™) to be the set
of all functions ¢ : 2 — R™ such that 9%¢ is continuous in {2 for all |«| <k,
and for which the norm

16l cemam = 3. sup|0°6()]

la|<k zes?

is finite. Equipped with this norm, C*(£2; R™) is a Banach space.

Example 24.1 Here are some common examples of functionals, S, and
spaces, X, on which they are defined.
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1. X = L*([a,b];R), f € X* = X is a fixed function (X* denotes the dual

space to X, as explained in Section 23.1), and

b
S / f(@)é(x)de.

Note that S(¢) is well-defined, by the Cauchy-Schwarz inequality.
2. Evaluation functional: X = C([a,b]), z¢ € (a,b) fixed, and

St ¢ d(xo)
Compare this with the first example by taking f(z) = d(x — zo) (€ X
in this case X* # X).
3. Let V : R™ — R be continuous. Set X = {¢ : R? — R™ | V(¢) €
LY(R9)}, and take

S:¢r— V(g(x))dx.

R
4. Dirichlet functional: X = H*(R%), and

1
S:¢p— —/ |Vo|*d.
2 Rd

5. Classical action: fix z,y € R™, set X =Py, :={p€ C ([0, T];R™) | $(0) =
x,¢(T) =y}, and define

§: g /OT {%mw&? —V(¢>}dt-

6. Classical action: Let L : R™ x R™ — R be a twice differentiable function
(a Lagrangian function), and

T
s;¢H/O L(6, d)dt.

Here, X = P,, is as in Example 5.
7. Action of a classical field theory: fix f, g, € H*(R% R™), set

X ={¢e H'R x [0,TER™) | ¢(,0) = f(x),6(z,T) = g(x)}, (24.1)

and define

T
e 2 2,1 2
S:¢ /0 /Rd{ 2|8t¢| +2|V1¢| +f(¢)}dmdt

where f : R™ — R is a differentiable function.



24.2 The First Variation and Critical Points 341

8. Lagrangian functional: Suppose £ : R™ x R¥*! — R (a Lagrangian den-
sity) is a twice differentiable function, and set

S:p— //ﬁ(gzﬁ(x,t),Vm,t¢(x,t))dzdt

(here X is an appropriate space of vector functions from space-time R% xRy
to R™, whose specific definition depends on the form of £).

We encountered many of these functionals when we considered the problems of
quantization and of (quasi-)classical limit in quantum mechanics and quantum
field theory.

24.2 The First Variation and Critical Points

The notion of a critical point of a functional is a central one. It is a direct
extension of the usual notion of a critical point of a function of finitely many
variables (i.e., a place where the derivative vanishes). The solutions of many
physical equations are critical points of certain functionals, such as action or
energy functionals.

In what follows, the spaces X on which our functionals are defined will
generally be linear (i.e. vector) spaces or affine spaces. By an affine space, we
mean a space of the form X = {¢g+¢ | ¢ € Xo}, where ¢y is a fixed element
of X, and Xy is a vector space. We will encounter examples of functionals
defined on non-linear spaces when we study constrained variational problems
in Section 24.5.

Let X be a Banach space, or else an affine space based on a Banach space
Xo. (Recall that the notion of Banach space is defined in Section 23.1 of the
previous mathematical supplement.)

Definition 24.2 A path, ¢, in X is a differentiable function I > A — ¢y
from an interval I C R containing 0, into X.

Definition 24.3 The tangent space, T4 X, to X at ¢ € X is the space of all
“velocity vectors” at ¢:

{99
TyX ._{ )

If X is a Banach space, then T4 X = X (and if X is an affine space based on
the Banach space Xo, TyX = Xg). To see this, just note that for any £ € X,
@ = ¢+ A is a path in X, satisfying ¢g = ¢ and 9¢y/O\ = £ (the reader is
invited to check the corresponding statement for affine spaces).

So the tangent space to a linear space is not very interesting. The notion
of a tangent space is useful when working in non-linear spaces (we will see an
example of this shortly).

| ¢ is a path in X, ¢y = qb}.
A=0



342 24 Mathematical Supplement: The Calculus of Variations

Definition 24.4 A wvariation of ¢ € X along § € Ty X is a path, ¢y in X,
such that ¢g = ¢ and 9y /O |r=0 = &.

Example 24.5 One of our main examples is the classical action, Example 6
above (and (4.23)), defined on Py, = {¢ € C1([0,7],X) | ¢(0) = z,¢(T) =
y} (an affine space). Then TPy = Poo (see Fig. 24.1), and an example of a
variation of ¢ € Py in the direction £ € Pyg is pr = ¢ + A € Xy

Fig. 24.1. Variations of a path.

We wish to define a notion of differentiation of functionals which is a direct
extension of usual differentiation of functions of a finite number of variables.
To do so, we use the concepts of the dual space X* to X and the notation
(+,-) for the coupling between the X* to X, described in Section 23.1.

Definition 24.6 Let S : X — R be a functional on a real Banach space
X, and let ¢ € X. We say that S is differentiable at ¢ if there is a linear
functional, S(¢) € X*, such that

d
5@ )h=0 = (05(9).€) (24.2)
for any variation ¢y of ¢ along £ € X. The functional 9S5(¢) is the (variational)
derivative of S at ¢.

Remark 24.7 1. The notion of differentiability introduced here is often
called Gateauzx differentiability. A stronger notion of differentiability,
called Fréchet differentiability, demands (for linear spaces) that

S(@+&) = 5(0) +(95(9),€) + o([€llx)

as ||¢]|x — 0. The reader can check that if S is continuously (Gateaux)
differentiable at ¢ € X (i.e. 95(¢) exists in a neighbourhood of ¢g, and
is a continuous map from this neighbourhood into X*), then S is Fréchet
differentiable at ¢q.

2. We will sometimes use the notation S’(¢) for the variational derivative
95(9).

3. Recall that if X is a Hilbert space, then we can identify its dual, X*,
with X itself, via the map X 3 ¢ — [, € X* with [4¢ = (¢,§) for
¢ € X (here the notation (-,-) indicates the Hilbert space inner-product).
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(The fact that this map is an isomorphism between X and X* is known
as the Riesz representation theorem.) Thus when X is a Hilbert space,
we can identify 95(¢) with an element of X. This element is called the
gradient of S at ¢ (in the inner product of X), and is sometimes denoted

by gradxS(®).

Example 24.8 We compute the derivatives of some of the functionals in
Example 24.1. We suppose that whenever X is a space of functions, it is a
subspace of an L?-space. Then the variational derivative can be identified with
a function (or distribution), using integration by parts where necessary. This
is related to the L? gradient as discussed above.

1. For the functional S(¢) = f; fodx, we compute
d b9
95().€) = 7580 )heo = [ Fz5ondalscg

b
- / fedr = (£.€).

Thus we identify S(¢) = f.
3. For S(¢) = [z. V(¢), we compute

d d 0
0566 = 355 )heo = 75 [V (G)hode

= [ VV(¢)-&dx = (VV(p),€)

Rd

and so we identify 9S(¢) = VV (¢).
4. For S(¢) = % [4a |V0[?, we compute

d
@5(0).6) = xS(@)h0 = 5 [ IV Placads

_ / V¢ Vidr = / (—Ap)edx = (— A, &)
]Rd ]Rd

where we integrated by parts (Gauss theorem), and used the fact that the
functions decay at oo. Thus we identify 95(¢) = —Ag.

We leave the remaining examples as an exercise.

Problem 24.9 Compute the variational derivatives for the remaining func-
tionals in Example 24.1. You should find

5. 05(¢) = —m¢ — VV(9)

6. 9S(¢) = —5(9,L) + 04 L

7. 08(¢) = O¢ + Vf(¢) where O := 9? — A is the D’Alembertian operator
8. 8S(¢) = *Vx,t . (av¢L) + 3¢L
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As in the finite-dimensional case, a critical point is a place where the
derivative vanishes.

Definition 24.10 An element ¢ € X is a critical point (CP) of a functional
S: X —Rif 05(¢p) = 0.

In fact, many physical equations are critical point equations for certain func-
tionals.

Example 24.11 Continuing with the same list of examples of functionals
above, we can write down some of the equations describing their critical points:

4. Ag = 0 (Laplace equation, ¢ a harmonic function)

m¢ = —VV(¢) (Newton’s equation)

%(%}L) = (04L) (Euler-Lagrange equation)

O¢ + Vf(¢) = 0 (nonlinear wave/Klein-Gordon equation)
—Vai - (OveL) + 0pL = 0 (classical field equation)

XN

The following connection between critical points and minima (or maxima)
is familiar from multi-variable calculus.

Theorem 24.12 If ¢ locally minimizes or maximizes a differentiable func-
tional S': X — R, then ¢ is a critical point of S. (We say ¢ is a local minimizer

(resp. maximizer) of S if there is some 0 > 0 such that S(¢) > S(¢) (resp.
S(¢) < S(¢)) for all ¢ with [|¢ — ¢llx < 6.)

Problem 24.13 Prove this (hint: it is similar to the finite-dimensional case).

Recall that a function f(v) is called strictly conver if
flsv+ (1 —s)) <sf(v)+ (1 —s)f(v), Vs € (0,1),

YV v,v" € V. This condition holds if f is twice differentiable and has positive
Hessian, d2f(v) > 0, Yo € V. A function f(v) is called strictly concave iff
—f(v) is strictly convex.

Theorem 24.14 Assume f(v) is a differentiable and strictly convex/concave
function on a finite-dimensional space V. Then it has a unique critical point,
and this critical point minimizes/maximizes f.

We sketch a proof of this theorem. To fix ideas we consider only the convex
case. Assume for simplicity that f(v) is twice differentiable. Then as was
mentioned above d? f(v) > 0, Vv € V. Hence every critical point is a (local)
minimum. Assume there are two critical points, v; and ve. Then the function
f(sv1+ (1= s)vz) would have a maximum for some s € (0, 1), a contradiction.
Hence f(v) has at most one critical point. One can show furthermore that
f(v) = o0, as ||v|| = oo and therefore f(v) has at least one minimizing point.
d

To extend this theorem to the infinite-dimensional case one would have
to make some additional assumptions, i.e. that f(v) is weakly lower semi-
continuous and V' is reflexive (see e.g. [RSI]).
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24.3 The Second Variation

In multi-variable calculus, if one wishes to know if a critical point is actually
a minimum (or maximum), one looks at the second derivative. For the same
reason, we need to define the second derivative of a functional.

Definition 24.15 Let 7,§ € Ty X. A variation of ¢ along n and £ is a two-
parameter family, ¢, € X, such that ¢oo = ¢, %@\,ub\:u:o = &, and

9
quA”u | A=p=0 = 1]-

Definition 24.16 Let S : X — R be a functional. We say S is twice differ-
entiable is there is a bounded linear map 925(¢) : T, X — (T X)* (called the
Hessian or second variation of S at ¢) such that

82

onap S (Or)la=u=o = (D5(0)n.€) (24.3)

for all {,n € T4 X and all variations ¢y, of ¢ along £ and 7.

Remark 24.17 1. The Hessian 9?S(¢) can also be defined as the second
derivative of S(¢), i.e., 925(¢) = 0 - 3S(¢). That is, we consider the map
¢ — 0S(¢) and define, for n € Ty X, 82S(¢p)n := %85(@\), where ¢, is
a variation of ¢ along 7.

2. We will often use the notation S”(¢) to denote 925(¢).

Computations of the second derivatives of the functionals in our list of
examples are left as an exercise (again, we suppose where appropriate that
the action of the dual space is just given by integration).

Problem 24.18 Continuing with our list of examples of functionals above,
show that

3. §”(¢) = D*V(¢) (a matrix multiplication operator).

4. S"(¢) = —A (the Laplacian).

5. 8"(¢) = —md? — D*V(¢)) (a Schrédinger operator) acting on functions
satisfying Dirichlet boundary conditions: £(0) = £(T") = 0.

d d d

S"(¢) =——(9?L)— — | =02 L) + 3L 24.4

@)= —5 0D g (dt 0itt) T 244

with Dirichlet boundary conditions. (The first term on the r.h.s. is a prod-

uct of three operators while the second one is the time-derivative of 8; <i>L'

7. 8"(¢) = O+ V"(¢), with Dirichlet boundary conditions: &(z,0) =
&(z,T) = 0.

1" _ 0%L 0L o2
5/ = ~eus (g Voo~ oo (arvams) * g5
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The following criterion for a critical point to be a minimizer is similar to
the finite-dimensional version, and the proof is left as an exercise.

Theorem 24.19 Let ¢ be a critical point of a twice continuously differen-
tiable functional S : X — R.

1. If ¢ locally minimizes S, then S”(¢) > 0 (meaning (S”(¢)¢, &) > 0 for all
e T¢X).

2. If S"(¢) > ¢, for some constant ¢ > 0 (i.e. (S”(¢)E, &) > c||]|% for all
£ € T4X), then ¢ is a local minimizer of S.

Problem 24.20 Prove this.

Let us now pursue the question of whether or not a critical point of the
classical action functional

(which is a solution of the Euler-Lagrange equation — i.e., a classical path)
minimizes the action. As we have seen, the Hessian S”(¢) is given by (24.4).
We call 8¢2.>L the generalized mass.

Theorem 24.21 Suppose (‘3352L > 0. Suppose further that QiL is a bounded
function. Then there is a Ty > 0, such that S”(¢) > 0 for T' < Tj.

Proof for L = %(f —V(®). In this case S”(¢) = —md?/ds®> — V" (¢), acting on
L2([0,T]) with Dirichlet boundary conditions. Since inf o(—d?/ds?) = (7/T)?,
we have, by Theorem 8.2, —d?/ds* > (n/T)* So S"(¢) > m(n/T)* —
max | V"], which is positive for T sufficiently small. (J

Corollary 24.22 For T sufficiently small, a critical point of S (i.e., a classical
path) locally minimizes the action, S.

24.4 Conjugate Points and Jacobi Fields

In this section we study the classical action functional and its critical points
(classical paths) in some detail. While such a study is of obvious importance in
classical mechanics, it is also useful in the quasi-classical analysis of quantum
systems that we undertook in Chapters 15 and 16.

Thus we consider the action functional

S(¢) = / L($(s). d(s))ds.

We have shown above that if ¢ is sufficiently small, then S”(¢) > 0, provided
(02L/0¢*) > 0. So in this case, if ¢ is a critical path, it minimizes S(¢). On
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the other hand, Theorem 24.19 implies that if ¢ is a critical path such that
S"(¢) has negative spectrum, then ¢ is not a minimizer. We will show later
that eigenvalues of S”(¢) decrease monotonically as ¢ increases. So the point
to when the smallest eigenvalue of S”(¢) becomes zero, separates the t’s for
which ¢ is a minimizer, from those for which ¢ has lost this property. The
points at which one of the eigenvalues of S”(¢) becomes zero play a special
role in the analysis of classical paths. They are considered in this section.

In this discussion we have used implicitly the fact that because S”(¢) is
a Schrodinger operator defined on L?([0,¢]) with Dirichlet (zero) boundary
conditions, it has a purely discrete spectrum running off to +o0o0. We denote
this spectrum by {\,(£)}$° with \,,(t) — 400 as n — oco. Note that if ¢ is a
critical point of S on [0,], then for 7 < t, ¢ := @0 ) is a critical point of S
on [0, 7]. Thus for 7 < t, {\,(7)} is the spectrum of S"(p,) = S"(¢) on [0, 7]
with zero boundary conditions.

We specialize now to the classical action functional

50) = [ {FI3)F = Vis(s))as

on the space X = {¢ € C*([0,#];R?) | ¢(0) = z, ¢(t) = y}, and continue to
denote by ¢, a critical point of this functional (classical path).

Theorem 24.23 The eigenvalues A, (7) are monotonically decreasing in 7.

Sketch of proof. Consider A\i(7), and let its normalized eigenfunction be 1);.
Define 1 to be 1; extended to [0, + €] by 0. So by the spectral variational
principle Theorem 8.1,

AT+ €) < (11, 8" (@)r) = Ai(7).

Further, equality here is impossible by uniqueness for the Cauchy problem
for ordinary differential equations, which states the following: if a solution of
a linear, homogeneous, second-order equation is zero at some point, and its
derivative is also zero at that point, then the solution is everywhere zero. To
extend the proof to higher eigenvalues, one can use the min-max principle. [J

Definition 24.24 A point ¢(7p) such that \,(79) = 0 for some n is called a
conjugate point to ¢(0) = x along ¢.

So if ¢ = ¢(70) is a conjugate point to x, then S”(¢) on [0,70] has a 0
eigenvalue. That is, there is some non-zero & € L?([0,70]) with £(0) = &(79) =
0 such that

S" ()€ = 0. (24.5)

This is the Jacobi equation. A solution of this equation with £(0) = 0 will be
called a Jacobi vector field.

Definition 24.25 The index of S”(¢) is the number of negative eigenvalues
it has (counting multiplicity) on L?([0,t]) with zero boundary conditions.
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We recall that for 7 small, S”(¢) has no zero eigenvalues on [0, 7] (Theo-
rem 24.21). Combining this fact with Theorem 24.23 gives the following result.

Theorem 24.26 (Morse) The index of S”(¢) is equal to the number of
points conjugate to ¢(0) along ¢, counting multiplicity (see Fig. 24.2).

spec[S"(®, )]

—

Fig. 24.2. Index = # of conjugate points.

The picture that has emerged is as follows. For sufficiently small times, a
classical path ¢(0) locally minimizes the action. As time increases, the path
might lose this property. This happens if there is a point in the path conjugate

to ¢(0).

Example 24.27 An example of a conjugate point is a turning point in a
one-dimensional potential (see Fig. 24.3, and remember that we are working
with the functional of Example 24.1, no. 5).

V(x)
N

e

a b
Fig. 24.3. A turning point.

The classical path ¢ starts at a, and turns back after hitting b at time 7. Now

§"(¢) = —mdZ = V" ()

and it is easy to check that S”(¢)¢ = 0 (just differentiate Newton’s equation).
Since ¢(0) = ¢(7) = 0 (the velocity at a turning point is zero), b is conjugate
to a.

We return to the Jacobi equation (24.5), and consider its fundamental
solution, J(s). J(s) is the d x d matrix satisfying
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S"(¢)J =0
with the initial conditions
JO0)=0 and J(0)=

J is called the Jacobi matrix.

Proposition 24.28 The Jacobi matrix has the following properties

349

1. For any h € R?, Jh is a Jacobi field. Conversely, any Jacobi field is of the

form Jh for some h € R,

2. ¢(m0) is a conjugate point to ¢(0) iff J(7p) has a zero-eigenvalue, i.e.

det J(1p) = 0.

Proof. 1. The first part is obvious. To prove the second part let & be a
Jacobi field, and let h = £(0). Then & := Jh satisfies the same differential
equation as £ with the same initial conditions. Hence £ = § , and therefore

¢ = Jh.

2. We have shown above that ¢(79) is a conjugate point iff there is a Jacobi
field £ such that £(m9) = 0. By the previous statement, there is A # 0 such
that & = Jh, which implies J(79)h = 0. So J(70) has a zero eigenvalue

(with eigenvector h), and det J(m9) = 0.
O

Now we give the defining geometric/dynamic interpretation of .J. Consider
a family of critical paths ¢,(s) starting at ¢(0) with various initial velocities

v € R%. Denote © = $(0). Then

s = 2

is the Jacobi matrix (along ¢). Indeed, ¢, satisfies the equation 9S(¢,) =
0. Differentiating this equation with respect to v, and using that S”(¢) =

9505(¢), we find

o (9 1" a(bv
0= ava¢5(¢v) S (¢v) .
Thus, d¢,/0v|,—y satisfies the Jacobi equation. Next,
o0 -
S 60(0) = £-6(0) =0
and 9 9
%(bv (0) = o0l 1

which completes the proof.
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24.5 Constrained Variational Problems

Let S and C be continuously differentiable functionals on a real Banach space
X. We consider the problem of minimizing the functional S(¢), subject to the
constraint C(¢) = 0. That means we would like minimize S(¢) for ¢ in the
(non-linear) space

Mi={peX | C(¢)=0}.

We assume that C'(¢) # 0 for ¢ € M (here, and below, C’(¢) and S’(¢)
denote the variational derivatives of the respective functionals considered as
functionals on all of X, rather than just M).

If C is a C? (twice continuously differentiable) functional, then (see eg.
[FGIS])

TeM ={{€ X | (C'(¢),§) =0}

To see this, suppose ¢, is a variation of ¢ in M. Differentiating the relation
C(¢x) = 0 with respect to A at A = 0 yields (C'(¢),£) = 0, where £ =
Zdalr=o. Thus TpM C {£ € X | (C'(¢),€) = 0}. Conversely, given £ € X
such that (C’(¢), &) = 0, one can show (using the “implicit function theorem”)
that there is a path ¢\ € M satisfying ¢pg = ¢ and %¢A|A=O =£(. S0& eTyM.

Concerning the constrained variational problem, we have the following
result:

Theorem 24.29 (Lagrange multipliers) Let S be a C! and C a C? func-
tional on a Banach (or affine) space X. Suppose ¢ locally minimizes S(¢)
subject to the constraint C(¢) = 0 (i.e. ¢ locally minimizes S on the space
M) and C’(¢) # 0. Then ¢ is a critical point of the functional S — AC' on
the space X, for some A € R (called a Lagrange multiplier). In other words, ¢
satisfies the equations

S'(@)=C"(¢) and  C(¢) =0
(the first equation is as linear functionals on X).

Proof. The fact that ¢ minimizes S over M implies that ¢ is a critical point

of S considered as a functional on M. This means that S’(¢) = 0 on TyM.
Recall B
T3M ={§ € X [ (C'(),€) =0}

Let p € X be such that (C'(¢), p) # 0. Then for all £ € X,

. (C(9),8) i
“ e
Hence
— (A — (& /(0 . <S/(&)7p>
0= (S"(®),m = (5"(¢),&) = NC"(¢),£), X:= @) 2

Thus S'(¢) is a multiple of C’(¢). O
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Example 24.30 Quadratic form: let B be a a self-adjoint operator on a
Hilbert space, X = D(B), and set

S0 5(6,B6) (24.6)

and C(¢) = i(||¢||> — 1). Easy computations show 0S(¢) = B¢ and
0C(¢) = ¢. Hence by the result above, any critical point of S(¢) subject
to the constraint C(¢) = 0 (||¢|| = 1) satisfies the equation

B¢ = \¢ (24.7)

for some Lagrange multiplier A € R. This is an eigenvalue equation for B with
the eigenvalue being the Lagrange multiplier.

24.6 Legendre Transform and Poisson Bracket

Passing from the lagrangian to hamiltonian constitutes a Legendre transform,
defined formally as:

g(m) == sup ((m,u) — f(u)). (24.8)
ueX

Here f is a function (or functional) on a normed vector space, V, while g
is defined on the dual space V*, and (m, u) is a coupling between V and V*
(See the previous mathematical supplement, Section 23.1 for definitions of the
dual space and the coupling (7, u).) Of course, for the supremum in (24.8) to
exist we have to make some assumptions on on the class of functions on which
the Legendre transform is defined. In the finite-dimensional case, it suffices to
assume that f is differentiable and strictly convex, i.e. Vv,v' € V,

flsv+ (1 —s)') < sf(v)+ (1 —=s)f(v), Vs € (0,1).

In the infinite-dimensional case, we have to make extra assumptions. In
order not to complicate the exposition, we make an assumption which is much
stronger than needed, but which suffices for our needs. Namely, we assume
that f is of the form f(u) := %(u, Lu) where the linear operator L : V — V*
is invertible and satisfies (v, Lw) = (Lv,w) and (v, Lv) > §|[v||?, § > 0. In
this case, like in the finite-dimensional one, the function (m,u) — f(u) has a
unique critical point satisfying is df(u) = 7, (in this case, u = L™1m), and
this point is a maximum point. Hence

g(ﬂ-) = (<7T7 U,> - f(u))|u:6f(u):7r~ (249)
Problem 24.31 Show that g is differentiable, convex and that
(Legendre transform)? = 1.

Hint: use the fact that dg(m) = u(m) where u(m) solves Jf(u(m)) = .
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Problem 24.32 Show that the Legendre transform maps the functional
FW) =3 JI9f on X = LARY) into g(r) =5 [ fl”

The equation (24.9) shows that the classical and Klein-Gordon Hamilto-
nians, (4.32) and

Hom = [ {GrPe3iver s sofa @)

(see (19.11)), are the Legendre transforms of the classical and Klein-Gordon
Lagrange functionals, (4.24) and

L, x) = / {%|x|2 - %|V¢|2 - f(¢)} da

in the second variables,

h(z, k) :== :gg((k,v) — L(z,v)). (24.11)
and
H(o, ) := sup((m,n) — L(¢,7)). (24.12)
nev

Now we consider the Poisson brackets, which were defined in Section 4.4. If
Z is a real inner-product space, on which there is a linear invertible operator
J : Z* — Z such that J* = —J (J is called a symplectic operator), then we
can define a Poisson bracket of functions (or functionals) F and G as

{F,G} := (OF, JOG). (24.13)

For one-particle Classical Mechanics with the phase space Z = R? x R3, the

symplectic operator is
01
(), i

yielding the Poisson bracket (4.34). For the phase space Z = H'(R? R™) x
H'(R? R™), the symplectic operator is (24.14) (but defined on a different
space), yielding the Poisson bracket

(F.G} = / (0,F - 905G — 0F - 0, G} da. (24.15)

Suppose that Z = X x V* is a space of functions &(z) = (¢(x), 7(x)) on
R?. Recall that the functional on X which maps X > ¢ + ¢(z) is called the
evaluation functional (at x), which we denote (with some abuse of notation)
as ¢(x), and similarly for V. Consider the Hamilton equations

bi(x) = {@(2), H} (@) (24.16)
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where {F, G} is a Poisson bracket on Z. If this Poisson structure is given by
a symplectic operator J as in (24.13) with (¢, ) := [ ¢(x x)dx, then, by
Problem 19.4,

(@(x), H}(®) = / (00(x)) () JOH () (y)dy
_ / 5,(y)JOH (@)(y) = JOH (&) (x)

which gives

which leads to Hamilton’s equation
& = JOH(®). (24.17)

Example 24.33 The Klein-Gordon Hamiltonian theory: the phase space is
X = HYR?,R™) x HY(R? R™), the Poisson bracket (24.13), with J given
n (24.14), and the Hamiltonian given by (24.10). So for ¢(t) = (¢(t), 7(t)) a
path in H'(R") x H'(R"), Equation (24.17) is

(4) (20170,

and we recover the Klein-Gordon equation ¢ = A¢p + V(o).

For a general Hamiltonian system (Z,{-,-}, H) Hamilton’s equation can
be written as _
b={P,H}, (24.18)

where we identified the derivation F' — {F(®,t), H} with the vector field X g
on Z, determined by this derivation. The map t — ®¢(Pp), where &, (Py) is the
solution to (24.18) with the initial condition @y is called the flow generated
by (24.18). Consider the equation
%F(@ t)={F(®,t),H}, (24.19)
with an initial condition F(®,0) = Fy(P), where Fy(P) is a smooth functional
on Z. The solution of this equation for various Fy(®) defines the flow &;(Py)
on Z, by the equation Fy(P;(Pg)) = F(Po,t). This is the flow for the vector
field Xy on Z.

We conclude this section with brief remarks about an important classical
field theory which does not fit the above framework, the Schrédinger CFT.
Assume V =W & W and define the Lagrangian on V ® V by

L(l/J»X) = <J711/1aX> - E(w)a

where J : V* — V is a symplectic operator as above (i.e. a linear invertible
operator satisfying J* = —J, e.g. (24.14) w.r.to the decomposition V=W @
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W) and E(v) is a functional on V. The generalized momentum now is = =
J~149. Then using the equations

H(p,m) = ((m, x) = LY, X))o, L) =r (24.20)
and 0, L(v, x) = J 14 we see that (m, x) and (J =14, x) cancel and we obtain
H(y) = E¥). (24.21)

The phase space here is V' and the Poisson bracket is given by (24.13) (where
the derivatives are understood to be w.r.to ).

24.7 Complex Hamiltonian Systems

In this section we sketch the Lagrangian and Hamiltonian formalism on com-
plex Banach spaces. We begin with a specific complex Banach space and
discuss an abstract case briefly at the end of this section. We consider the
space

X ={¢pe H'R"x[0,T);C) | ¢(z,0) = h(z), $(z,T) = g()},

where h, g, € H*(R%; C) are fixed functions. We identify X with the real space
(24.1) with m = 2 (i.e. with Re X @ Im X)), as

_
¢ <= ¢ = (¢1,¢2), ¢1:=Reg¢, ¢2:=Im¢.
With this identification, we can define the variational (or Gateaux or Fréchet)

differentiability and derivative, 8$S (¢), for any functional S(¢) on X, and

specifically partial derivatives, 05, S(¢) and 04, S(¢), with respect the real, ¢1,
and imaginary, ¢z, parts of the field ¢. After that we introduce the derivatives
with respect ¢ and ¢ as follows

9pS(9) = 04, 5(9) = 104,5(¢)  055(9) 1= 0,5(9) +1i04,5(¢). (24.22)

To fix ideas, we consider the complex Klein-Gordon and Schrédinger field
theories.

Complex Klein-Gordon CFT. Here the action is given as in the item
(7) of Example 24.1, i.e. by

5@ = [ [ {100 = V.0 = 1o} v,

where f : C — R is a continuous function.
The equation dz5(¢) = 0 for critical points gives the complex non-linear
Klein-Gordon equation, as follows from



24.7 Complex Hamiltonian Systems 355

955(0) = =076 + A — 95 f(9)-
Here 05 f(¢) is the regular complex derivative of a function. With the La-
grangian L(¢, ¢) := = Joa {10:0]* — [V20|* — f(¢)}, the generalized momen-
tum is 7 = 9 L(qﬁ, qﬁ) = 0;¢. This gives the same Hamiltonian as in (24.10).

The Legendre transform is defined as above, (24.8). The Poisson bracket is
given now by again by (24.15), but with complex derivatives w.r.to ¢ and .

Schrodinger CFT. The action for the nonlinear Schrodinger classical
field theory, with the self-interaction described by a differentiable function
f:C —R,is given by

S = [ [ {=1m(500) = V.0 = VIVE = f()} das

on the same space as above. (We think of fOT Jga Im(40y1p)dxdt, modulo an

additive constant, as either fOT Jra 200 ddt or fOT Jra SLOuppdadt.) The
critical point equation dzS (1) = 0 gives the non-linear Schrédinger equation.
Indeed, we compute

05 S (1) = i0ph — (—Aw + V)Y — 95 f ().

With the Lagrangian L(, w fRd { Im (o)) — |Vatb|? — V|2 — f( )},
the generalized momentum is 7 = 0, L(v), ) = v. This gives the Hamiltonian

HW.5)i= [ (V0P + VISP + )} da.

The Legendre transform is as above and it gives the Hamiltonian above. In
this case, the phase space is the complex Hilbert space, H*(R%, C) and the
Poisson bracket is given now by

(.G} = / (0,F0;G — 0;F0,C)dr. (24.23)

The symplectic operator is J = multiplication by — i, so that {F,G} :=
Re(OF, (—i)0G). Finally the Hamilton equation for this system is ) = {¢, H},
or in detail,

i0p) = (= Az + V) + 05 f (). (24.24)

Now we describe briefly an abstract construction. Let X be a complex
Banach space, or else an affine space based on a complex Banach space Xj.
Assume there is an antilinear map, C, on X satisfying C? = 1, so that one
can define a real part, X7 := %(1 + ()X, and imaginary, Xo := %(1 - O)X,
part of X (3(1 + C) and $(1 — C) are projection operators). Then we can
identify X with the real space X; @& X5, as

1.(1 —C)o.

¢ = g = (¢1,02), ¢1:= %(1 +O)p, ¢ i= oF

With this identification, we can define the variational (or Gateaux or Fréchet)
differentiability and derivatives with respect to ¢ and ¢ as in (24.22)
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24.8 Conservation Laws

As in classical mechanics, an observable F(®) is conserved or is a constant
of motion, i.e. F(®,), where &, is a solution of the Hamilton equation, is
independent of ¢, if and only if its Poisson bracket with the Hamiltonian, H,
vanishes, {F, H} = 0. This follows from the equation (19.15),

d

SF(@) = {F(@,), H}. (24.25)
As in classical mechanics, conservation laws often arise from symme-

tries. Assume a system has a symmetry in the sense that there exists a

one-parameter group 75, s € R, of bounded operators on the space V, s.t.

T.H = H, Vs € R, where

TsH(¢p,7) := H(1s¢, 7" 70),

with 7/ being the dual group action of 75 on V*, defined by (7.7, ¢) = (m, T5¢)
(recall that (-,-) is the coupling between X and X*). Let A be the generator
of the group 75, 0575 = A7s. Then the classical observable Q(¢, ) := (m, Ag)
has vanishing Poisson bracket (”commutes”) with the Hamiltonian,

{Ha Q} = 88H(T8¢7 Tig”)‘S:O =0,

and consequently is conserved under evolution: Q(¢, ;) is a constant in ¢
where @, = (¢¢.m¢) is a solution to (24.18). In analogy with quantum mechan-
ics we formulate this as

Us is a symmetry of (24.18) — (m, A¢) is conserved

For the Schrodinger CFT, the one-parameter group 75, s € R, can be cho-
sen to be unitary and the dual group is given by 7/ = C7_;C, where C' is the
complex conjugation, so that, since 7 = v, we have 7/, = 7,1. Hence the
operator Ty acts on H as Ty H (v, 1)) := H (741, 75¢). The conserved classical
observable is defined as Q(v, 1) := (1, iA1) where A is the (anti-self-adjoint)
generator of the group 75, ds7s = ATy, and (1, ¢) is the standard scalar prod-
uct on L%(R?,C). As above, it has vanishing Poisson bracket (”commutes”)
with the Hamiltonian, {H,Q} = 0sH (7s$, Ts1)|s=0 = 0, and consequently is
conserved under evolution: ()¢, ;) is a constant in ¢ where ); is a solution

o (24.24).

We list some examples of symmetries and corresponding conservation laws

for a CFT with the phase space Z = H'(R¢,C) x H*(R%,C)

e Time translation invariance ((75¢)(z,t) := ¢ (z,t + s), s € R) — conser-
vation of energy, H (1, v);
e Space translation invariance ((751)(z,t) := ¥(x +s,t), s € R?) — conser-

vation of momentum P(v, ) := [)(—iV)pdz;
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e Space rotation invariance ((7gpy)(z,t) = (R '2,t), R € SORY)) —
conservation of angular momentum L(3, ) := Y. ¢ (z A —iV)da;

e Gauge invariance ((7,%)(z,t) := e?¢(z,t), v € R) — conservation of
‘charge/number of particles’ [ |¢|?dz.

Note that, except for the first case, the families above are multi-parameter
groups, but as mentioned in Section 4.4, they can be reduced to one-parameter
ones. As an example we also give the momentum field on the phase space
Z = H'(RY R) x H'(R%, R):

P(¢,m) = /WV(;de. (24.26)

Sometimes real theories have complex representations and these complex
theories have gauge symmetries which lead to the conservation of the num-
ber of particles, which is not obvious in the original real representation. We
encountered an example of this phenomenon in Section 19.2, where we found
that the real Klein-Gordon theory is equivalent to a complex theory on the
space H'(R?, C) with the latter theory having gauge symmetry, resulting in
the conservation of the number of particles.
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Comments on Literature, and Further Reading

General references

There is an extensive literature on quantum mechanics. Standard books in-
clude [Bay, LL, Me, Schi]. More advanced treatments can be found in [Sa,BJ,
DR].

For rigorous treatments of quantum mechanics see [BeS,T3,FY,St, Ta,St,Dim].
Mathematical background is developed in the following texts: [Ar, BiS, CFKS,
Fo, HS, LiL,, RSI, RSII].

Further mathematical developments and open problems are reviewed in [Fe,
HuS, Li2, LiS2, Sim4].

Chapter 2

The definition of self-adjointness given in this section and in Section 23.5 of
the Mathematical Supplement is different from the one commonly used, but
is equivalent to it. It allows for a straightforward verification of this property,
avoiding an involved argument.

Chapter 4

For a discussion of the relation between quantization and pseudodifferential
operators and quasiclassical asymptotics, see [BeS, Bu, BuF, BuG, DS, Fe, Hel,
Ho,Rol, Shu].

Detailed discussions of identical particles can be found in most books on
quantum mechanics. For a particularly nice discussion of the relation between
spin and statistics see [Fr4].

Chapter 5

Extensive development and discussion of coherent states can be found in
[CoRo,HaJ1] For more discussion about the relation between the uncertainty
principle and the stability of atoms, see [Fe,Lil].
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For stability of bulk matter see [Fe,Lil,Li2] and the book [LiS2] (the papers
[Li1,Li2] can be found in [Lid]).

Chapter 9

The wave operators for short-range interactions were introduced in [Mg], and
for long-range interactions, in [Do, BuM].

Scattering theory is presented in the textbooks mentioned above, as well as
in [GW, Mel, Ne].

A modern mathematical treatment of scattering theory can be found in [HuS,
DG, Yal.

Chapter 10
Certain aspects of the theory of Coulomb systems (atoms, molecules, and
aggregates thereof) are reviewed in [Fe, Lil, Li3, Li4, Sig1, T3].

The result on existence of bound states of atoms is due to G.M. Zhislin.
Existence of the hydrogen molecule was proven in [RFG].
Chapter 11

The Feshbach projection method was introduced by H. Feshbach in connec-
tion with perturbation problems in Nuclear Physics (see [Me]) and by I. Schur
in theory of matrices. A similar method, called the method of Lifshitz matrix,
was developed independently in systems theory and in linear partial differen-
tial equations, where it is called the Grushin problem. See [BCFS1, GrH] for
further extensions and historical remarks

The abstract results presented in this chapter follow the work [BFS1], which
introduced the notion of Feshbach-Schur map Fp : H — Fp(H) and used
it as a basis of a renormalization group (RG) approach to spectral problems
(which is presented in Chapter 22).

There is an extensive physics literature on the Zeeman effect, and on pertur-
bation of atoms by time-periodic electric fields (see e.g. [LL, Me]). The first
rigorous results on the Zeeman problem were obtained in [AHS], and on the
time-periodic one, in [Y,Hw]. See [CFKS] and [Hu] for further discussion and
references.

A rigorous approach to the Fermi Golden Rule was proposed by Simon
([Sim1]).
The Born-Oppenheimer approximation plays an important role in quantum

chemistry, and there is an enormous literature on the subject. We mention
here only rigorous works: [CDS,Hal,Ha2, HaJ2, KMSW, MSo, PST, SpT, Te].

For more on perturbation theory, see [Bau, Ka, Re, RSIV].
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Chapter 12

This chapter is somewhat more advanced than the chapters preceding it. Rec-
ommended reading for this chapter includes [CFKS, HuS, Ag].

The key result of quantum many-body theory - the HVZ theorem - is due to
W. Hunziker, C. van Winter, and G.M. Zhislin.

Recently, mathematical many-body theory, especially scattering theory for
many-particle systems, has undergone rapid and radical development. It is
covered in [HuS, DG, GL].

Chapter 13

For the rigorous derivation of Hartree and Hartree-Fock equations see [He,
Spl,GV1,BEGMY,BGGM,EESY1,EESY2,ESY1,ESY2 ES, FGS,FKS,FKP,
Ab,RoS, Pil, Pi2, KnPi, An].

The Gross-Pitaevski equation was proposed independently by Gross and
Pitaevski in connection with the problem of many bosons (boson gas) which we
consider here. It was derived by [ESY1] with the derivation simplified in [Pil,
Pi2]. (For additional important aspects see [KM, ChP, ChPT].) Earlier [LSY]
have shown that the bosonic many-body ground state looks asymptotically
(in the Gross-Petaevski regime, in which the number of particles n — oo and
the scattering length a — 0, so that na =: A\/(4n) is fixed), as the product
of the ground states of the Gross-Pitaevski equation. For detailed discussion
and references see [LSSY].

For the first result on the Hartree-Fock theory see the paper [LiS], with further
mathematical developments in [Lio]. (See [Li4,LeL] for more references.)

For asymptotic stability of the Gross-Pitaevski, nonlinear Schrodinger and
Hartree equations see [SW2,FTY,TY, GS1, GS2, GNT, Cuc] and references
therein. Other interesting properties (in particular, the blow-up) and gener-
alizations are described in [KLe,Le, LeLe].

See [SS] and [Ca] for background and results on the nonlinear Schrodinger
equations.

A rigorous proof of BEC in the Gross-Pitaevski limit is given in [LiS1] (see
also [LSY]).

Chapter 14

Standard references on path integrals are [FH, K1, Schu, R9].
Rigorous results can be found in [Sim3].

Important original papers are [La, Co, LS].
Chapter 15

An extensive rigorous treatment of quasiclassical asymptotics can be found in
[Bu, Hel, Iv, Mas, MF, Ro1,Ro2, Ro3].
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Chapter 16

The mathematical theory of resonances started with the paper [Sim1], whose
impetus came from the work [AC,BC]. A classic, influential review of the
theory of resonances is [Sim2].
See [HS] for earlier rigorous references and [BZ, CS,MS,SW], for some recent
ones. Our analysis of the resonance free energy is close to [SV], its physical
predecessors are [La,Co,CL, Af, LO1,LO2]. For complex classical trajectories,
see, eg., [Bu,BuF,BuG,Vol,Vo2]. A more careful treatment of positive temper-
atures would involve the coupling of a quantum system to a thermal reservoir,
or, as an intermediate step, replacing the commutator with the Hamiltonian by
Lindblad generator, discussed in Chapter 17. Resonances (metastable states)
at zero and positive temperatures are a subject of intensive study in con-
densed matter physics, quantum chemistry, nuclear physics, and cosmology.
See [CL, BFGLV,HTB, VS, SV, DHIKSZ] for reviews and further references.
For formal treatment of tunneling of extended objects see [OvSi].

Moreover, [RSIV] gives an excellent exposition of the perturbation theory
of resonances.

Chapter 17

More material on density matrices can be found in [T4].

The form of generators K was found by Lindblad and Gorini, Kossakowski
and Sudarshan (see [CE] for the most general result).

One of the most important and intensively debated issues in theory of open
systems is the issue of decoherence. The physics literature on it is enormous,
too extensive to bring it up here. However, there are only few rigorous results
on the subject - [MBS1, MBS2,MSB]. (These papers contain also a very brief
review of the relevant physics literature.)

Chapter 18

A standard reference for mathematical treatment of the second quantization
is [Ber].

The result on the comparison of the quantum and Hartree (mean-field) dy-
namics was obtained in [FKP]. The sketch of its proof follows [AnS]. The
expansion (18.46) - (18.47) was derived in [AmN]; it follows from the sym-
bol composition formula of [Ber]. It was shown in [FKP] that the quantum
many-body theory with the quantum Hamiltonian (18.25) can be obtained
by quantizing the classical field theory described by the classical Hamiltonian
(18.38) and Poisson brackets (18.37).

Chapter 20

The renormalization of the electron mass and one-particle states were studied
in [Frl,Fr2, Pizl, Piz2, HaS, HirSp, BCFS1, BCFS2, Ch, ChF, ChFP1, ChFP2].
See [Ba] for the review and references.
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Chapter 21

The results on the theory of radiation, as well as the renormalization group ap-
proach, are taken from [Sig2, FGSi], which builds upon [BFS1,BFS2, BCFS1].
(Theorem 21.1 was established for systems with the coupling to photons reg-
ularized at spatial infinity in [BFS1]-[BFS2]. It would have been applicable
to confined systems, i.e. systems in external potentials, growing at infinity
sufficiently fast.) These works assume that the fine-structure constant is suf-
ficiently small. The method in these papers also provides an effective compu-
tational technique to any order in the electron charge, something the conven-
tional perturbation theory fails to do. For other approaches and references see
the book [Sp2] and a recent reviews [Ba, Sig3].

The existence of the ground state for the physical range of the parameters
was proved in [GLL].

The notion of resonance in the non-relativistic QED was introduced in [BFSI,
BFS2].

The generalized Pauli-Fierz transformation was introduced in [Sig2].
Theorem 21.4 was proven in [BCFSI].

Chapter 22

The spectral renormalization group method, described in this chapter is due
to [BFS1], with further development due to [BCFS1, FGSi, HaH1, HaH2].
We follow [FGSi] It shares its philosophy with the standard renormalization
group due to Wilson and others which can be found in any standard book
on quantum field theory or statistical mechanics (for some papers see e.g.
[GaW, Weg]) and which is treated rigorously in a large number of papers;
see [BG,Dim,FFS,BDH, FKT, Fel, Bal, FF'S, GaK, Sal] for a review of rigorous
results. The Feshbach-Schur map could be also used for the problem at hand.
In fact, the Feshbach-Schur maps were introduced in [BFS1] for exactly this
purpose. However, for technical reasons, it is convenient to use its present
generalization.

Chapters 23 and 24

These chapters cover standard material though many of the proofs are simpler
or require less advanced material than those found in standard books.

For a discussion of determinants, see also [BuN, BR, Kl, LS, R6, Schu, Schw]
and references therein.

For elementary facts on the calculus of variations, one can consult [GF,BB].
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