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This document, and its successor (on the Quantization of Linear Dynamical Systems with In-
finitely many degrees of freedom), expound a rigorous quantization procedure developed by
Segal and Mackey (1963) and Segal (1967). This document stresses (in order): complex struc-
tures, symplectic structure, and thereby the definitions of one-particle structure and of Fock
space. We will end with the Stone-von Neumann Theorem, which sums up the “good control”
we have of finite systems in euclidean space (by the way: not just linear ones). This means
we postpone to the successor document: more detailed coverage of infinite systems, i.e. fields;
and ideas from algebraic quantum theory; which will include e.g. inequivalent representations,
‘getting out of Fock space’, Haag’s theorem etc.; for which (cf. e.g. Emch 1972). But the present
material:

(i) gives a strong grip on the first (forbiddingly concise!) third of Wald (1994), which is the
basis for the rest of that book on QFT in curved spacetime and thus e.g. the Unruh effect;

(ii) is of intrinsic interest... though please be warned that here you will find: no Lagrangian, no
path integrals, no renormalization, no gauge theory, no curved spacetime, no gravitation;
indeed, no interactions, and overall, not much physics ... we will focus on the harmonic
oscillator (!),the free KG field and spin-chains (and without putting a Hamiltonian on the
chain...). Nor will you find much straight-up philosophy ... but perhaps the light here shed
on field/wave vs. particle counts as philosophy, since wave vs.particle is, like continuum
vs. discrete, a perennial dichotomy of natural philosophy...

In this document, we consider only finitely many degrees of freedom, and lead up to
the Stone-von Neumann Theorem, which essentially guarantees that the quantization of point
particles in R™ is unique. We begin by introducing the Weyl form of the CCRs; and posing the
quest for its representations (Section 1). Then we present the complexification and realification
of vector spaces, complex structures etc. (Section 2). Then in Section 3, we review the sym-
plectic and Poisson bracket structures of classical mechanics. We specialize, for the most part,
to symplectic vector spaces and linear systems. So this will include an “advanced look” at the
harmonic oscillator. But we will also glimpse classical linear fields. With all this in hand, we
can then see the task of quantization as “unitarizing” a Hamiltonian evolution in a symplectic
space so as to give an evolution in a complex Hilbert space.

For this task, the main ideas will be a one particle structure and—a more familiar idea!—
the Fock space built out of it. We review both of these in Section 4. We start with the new idea
of one particle structure, and illustrate its application to the classical harmonic oscillator. This
delivers us as the quantum state space—mnot the familiar quantum harmonic oscillator, with (in
one spatial dimension) Hilbert space L?(R)!—but ‘merely’ the world’s simplest complex Hilbert
space, viz. C i.e. the complex plane. To get the familiar quantum harmonic oscillator, i.e.
L?(R) (equipped with the quantum harmonic oscillator Hamiltonian), we need to take the Fock
space built from C. Thus we will factorize the usual understanding of canonical quantization—
viz. (for the 1-dimensional harmonic oscillator) “replace the two-dimensional classical phase
space R? > (q,p), with L?(R), i.e. L? functions on the configuration space R—into: first, build
a l-particle structure; second, build the Fock space on that. To explain this second step, i.e.
Fock space, we will again state the general idea. Then we illustrate with the harmonic oscillator.
Then we can glimpse how this plays out for (linear) fields.

Underlying this quantization scheme ( both in general and for the harmonic oscillator
as an example) is a two out of three property of the unitary group: which concerns its relation



to certain orthogonal and symplectic groups (Section 5). Finally, we state (i) the Stone-von
Neumann Theorem; and (ii) an analogous theorem (the Jordan-Wigner theorem) about the
uniqueness of the representation of the CARs (as against CCRs) of a finite system, such as a
spin chain (Section 6).

“Let us try to introduce a quantum P.B. [Poisson Bracket] which shall be the ana-
logue of the classical one....we are thus led to the following definition for the quantum
P.B. of any two variables u and v: uv—vu = ihfu,v].” — P.A.M. Dirac (1947, pp.86-
87)

“There is thus a complete harmony between the wave and light-quantum descrip-
tions of the interaction.” — P.A.M. Dirac (1927, p.245)

“First quantization is a mystery, but second quantization is a functor.” — at-
tributed to Edward Nelson

“Probably all these connections would have been clarified long ago, if quantum
physicists had not been hampered by a prejudice in favour of complex and against

real numbers.” — Freeman Dyson (1996, p.1200)

“The career of a young theoretical physicist consists of treating the harmonic oscil-

lator in ever-increasing levels of abstraction.” — attributed to Sydney Coleman
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1 Canonical quantization introduced

{CanQuant}
1.1 Commutation relations: from Heisenberg to Weyl
{HeisToWeyl}

“The Problem of finding quantum conditions is not of such a general Character as

those we have been concerned with up to the present. It is instead a special Problem

which presents itself with each particular dynamical System one is called upon to

study. There is, however, a fairly general method of obtaining quantum conditions,

applicable to a very large class of dynamical Systems. This is the method of classical

analogy” (Dirac 1947, Section 21, pg.84)

The idea of canonical quantization is familiar from elementary quantum mechanics: to
“promote” the classical Poisson bracket relations
{¢. ¢} ={pipi} =0;  {d',p} =0}, (1) {c1ass}
where i,j € {1,2,...n}, to the Heisenberg canonical commutation relations (CCRs)
Q' Q] =[P, P]=0; [Q,P]=ihé}1; (2) {HCCRs}

(we will usually choose units of A = 1). This Poisson bracket-commutator correspondence
originated with Dirac, and can be found in the 1947 Third Edition! of his Principles of Quantum
Mechanics:

“The Problem of finding quantum conditions now reduces to the Problem of deter-

mining P.B.’s [Poisson Brackets] in quantum mechanics.” (Dirac 1947, p.87)

The standard representation of Equation (2) is the familiar irreducible Schroedinger
representation: namely, for n configurational degrees of freedom g¢1,...,q,, €.g. a spinless
particle in Euclidean n-space, or n such particles on a line, the Heisenberg CCRs are satisfied
if,
Q" = ¢;7, Pjyp = “5r B fory € L*(R",dq) and i = 1,...,n. (3) {tag:Schro}
™ qj

This prompts four main topics. They are of increasing scope, and we will consider only
the first.

(a): To examine canonical quantization as just described for position and momentum in
R™. The big positive result here is the Stone-von Neumann theorem, stating (roughly) that for
R™ as the configuration space, the Schroedinger representation of (2) is unique up to unitary
equivalence. Cf Section 6. But so as to set the scene for quantum field theory, and more
generally so as to get materials useful for contexts other than R™, we will lead up to this slowly.
This will mean expounding some ideas of Segal quantization, which is the most straightforward
generalization of the above ideas. In short: it replaces R"™ as the classical configuration space,
by an arbitrary n-dimensional manifold.

(b): To extend quantization to other quantities, in particular functions (polynomial, or
even “arbitrary”, functions) of position and momentum.

(c): To consider other methods of quantization.

(d) To pursue the pure mathematical interest of quantization. For a glimpse of this,
cf. Folland (2008, p.49) and Vogan (1987) cited there. In short: the interest lies in how it
helps one find all the irreducible unitary representations of a connected Lie group G: i.e. in
physical language, finding all quantum systems in which G acts irreducibly as a symmetry

'The spirit of this statement appears in the First Edition of Dirac (1930), though not the clear presentation
of the problem of quantization stated here.



group. The corresponding classical problem is to find all symplectic manifolds on which G acts
transitively as a group of canonical transformations (symplectomorphisms), i.e. all symplectic
homogeneous G-spaces. But this classical problem is “under good control”. For the orbits of
the co-adjoint action of G on g* are symplectic homogeneous G-spaces; and furthermore, all
symplectic homogeneous G-spaces can be, more or less, built from orbits of such co-adjoint
action. (Here, “more or less” signals issues about central extensions and covering spaces). Thus
a “good” quantization procedure for such spaces is likely to be illuminating for the task of
finding all the irreducible unitary representations of G.

Of course, we foreswear (d); and for the most part, we foreswear (b) and (c). For an
introduction to both, and of course (a), we recommend:

e Landsman (2007) ‘Between Classical and quantum’, especially Section 3, preprint available
at http://philsci-archive.pitt.edu/2328/

e Ali and Englis (2005) ‘Quantization methods: a guide for physicists and analysts’, https:
//arxiv.org/abs/math-ph/0405065

In particular, as to (b): Ali and Englis (2005, Section 1) review the obstructions con-
fronting quantization of (even just a “handful” of polynomial) functions of position and mo-
mentum. These obstructions concern ambiguities of operator-ordering. That is: natural general
constraints on the quantization map @ (“adding a hat”) that sends a classical (real-scalar) quan-
tity f : R?»—=R to a quantum quantity, i.e. to a self adjoint operator Q(f) : L2(R")—L?(R"),
lead to contradictions. This topic originates in papers by Groenewold and van Hove. Recent
developments include: Gotay et al. (1996) and Gotay (1999).

As to (c): Ali and Englis (2005, Section 3f) review geometric quantization, deformation
quantization etc. But even their Section 2 gives details of e.g. the inequivalent quantizations
involved in the Aharonov-Bohm effect.

But the four topics are of course closely related. For example, these obstructions mean
that a main motivation to pursue (c¢)’s other methods of quantization is to extend quantization
to as many quantities as possible.

For us, concentrating on (a): the main point about (b), i.e. the obstructions, will be
that (cf. Wald 1994, Section 2.2, pp. 17-18): Segal quantization “works” for:

(i) a classical configuration space that is an arbitrary n-dimensional manifold M (so that
classical quantities are real functions of the cotangent bundle T*M); provided that

(ii) we restrict consideration to quantities that are at most linear in the momenta (i.e. the
momenta canonically conjugate to arbitrary configurational coordinates ¢ on M).

Here, the word “works” means that the quantization map ) maps Poisson brackets into
commutators, divided by ifi. (In more formal jargon: “Q respects Lie algebra structure”). That
is: @ obeys, for classical quantities f, g : T*M —RR that are appropriately restricted by condition
(ii) above:

[Q(f), Q(9)] = ih Q({f, 9}) (4)

In this sense, Segal quantization is a good framework for the quantization of finite-
dimensional systems.

And Segal quantization has other merits. We will also see that for linear classical sys-
tems, it “respects” the dynamics. That is: the Segal quantization of the classical Hamiltonian
of such a system (which is essentially like that of a harmonic oscillator: “p? + ¢*”) is the “cor-
rect” quantum Hamiltonian. Besides, we will eventually see that it works for (some!) quantum

{qtznrespect



field theories. Specifically, it works for the quantization of the free bose field (e.g. De Faria and
De Melo 2010, Section 6.3). Furthermore, it does this in a manner that generalizes readily to
constructing quantum field theories on curved spacetimes (Wald 1994, p.31 and Section 3.2).

So much by way of preamble. For our main topic, i.e. (a) above, the first job is to
pass from the Heisenberg CCRs to the Weyl form of the CCRs. The point here is that since the
classical position and momentum quantities, for a phase space R?", are unbounded, we expect
the quantum position and momentum Q?, P; to also be unbounded, indeed to have all of R as
their spectra—so that, if they are to be self-adjoint, they cannot be defined on all of L?(R™).

Indeed, setting aside the physical desideratum that the spectra should be unbounded:
there is a simple theorem that if two bounded self-adjoint operators @), P have a commutator
that is proportional to the identity, they must commute. That is: If [Q, P] = al for some « € C,
then? o = 0.

In short: we face issues of domains. We remedy this by formulating to the Weyl form
of the CCRs. These govern unitary exponentiations of linear combinations of the position, and
similarly, of the momentum operators. We will define these unitary exponentiations, and deduce
their CCRs (i.e. the Weyl form) from the Heisenberg CCRs, in (B) below. But first, we will in
(A) take a more general perspective, so as to use some of the tools of the Hilbert Space Review
(viz. the spectral theorem and Stone’s theorem) and introduce the jargon of a transitive system
of imprimitivity.

(A): The Weyl CCRs can be viewed as arising from a choice of a quantity (observable), subject
to a continuous group of symmetries, in the following way.

Let A — Ea be a projection-valued measure (PVM) on Borel sets A C R". If we
think of this PVM as representing spatial position in euclidean n-space, then each Ea would be
interpreted as the experimental outcome, ‘The system is in the spatial region A’. (Of course,
the standard examples are: n = 1 for a particle on a line; or n = 3; or n = 3N for N
distinguishable particles in three-dimensional space, in which last example ‘the system being in
the spatial region A’ really means ‘the system configuration being in A € R3V’.) However, we
need not give the PVM this sort of spatial interpretation: ‘being in A’ can viewed as a non-
spatial ‘mark’ or ‘score’. Recall our Philosophical Remarks in the Hilbert Space Review. Given
this PVM, let us write @Q° for the associated self-adjoint operators, defined by the spectral
theorem: Q' := ffooo NdEL, for each i = 1,...,n. And we write Q for the vector-operator
(QY,Q?,...,Q™): where ‘vector-operator’ means as usual that the components transform as
expected under rotations.

Roughly speaking, the symmetry we are concerned is the statement that the statistical
outcomes of this quantity (observable) remain unchanged when the set A is translated in R™;
and correspondingly, for the PVM:

EAv— Enr = Ea_y (5)

where for any a € R”, we use the shorthand A —a := {x’ € R" | x' = x — a for some x € A}.
For example, if A were a region in space, then the symmetry captures spatial homogeneity, i.e.
that the statistical outcomes of an experiment are the same no matter where it is set up in
space: as discussed by Jauch (1968, Section 12-2).

Motivated by Wigner’s theorem, we interpret preservation of statistical outcomes as

2If [Q, P] = oI, then setting 8 = /i we have [Q™, P] = nifQ""" for all n. Thus, fn|Q" | = [niBQ™ | =
|Q"P — PQ"| < |Q"P| + |PQ"| < 2|Q"||P|, so n < 2|Q||P|/B for all n. Since n can be arbitrarily large, this
means that if @ and P are both bounded, then 8 = 0 and hence a = 0. See also De Faria and De Melo (2010,
Lemma 2.11) and Jauch (1968, p.205 Problem 4).

{shiftEDelts



implying that the transformation 5 is unitary.® So, more precisely now: let us assume that to-
gether with the PVM Ea, there is a strongly continuous unitary group U(a) indexed by a € R™
such that: (1) U(0) =1, U(a+a’) = U(a)U(a) for a,a’ € R™; with the additivity and strong
continuity being of course understood component-wise, ¢ = 1,2, ...n; and also (2):

U(a)EaU(a)" = Fa—a. (6)

The pair (A — Ea,a+— U(a)) satisfying (1) and (2) is called a transitive system of imprimitivity
following Mackey (1976, Section 3.7).

It is easy to check® that it follows that this unitary U(a) ‘“translates’ the ‘position’
vector operator Q as expected. That is: U(a)QU (a)* = Q + al; again, of course understood
component-wise, 1 = 1,2,...n.

Moreover, by Stone’s theorem there is a unique self-adjoint vector-operator P = (Py, Ps, ...

such that U(a) = e~P for all a € R". A simple calculation® then shows that there is a dense
domain of vectors Dgp € H on which both Q and P are defined, and such that,

[Q7, PJv = i6]4 for all ¢ € Dgp (7)

To sum up: the familiar Heisenberg form of the canonical commutation relations can be viewed
as arising from a transitive system of imprimitivity—as is natural to postulate for the quantity
position, for a homogeneous space.

(B): We return to assuming ab initio the usual position and momentum operators. So we assume
we are given Q' and Pj as in eq. 3. Now let us define for all a,b € R",

U(a) := e aP/h V(b) := e~ P Uh, (8)

Since the Us and Vs are each unitary, they are bounded, and so are defined everywhere in
L?*(R™). We have:

(U(@)d)(x) = d(x—a) ; (V(b)y)(x) = e P M(x) 9)

so that each U(a) represents a translation by a in euclidean n-space by a; and each V(b)
represents a translation in momentum-space by b.
We have, of course, commutation within each family of the Us and V's:

UU(a) =U@)U(a) =U(a+a)  V(bB)VD)=VD)V(b) =Vb+b)  (10)

To deduce the commutation relations between U and V operators, we need the Campbell-
Baker-Hausdorff formula for products of exponentials of non-commuting operators. This goes
as follows.

Given a self-adjoint operator A, we say that a vector ¢ € H is analytic if for all n, A™ ()
is defined, and so is e41. Then the version of the Campbell-Baker-Hausdorff formula which is
appropriate here (De Faria and De Melo, Lemma 2.12) says that if:

(i) A, B and A + B have a common dense domain D of analytic vectors, and

(ii) [A,B] commutes with A and with B:

3Strictly speaking it could also be antiunitary; but since there is no strongly continuous group of antiunitary
operators we must here treat these operators as unitary.

“ToDo: ADD THIS.

®ToDo: ADD THIS.

)
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then in D:

eAeB — (A+B+3[AB] — (A+B 3[AB] (11)
To apply (11) to (8), we of course need to be assured that Q°, P; and Q° + P; have a common
dense domain D of analytic vectors. But taking this for granted here: we set A := —ia.P/h
and B := —ib.Q/h, to deduce that

1
U(a)V(b) = exp(ii(a -b)/h).exp(—i(a.P/h+b.Q/h)) ; (12)
and mutatis mutandis, we set A := —ib.Q/h and B := —ia.P/h, to deduce that

V(b)U(a) = exp(—%i(a -b)/h).exp(—i(a.P/h+ b.Q/h)). (13)

Combining these immediately gives the Weyl commutation relations:S

U(a)V(b) = &P/ (b)U(a). (14)

1.2 The Weyl algebra

So from now on, we take as our CCRs, not the Heisenberg form (2), but (14) together with the
trivial commutations of Us and V's alone i.e. (10).

At the end of the last Section (especially (B)) we built the Us and Vs concretely from
given Q, P. But in the usual tradition of physics, we can:

(i) consider an abstract algebra of Us and Vs subject to the relations (14) and (10); any such
algebra is called the Weyl algebra; (later, we will discuss the algebraic and topological
conditions satisfied by this algebra—in short, it is a C*-algebra); and then,

(ii) try to classify the representations of this algebra, especially the unitary representations
on some Hilbert space.

As already announced at the start of Section 1.1, the main result about (ii), for finite-
dimensional systems, will be the Stone-von Neumann uniqueness theorem. But as that dis-
cussion also suggested: the Weyl algebra, and Segal quantization, will also be centre-stage for
quantizing fields (including on curved spacetime) and for the pure mathematical topic (d) of
Section 1.1.

Now, we first make two comments, (1) and (2), about this endeavour (in order of in-
creasing importance for us); and then, in (3), develop a more abstract formulation of the Weyl
relations, which will be central in all that follows.

(1): The relation between the Heisenberg and Weyl forms:— The Weyl form of the CCRs
implies the Heisenberg form, and so a representation of the Weyl form is also a representation
of the Heisenberg form. But uniqueness (up to unitary equivalence) of a representation of the

5Beware: (i) many authors ‘flip’ the notation of U and V, so that V represents translations in space; and
(ii) some authors (even rigorous ones e.g. Prugovecki 1981, Chapter IV, Sections 6.2, 6.4!) also put the i
in the numerator of the exponent, so that the exponent is in dire danger of having dimension action-squared!
Besides, (iii): various texts also get the sign of the exponent in (14) wrong. (See later for discussion of different
choices of sign in the two definitions of (8).) We are following S. Summers (2001: in John von Neumann and the
Foundations of quantum mechanics, ed. M. Redei and M. Stoeltzner). Summers puts the % in the denominator
of the exponent, is perfectionist about signs; and his use of U for translation in space, is like Weyl himself (1932,
Chapter IV, Section 14, building on Chapter II, Section 11): this last text being no doubt correct, but—with all
due respect!—incomprehensible.

{cBH}

{WCCRs}

{WeylIntro}

{WeylBeware}



Weyl form does not imply uniqueness of the implied representation of the Heisenberg form. The
reason lies in the simple theorem above, that two bounded self-adjoint operators @, P cannot
obey the Heisenberg form. In fact, the Heisenberg form does not imply the Weyl form, even
if @ and P are essentially self-adjoint on their respective domains; though conditions can be
added that make the implication go through, e.g. the Dixmier (1958) condition (in French!)
discussed by Jauch (1968, pp.204-205).

(2): Allowing for projective unitary representations:— Of course, the quantum state is
non-redundantly represented by a ray rather than a unit vector. This motivates considering
projective representations of groups, rather than “true” representations. Such representations
allow a phase to occur in equations stating the group composition law for the representing op-
erators. Indeed, we see this even for elementary abelian groups, like the phase-space translation
groups we are concerned with: cf. the phase in (14), and in (105) below.

(3): A more abstract formulation:— Equation (14) can be given a more abstract formu-
lation, which both:

(i) brings out the role being played by the symplectic structure in the underlying framework
of Hamiltonian mechanics, and

(ii) underpins how Segal quantization succeeds in quantizing linear classical systems, both
finite-dimensional and infinite-dimensional.

Setting 2z := (a,b) € R?", we define the family of operators
W (z) = e2®PU(a)V (b). (15)

Then the Weyl form of the CCRs, i.e. (14) and (10), are equivalent to the following, which is
thus also called the Weyl algebra: for all z, 21, 2o € R?",

W(z1)W(z2) = e%m(zl’ZQ)W(m—i—zQ);

Wie) = wi(-2) (19)

where §2 is the symplectic product:
Q(21, 22) == az - by —a; - by, (17)

The symplectic meaning of 2 will be explained in Section 3. But as a preliminary to
that, we spell out in Section 2 some elementary ideas and results about complexification and
complex structures: which are often treated very concisely if at all (e.g. Wald 1994, p.190).

2 Complexification, complex structures—and all that

There is a circle of ideas which can be traversed starting from almost any point... We begin
with complexification, then describe complex structures, then the compatibility of a complex
structure with a bilinear form, such as an inner product or symplectic form. This will give us
a glimpse of how we can “go back and forth” between certain classical phase spaces (viz. sym-
plectic vector spaces) and Hilbert spaces. It will also give us a glimpse of (i) Kahler manifolds,
and (ii) how in a quantum theory different choices of a complex structure are associated with
different splittings of positive and negative frequencies, and thereby (iii) the Unruh effect. The
Section ends with discussion of the complex conjugation of spaces.

{Weyla}

{SymProd}
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2.1 Complexification

2.1.A Complexification as tensor product:— The complezification VC of a real vector
space V is defined as the tensor product of V' with the complex numbers C

vi=vec. (18)

Here we think of C as a copy of R?, with a basis {(1,0), (0,7)}. So far, this is just a real vector
space. Every vector in V® can be written uniquely as

v=01R14+v®1 (19)

and the (real) dimension of VC is twice the dimension of V. But we make it into a complex
vector space, by defining complex scalar multiplication by

alvep)=v® (af) forallve Vand a,f € C; (20)

where we also of course require scalar multiplication to distribute over addition, i.e. we ‘extend
by linearity’:

aw® B+usy) = a(v®B)+ausy) =ve (@) +ud (ay). (21)

Since every vector in V' can be written uniquely as v = v; ® 1 + v ® i, it is usual to drop the
tensor product symbol and just write

v = vy + V2. (22)

One then checks that the definition eq. 18, equivalently eq. 19, implies that the complex scalar
multiplication defined by eq. 20, can be written in the usual-looking form. Namely: for a
complex number a = a + b with a,b € R

(a +1ib)(v1 + ive) = (avy — bvz) +i(bvy + avs). (23)

So we regard VC as the direct sum of two copies of V, equipped with a complex scalar multi-
plication defined by eq. 23 .
There is a natural embedding of V in to V€ given by

v v®1. (24)

V may thus be regarded as a real subspace of V€. If V has a basis {e;} over R then a
correponding basis for V® is given by {e;®1} over C. The complex dimension of VC is therefore

equal to the real dimension of V:
dim¢V® = dimgV. (25)

2.1.B Complexification as direct sum:— Alternatively, we can define the complex-
ification of V' as the direct sum
vl =vaev (26)

equipped with a complex structure (cf. below for details) given by the operator J : veLve,
where J is defined by
J(v,w) = (—w,v) . (27)

Here J encodes multiplication by ¢ in the sense that setting a = 0,0 =1 in eq. 23 yields

i(vl + Z"UQ) =—v+iv=—1R1+v®1 (28)
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where the last expression on the right is in the notation of eq. 19.
Let dimgV = n. Then in matrix form, J is given by a 2n x 2n matrix J, viz.

J:<]& _g"> : (29)

where —1vy is the identity map on V. Thus VC can be written as V @ JV or as V @iV, so as
(i) to avoid the tensor product notation, and (ii) to signal the fact that the direct sum in eq.
26 is endowed with J. J swaps the summands in the sense that J(v,0) = (0,v).

Examples: (i) the complexification of R™ is C"; (ii) if V' is the m x n matrices with real
entries, then VC is the m x n matrices with complex entries.

Again we have (cf. eq. 25): the complex dimension of V¥ is equal to the real dimension
of V', which is half the real dimension of V¢V :

1
dimc¢V® = dimgV = Sdime (V@ V). (30)

2.1.C A matter of convention:— The above discussion (in 2.1.A and 2.1.B) has an
obviously conventional aspect. Suppose that in 2.1.A, we had taken the basis of C as a copy of
R?, to be in the opposite order, i.e. {(0,4),(1,0)}. Then eq. 19 would become

V=01 Qi+1v®1 (31)

Then the definition of complex scalar multiplication, eq. 20 and 21, remain as they are. But
the notation that drops the tensor product, i.e. eq. 22, becomes

v =1v1 + Vg ; (32)

and the usual-looking form of the complex scalar multiplication that we now deduce is the
following analogue of eq. 23: for a complex number « = a + ib with a,b € R

(a +1ib)(ivy + v2) = (avy — buy) + i(avy + bvg). (33)

Similarly, for the alternative direct sum approach of 2.1.B. Instead of eq. 27, we define the
complex structure J on the direct sum V @&V by

J(v,w) :== (w, —v) . (34)
Then, setting a = 0,b =1 in eq. 33 yields
i(iv1+’02):—’01+i1}2=i1}2—v1:Ug®i—1)1®1 (35)

where the last expression on the right is in the notation of eq. 31. This J as defined by eq. 34
is of course just minus the J defined by eq. 27. The matrix form of J as defined by eq. 34 is
thus the negative of eq. 29. That is:

J= < jv 18’) . (36)

This last equation will give us, shortly, an obvious comparison with the matrix expression of a
symplectic form.
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2.2 Complex structures

2.2.A Basics:— A complex structure on a real vector space V' is an automorphism J of V' that
squares to minus the identity map, —1. That is: J?> = —1. Such a structure on V allows one to
define multiplication by complex scalars in a canonical fashion so as to regard V as a complex
vector space. Namely:

(x+iy)v:=zv+yJ(v) forallv eV and z,y € R; (37)

which (check!) makes V' into a complex vector space, denoted V.

If V' is any real vector space, there is a canonical complex structure J on the direct
sum V @ V: namely, the complex structure on the complexification V€ of V| i.e. on the tensor
product V®C, written as V@ JV or as V@iV. That is, J is given by J(v, w) := (—w, v), i.e. by
eq. 27, ; and the matrix form of J is as in eq. 29. In this notation for complexification—i.e. the
notation, V@ JV or V@iV —we can write: V@ JV = (V& V), or similarly ViV = (VaV),.

One can go in the other direction. Any complex vector space W is also a real vector
space, with the same vector addition and real scalar multiplication. On this underlying real
vector space, one defines a complex structure J by J(w) :=iw for all w € W; where the right-
hand-side is given us by W being a complex vector space. With this complex structure defined,
we of course get back the original complex vector space W.

In fact, if V; has complex dimension n, then V must have real dimension 2n. That is,
a finite-dimensional real space V admits a complex structure only if it is even-dimensional. If
{v1,...,um} is a basis of the complex vector space V;, then {v1, J(v1)..., v, J(vn)} is a basis of
the underlying real vector space V.

Every even-dimensional real vector space V admits a complex structure. Indeed, many.

For any basis {e1,ea,...,ea,} of V can be divided in to n pairs, say {e1,ea},...,{ean—1, €2},
and then one can define J as the ‘swap with a minus’ on each such pair, i.e. J(e1) := ez, J(e2) :=
—e1,...,J(ean—1) := eap, J(ean) := —ean_1, and then one extends by linearity to all of V. So
J? = 1.

Suppose that we are given a real linear transformation A : V—V on a real vector space
V, and that V' admits a complex structure J. Then A defines a complex linear transformation
of the complex space V7 if and only if A commutes with J, i.e. if and only if AJ = JA: (trivial
check, cf. eq. 37).

Likewise, a real subspace U of V is a complex subspace of V; (i.e. is closed under
complex-linear combinations) if and only if J preserves U, i.e. if and only if J(U) < U; (trivial
check).

2.2.B: Basic example:— Obviously, the main example of a complex structure is the
structure on R?" coming from the complex structure on €C". That is, the complex n-dimensional
space C™ is also a real 2n-dimensional space. Here, one uses the same vector addition and real
scalar multiplication: while multiplication by the complex number ¢ is not only a complez linear
transform of the space, thought of as a complex vector space, but also a real linear transform
of the space, thought of as a real vector space. This is just because scalar multiplication by i:

(a) commutes with scalar multiplication by real numbers, i.e. i(Av) = (i\)v =
(Ai)v = A(iv), and

(b) distributes across vector addition.
As a complex n x n matrix, this complex structure is simply the diagonal matrix with ¢ on the
diagonal. The corresponding real 2n x 2n matrix is denoted J. What this matrix J looks like
will depend on how we order the basis: cf. eq. 39 and 40 in (1) and (2) below.

Again, there is the general equation that counts dimensions, with V = (VeV),
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(cf. eq. 30):

1., . . 1.

idlmR(V @& V);=dimc(VaV);=dimgrV = idlmR(V eV). (38)
And in this example, with V' = R"™: these numbers are all n.

2.2.C: The “look” of J:— Suppose given a complex vector space, of complex dimen-
sion n, and a basis {e1, ea, ..., e, }. This set, together with these vectors multiplied by i, namely
{ie1,iea, ..., ie,}, form a basis for the underlying real vector space. (Cf. 2.2.A, paragraph 4,
above.) There are two natural ways to order this basis.

(1): If one orders the basis as {e1,ie1,e2,i€,...,6en,ie,}, then the matrix for J takes

the following block-diagonal form, where the blocks are the 2 x 2 matrix Jo := ( (1) _01 >

That is: J is (with subscript 2n added, so as to indicate dimension):

Jo 0 0
0 J, ... O
Jop 1= . . (39)
0 0 ... Jy
(2): If one orders the basis as {e1,ea,...,en,i€1,,0€2,...,ie,}, then the matrix for J is
block-antidiagonal:
0 -1, )\
Jon = ( Lo > : (40)

This is more natural when one thinks of the real space as a direct sum of real spaces, as in the
second, alternative, approach to complexification at the end of Section 2.1. Thus eq. 40 is the
same as eq. 29.

2.3 Compatibility of a complex structure with bilinear forms

2.3.A: Basics:— Later we will be much concerned with vector spaces that have: either an
inner product (like a Hilbert space) or a symplectic product (as in Hamiltonian mechanics; cf.
Section 3). So we here consider, in general, the “meshing” of a complex structure with bilinear
forms. This will lead, in 2.3.B and 2.3.C, to “building a Hilbert space”, and to the construction
in the reverse direction, from a Hilbert space to a symplectic space.
If B is a bilinear form on a real vector space V', i.e. B:V x V— R, then we say that J
preserves B if for all u,v € V
B(Ju, Jv) = B(u,v) . (41)

Recall that since J is an automorphism with J? = —1, we have J~! = —J. This implies that
eq. 41 is equivalent to J being skew-adjoint with respect to B. That is:

B(Ju,v) = —B(u, Jv) . (42)

Examples of bilinear forms are inner products and symplectic products. If g is an inner product
on V then J preserves g if and only if J is an orthogonal transformation. Likewise, J pre-
serves a non-degenerate, skew-symmetric form w, i.e. a symplectic product, if and only if J is
a symplectic transformation, i.e. w(Ju, Jv) = w(u,v). If w and J obey, for all non-zero u € V,
w(u, Ju) > 0, we say that J tames w.
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2.3.B: From symplectic form and compatible J to real-valued inner product:—
A symplectic form w on a real vector space V', together with a complex structure J that preserves
w, define: a symmetric bilinear form g; on the complex vector space V;. Namely, by:

g7 (u,v) == w(u, Jv) . (43)

This is called the Kdhler condition. We note that g is symmetric because J being skew-adjoint
with respect to w, i.e. eq. 42, implies that the rhs of eq. 43, i.e. w(u,Jv) = —w(Ju,v) =
w(v, Ju) =: gs(v,u). One similarly checks trivially that: (i) J preserves gs; (ii) if J tames w,
then g is positive-definite, i.e. an inner product.

One also checks trivially that on the complex vector space V: g; is complex-linear, even
though g is real-valued. Thus, applying the initial definition of complex scalar multiplication
for Vj, eq. 37, we write:

) = w((zu +yJ(w)), J(v)) (44)
(u, J(v)) + yw(J(u), J(v))
= zg97(u,v) + ygs(Ju, v) .

g7((x 4+ iy)u,v) == w((x + iy)u, J(v)
= w(zu, J(v)) + w(yJ(u), J(v)) = zw(

2.3.C: Defining a complex-valued inner product:— From 2.3.B, we assume we are
given: (i) a real vector space V' with (ii) a symplectic form w, and (iii) a complex structure J
that preserves and tames w; and thereby (iv), on the complex vector space Vy, a positive-definite
real-valued inner product g;: namely as defined by the Kéhler condition, eq. 43.

Now let us define a complex-valued function on V' x V in terms of g; and w by

(u,v) = (U, V)7 = gJ(u,v) + iw(u,v) (45)

where the subscript shows the dependence on the given w and J. It is trivial that this function
is additive in each argument, i.e. (u + w,v) = (u,v) + (w,v) and similarly for additivity of the
second argument. One checks (exercise!) that it is sesquilinear. That is: it is complex-linear in
the second argument, but antiinear in the first argument. That is, with z,y € R:

((z +iy)u,v) = x(u,v) —iy(u,v) and (u, (z+iy)v) = x(u,v) + iy(u,v) . (46)

The check of eq. 46 uses most of the properties we have postulated. Namely: the definition eq.
43 of g; in terms of w and J; the antisymmetry of w and the symmetry of g;; and the fact that
J preserves w.

Besides, recall that we assumed that J tames w, so that gj is positive-definite, i.e. a
real-valued inner product (cf. 2.3.B). Then since w is also non-degenerate, one checks (exercise!)
that (-,-) is positive-definite. To conclude: (,-) is a complex inner product in the usual sense:
sesquilinear and positive-definite.

We recall that a (complex) Hilbert space is a a complex inner product space, that is
complete in the norm induced by the inner-product. That is: Cauchy sequences, in the norm,
converge to a vector in the space. This completeness does not follow from the above assump-
tions, unless the given real vector space V is finite-dimensional. (Thus a complex inner product
space is often called a pre-Hilbert space.) But even if V is infinite-dimensional, and not com-
plete in the norm, there is a canonical construction of a Hilbert space from it. This is like the
canonical construction, for an arbitrary metric space (X, d), of a complete metric space (X, d),
into which (X, d) can be isometrically embedded. Namely, the points of X are appropriately
defined equivalence classes of Cauchy sequences in X. For details, see e.g. Prugovecki (1971,
Section 3.3).
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2.4 A compatible J is not unique—and encodes some dynamics

There are three remarks to make at this point, about this development from 2.2.A to 2.3.C.
They all concern the non-uniqueness of J, and they give a glimpse of further, more physical,
developments, including the Unruh effect—glimpsed in 2.4.C below.

2.4.A: On the non-uniqueness of J:— We stressed in 2.2.A that an even-dimensional
real vector space V admits many complex structures. For any basis {ej,es,...,e2,} can be
divided into n pairs (in many ways), with J can then defined as the ‘swap with a minus’ on
each such pair, extended by linearity.

But in this Subsection, since 2.3.B, we have assumed that a symplectic form w is given,
and that J is compatible with it. So does fixing w and requiring compatibility still leave freedom
in the definition of J? In fact, it does.

Fixing w defines (by an analogue of the Gram-Schmidt diagonalization of a bilinear
form) bases such that w’s matrix form is that of J in eq. 29 (cf. Section 2.1, and Section
?? below, about symplectic structure). This is best understood in terms of how Hamiltonian
mechanics defines a symplectic form on the phase space “of gs and ps”, i..e. of positions and
momenta. This naturally associates each ¢ one-to-one with a p, and so the basis of 2n vectors
breaks down in to n pairs. We might write the basis as {q1, q2, ..., qn, D1, D2, ...Pn }, With each
(i, p;) forming a pair that J is to “swap with a minus”. (Cf. the discussions above about the
direct-sum way of thinking about complexification and complex structure.) The J thus defined
will be, by construction, compatible with the given w. So does compatibility with this fixed w
also fix, i.e. determine, J?7

No. For we must remember that our vector space has no concept of length of vectors:
it has only a concept of area given by the symplectic form (cf. the discussion in Section ?7).
So for each i = 1,...,n, and each ¢; in the basis yielding the matrix form in eq. 29, there is a
positive-real-parameter family of vectors p;, any one of which can be chosen while preserving
w’s form in eq. 29. So with dim(V) = 2n, there is an entire (R™)" ‘hyperquadrant’ in R"™ of
choices of the n vectors p;. (Note that this freedom in J is not just a choice of sign, as discussed
for complexifications in Section 2.1.C.)

We will see later a physical rationale for this: elegant and helpful, since it concerns
the simple harmonic oscillator (SHO). In one spatial dimension, the SHO has a phase space
R? > (q1,p1), with the system’s possible trajectories (histories) being ellipses. But this copy
of R? has no concept of length, but only of area. A choice of J will thus encode facts about
the eccentricity of the ellipses, and thus about the dynamics (the Hamiltonian). (The image
J((q1,p1)) of a point (q1,p1) under the action of J will lie on the same ellipse as (q1,p1).)

The idea that J—and a closely associated map K that “maps from the (complex!) clas-
sical solution space to the quantum Hilbert space”—encode facts about the dynamics will be
important in the sequel: also for understanding the Unruh effect. Cf. 2.4.C below.

2.4.B: From vector space to manifold:— In Hamiltonian mechanics, the phase space
is in general a manifold, not a vector space. Namely, a symplectic manifold. Usually, this is the
cotangent bundle of the configuration space. But if it is not, Darboux’ theorem secures that
locally it can be written as a cotangent bundle, and so has a canonical decomposition in to g¢s
and ps, that associates each g one-to-one with a p.

However, in the sequel, we will be mostly concerned with the “happy” case of a phase
space that is a vector space. It may be infinite-dimensional, as for classical fields; or it may be
finite-dimensional, as for n uncoupled SHOs. In either case, a linear combination of solutions is
itself a solution. For classical fields on a spatial manifold, e.g. R3, we add—or more generally,
linearly combine—the field configurations and the momenta pointwise. For n uncoupled SHOs,
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we add (linearly combine) for each SHO independently. If we are given two solutions for the ith
SHO (with a frequency w; say), labelled by their amplitude and phase (i.e. amplitude at time
t = 0), we just add the two amplitudes and the two phases.

For any symplectic manifold M, we can of course rehearse for the tangent space T, M
at each point p € M, and for its dual space T; M, the development above from 2.2.A to 2.3.C.
This means that given a symplectic form w that smoothly varies across a local neighbourhood
U C M, the bases it defines as in (1) above, i.e. the bases of T,M at each point p € U such
that w’s matrix is as in eq. 29 (cf. Section 2.1), also vary smoothly. And so the expression of
J varies smoothly. In short, the local constructions presented above, from 2.2.A to 2.3.C, can
be smoothly meshed with each other at the points in a local neighbourhood U C M.

But this still leaves open the question of global existence of a smooth J compatible with
the global smooth w. There can be obstructions to global existence. (The exposition of Wald
(1994) assumes there are none.) So when we do the local construction of J at each point p € M,
as above, we say there is an almost complex structure. For details of this, see e.g. Da Silva
(2001, Section V).

2.4.C: Complexifying the classical solution space; and then splitting the fre-
quencies in different ways:— When we study linear systems (Section ?7), we will see that a
complex structure J corresponds to a splitting of the frequencies of complex classical solutions
into positive and negative frequencies; and we will later see that having more than one complex
structure J underlies the Unruh effect. The idea will be that in the Unruh effect, there are two
different notions of time-evolution (two different Killing fields, two different Hamiltonians), that
determine different one particle structures (cf. Section 4), and so different complex structures
J. The general ideas are as follows.”

We first take the complexification of the solution space of the classical linear system.
Here, we identify the solutions with the initial states, thanks to the determinism of the clas-
sical equations of motion. So writing S for the real symplectic vector space of solutions, the
complexification is S (cf. Section 2.1).

We then define a ‘positive frequency’/‘positive energy’ Hilbert space H by its being
spanned by (as the span of) the complex classical solutions that oscillate with purely positive
frequency (NB: also written w!). For the simple harmonic oscillator, this means the complex
classical solutions: ¢(t) = aexp(—iwt), « a constant in C. (Think of the momentum information
being in the imaginary part.) For n uncoupled simple harmonic oscillators with frequencies
Wi, ..., Wy, this means: ¢;(t) = «o;exp(—iw;t) with j = 1,...n. So for the latter case, H has
complex dimension n.

Then the ‘negative frequency’/‘negative energy’ Hilbert space H is the span of the
complex classical solutions that oscillate with purely negative frequency. In Section 2.5, just
below, we will see that H can be taken as the complex conjugate of H, as defined there.

S® is then the direct sum of the positive and negative frequency Hilbert spaces: S€ =
H @ H. This direct sum structure means that there is a real-linear one-to-one onto “projection
map” K : S—H that extracts the positive frequency part of any real classical solution. This
map K “maps from the (complex!) classical solution space to the quantum Hilbert space”. Tt
is the (main part of the definition of) one particle structure, which wil be central in the sequel,
both for quantization in general (obviously!) and for e.g. the Unruh effect. Cf. Section 4.

The Unruh effect then arises in a scenario (defined on Minkowski spacetime!) in which
two different notions of time-evolution (two different Killing fields, two different Hamiltonians)
yield: two different frequency-splittings in (two different direct sum decompositions of) S€, and
so two different Js; and so two different maps K; and thus two different vacua (ground states),

“For further reference, see Wald (1994): (i) pp.24-29, for finite systems; and (ii) pp.35-43, especially 39-41,
for infinite systems, i.e. the Klein-Gordon field.
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and two different Fock spaces built from these vacua.

Besides: the failure of the Stone von Neumann theorem for infinite systems, means that
here, ‘different’ means ‘unitarily inequivalent’. That is: the two different Fock spaces built from
the two vacua give unitarily inequivalent representations of the Weyl algebra.

Incidentally, Wald (1994, p.29 par.2) points out that also for finite systems, e.g. n
uncoupled time-independent simple harmonic oscillators, one can choose a different frequency-
splitting than the usual one, and so define a different vacuum (ground) state, which is usually
called a squeezed vacuum. But here, there is unitary equivalence of representations.

There is a general philosophico-mathematical theme hereabouts: singular limits. That
is: for every finite n, we have unitary equivalence; but for n = oo, there is unitary inequivalence.
We will see exactly the same for spin-chains. There, the canonical anti-commutation relations
(CARs)—rather than CCRs—have for finite spin chains a unique representation upto unitary
equivalence (the Jordan-Wigner theorem). But for infinite spin chains there are countless uni-
tarily inequivalent representations.

2.5 Complex conjugation of spaces

2.5.A: Basics:— The complex conjugate of complex vector space W is the complex vector
space W that has the same elements and additive group structure as W, but whose scalar
multiplication involves conjugation. That is: we define the scalar multiplication * in W in
terms of the scalar multiplication - in W by:

axw:=a-w, foralla € C,weW (47)

Various properties and results ensue!
(W =Ww.

(2) W and W have the same complex dimension. Note that the identity map id : W—W
is an antilinear map, since,

idla-w)=a-w=a*xw=axidw) (48)

and id maps any basis of W into a basis of W. So id is an anti-isomorphism from W to W.
It is a “canonical” one in the sense that its definition needs no choice of basis. That is: it is
defined in terms of the underlying identity of vectors.

But of course, there are countless anti-isomorphisms defined in terms of such bases (just
like there are countless isomorphisms!). For given any two bases, {e;} and {f;}, of W and W
respectively, the map © : e;— f; can be extended by antilinearity to be an antilinear map, an
anti-isomorphism, from W to W.

(3) If W and U are complex vector spaces, an antilinear map f : W—U can be regarded
as an ordinary linear map f : W—U, since:

flaxw)=f(@-w)=a- f(w)=a- f(w); (49)

where in the last two expressions, @ - f(w) and « - f(w), the - is of course scalar multiplication
in the codomain space U.

Conversely, any linear map ¢ defined on W, g : W—U, gives rise to an antilinear map
from W to U, which again we write with a g. That is, we write: g : W—U. For if we write
the scalar multiplication in W as - (as before) and the scalar multiplication in U as -, then the
map g : W—U obeys:

gla-w) = gl@xw) =a- g(w), (50)
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since g : W—U is linear. So the defined map ¢ : W—U is antilinear.

(4) A linear map between complex vector spaces, f : W—U, gives rise to a corresponding
also! linear map f : W—U which has the same action as f. For f preserves scalar multiplication,
since

flaxw):=f@ w)=a- f(w) =ax flw). (51)

If W, U are finite-dimensional, and the matrix of f with respect to bases {e;} of W and {g;} of
U is (cij), i.e. f(e;) = cijgj, then the matrix of the linear map f : W—U with respect to the
same (as regards the underlying identity of vectors!) bases, i.e. {e;} of W and {g;} of U, is the
matrix whose entries are the complex conjugates of the ¢;;. For in U, ¢;;g; is short for ¢;; - g;.
But ¢;; - g; = Cij * gj. In short: to get the matrix of f from the matrix of f, we take complex
conjugates of entries—but we do not transpose!

(5) The complex conjugate of a Hilbert space. That a Hilbert space H has extra structure
additional to being a vector space, viz. the inner product, implies that there is a canonical aka
natural, i..e basis-independent, isomorphism between H and H.

Indeed, recall Riesz’ theorem: for a separable Hilbert space H, every continuous linear
functional F': H— C is given by taking the inner product with a unique vector ¥r € H. That
is: F(-) = (¢,-). Since this inner product is sesquilinear, i.e. (a1, fp) = @f(¢, p), there is
natural antilinear bijection between continuous linear functionals and vectors in H: F' — 9.
This is antilinear because (aF') = (o p) = @.¢bp. (Here, the . is good old scalar multiplication
in H!).

So there is natural linear bijection—i.e. an isomorphism!—between continuous linear
functionals and vectors in the complex conjugate Hilbert space H. That is the dual space of
linear functionals, #* can be identified with #. It then follows that if we identify H** with H,

there is natural isomorphism between H** = H and (H)*.

Exercise! : Is there a natural isomorphism between (H)* and H*?

(6) The relation of complezifications to complex structures.

YET TO DO (a) general ideas then (b) physics, i.e. about the complexification of
classical solutions as direct sum of positive-frequency and negative frequency subspaces, with
the J thus encoding a choice of positive-frequency.

3 Symplectic mechanics

The choice of complex structure discussed above plays a remarkable role in the passage from
classical physics to quantum field theory. So: let us now return to classical systems! Not the
mechanics of Newton and Leibniz, but the symplectic mechanics of Elie Cartan and Vladimir
Arnold, in which Segal quantization is formulated.

We first review the general mathematical structure in which Hamilton’s equations are
formulated, in four Subsections. In the first two, we treat the phase space I' informally. In the
third, we look back at the Weyl algebra in the light of our treatment of Poisson brackets. In
the fourth Subsection, I' is a manifold, i.e. a cotangent bundle. In more detail, the plan is as
follows.

In the first Subsection, starting from Hamilton’s equations we begin to develop the idea
of symplectic structure (Section 3.1). Then we write the classical Poisson brackets in terms of
the symplectic product (Section 3.2). Then Section 3.3 will look back to the ideas of the Weyl
algebra, given in Section 1.2, in the form using operators W-—which combine the translations
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in position and in momentum that were given separately by the operators U and V. Then we
give the modern geometric formulation using a manifold, i.e. a cotangent bundle (Section 3.4).
Though long, this development: (i) sets us in good stead for later Sections; (ii) is anyway just
the tip of the iceberg of symplectic mechanics!

To give one example of (ii), Section 3.5 will discuss how time-translation invariance im-
plies the local Hamiltonian form of time-evolution. (Philosophically, time-translation invariance
is an analogue of the spatial homogeneity that we invoked in (A) in Section 1.1.)

Finally in the last two Subsections, we: (i) turn to Hamiltonian systems that admit a
linear structure (Section 3.6) and (ii) illustrate this with the harmonic oscillator—and briefly,
with linear fields (Section 3.7). This will set us up for the next Section’s discussion of a one-
particle structure that is the central object of quantization on the Segal approach.

3.1 From Hamilton’s equations to symplectic forms

(1): Time evolution from the gradient of H:—
We begin with Hamilton’s equations

dp;  OH dqi_aH

dt ~ o¢t  dt  Op;’

(52)

on the phase space I' of ¢gs and ps. As mentioned in this Section’s preamble, we will in this
Seubsection treat the phase space I' informally. Defining

E=q% a=1,...,.n ; =pan, a=n+1,..,2n (53)

Hamilton’s equations become

OH : OH

ga:wy a:]_’.”’n ; é‘a:—w’ a:n+1,...,2n . (54)

Writing 1 and 0 for the n x n identity and zero matrices respectively, we define the 2n x 2n

symplectic matrix w by
0 1
W= ( 1 0 > . (55)

The matrix w is antisymmetric, and has the properties, writing ~ for the transpose of a matrix,
that
O=-w=w' sothat w?’=-1 ; also detw=1. (56)

Using w, Hamilton’s equations eq. 54 get the more symmetric form, in matrix notation

‘- w‘?;z . (57)

In terms of components, writing w®? for the matrix elements of w, and 9, := 9 /IE*, eq. 54
become .
£ = w95 H. (58)

Eq. 57 and 58 show how w forms, from the naive gradient (column vector) VH of H on the phase
space I' of ¢gs and ps, the vector field on I' that gives the system’s evolution: the Hamiltonian
vector field, often written Xp. At a point z = (q,p) € T, eq. 57 can be written

Xu(z) =wVH(z). (59)

The vector field Xy is also written as D (for ‘dynamics’).
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In Section 3.4, we will see how this definition of a wvector field from a gradient, i.e. a
covector or 1-form field, arises from I'’s being a cotangent bundle. More precisely, we will see
that any cotangent bundle has an intrinsic symplectic structure that provides, at each point of
the base-manifold, a natural i.e. basis-independent isomorphism between the tangent space and
the cotangent space. For the moment, we will in (2) and (3) below:

note a geometric interpretation of w in terms of area; and then

generalize the above discussion of w into the definition of a symplectic form for a fixed
vector space.

(2): Interpretation in terms of areas:—
Let us begin with the simplest possible case: R? 3 (¢,p), representing the phase space of a
particle constrained to one spatial dimension. Here, the 2 x 2 matrix

o= o) (60)

defines the antisymmetric bilinear form on R?:

A:((¢",p1), (6%, p2)) ER* xR* = ¢'po — ¢*p1 € R (61)

0 1 2 1 2
dv-dm=(a ) (O g ) (0 ) =ae (00) (62)

It is easy to prove that A((¢*,p1), (¢%,p2)) = ¢'p2 — ¢*p1 is the signed area of the parallelogram
spanned by (¢!, p1), (¢, p2), where the sign is positive (negative) if the shortest rotation from
(q',p1) to (g%, p2) is anti-clockwise (clockwise).

Similarly in R?": the matrix w of eq. 55 defines an antisymmetric bilinear form on R?”
whose value on a pair (¢,p) = (¢',...¢";p1, .., 2n), (¢, ) = (¢}, ...¢"™; P}, ..., Pl,) is the sum of
the signed areas of the n parallelograms formed by the projections of the vectors (g, p), (¢/,p)
onto the n coordinate planes labelled by pairs of axes, ¢ = 1,2,...,n. That is to say, the value
is:

since

S a'p—d"pi - (63)

This induction of bilinear forms from antisymmetric matrices can be generalized: there
is a one-to-one correspondence between forms and matrices. In more detail: there is a one-
to-one correspondence between antisymmetric bilinear forms on R? and antisymmetric 2 x 2
matrices. It is easy to check that any such form, w say, is given, for any basis v, w of R?, by

0 w(v,w)
—w(v,w) 0
a one-to-one correspondence between antisymmetric bilinear forms on R™ and antisymmetric
n X n matrices. (In Hamiltonian mechanics as usually formulated, we consider the case where
n is even and the matrix is non-singular, as in eq. 55.)

This geometric interpretation of w is important for two reasons.

(i): The first reason is that the idea of an antisymmetric bilinear form on a copy of
R?" is the main part of the definition of a symplectic form, which is the central notion in the
usual geometric formulation of Hamiltonian mechanics. More details shortly, for a fixed copy
of R?"; and in Section 3.4, where the form is defined on many copies of R?", each copy being
the tangent space at a point in the cotangent bundle T*Q).

(ii): The second reason is that the idea of (signed) area underpins the theory of forms
(1-forms, 2-forms etc.): i.e. antisymmetric multilinear functions on products of copies of R™.
And when these copies of R™ are copies of the tangent space at (one and the same) point
in a manifold, these forms lead to the whole theory of integration on manifolds. One needs

the matrix ( > Similarly for any integer n: one easily shows that there is
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this theory in order to make rigorous sense of any integration on a manifold beyond the most
elementary (i.e. line-integrals); so it is crucial for almost any mathematical or physical theory
using manifolds. In particular, it is crucial for Hamiltonian mechanics. So no wonder the
maestro says that ‘Hamiltonian mechanics cannot be understood without differential forms’
(Arnold 1989, p. 163).

However, it turns out that we will not need many details about forms and the theory
of integration. This is essentially because we focus only on the elementary idea of solving a
mechanical problem by giving the time-evolution (a trajectory through the phase space T).
This means we will focus on line-integrals: viz. integrating with respect to time the equations
of motion; or equivalently, integrating the dynamical vector field on the state space. We have
already seen this vector field as Xy in eq. 59; and we will see it again, for example in terms
of Poisson brackets (eq. 100), and in geometric terms (Section 3.4). But throughout, the main
idea will be as suggested by eq. 59: the vector field is determined by the symplectic matrix,
“at” each point in the manifold T', acting on the gradient of the Hamiltonian function H. So in
short: focussing on line-integrals enables us to side-step most of the theory of forms.®

(3): Bilinear forms and associated linear maps:—
We now generalize from the symplectic matrix w to a symplectic form; in five extended com-
ments.

(1): Preliminaries—

Let V be a (real finite-dimensional) vector space, with basis eq, ..., €;, ...e,. We write V* for the
dual space, and €, ..., e’,...e" for the dual basis: €’(e;) := 6;

We recall that the isomorphism e; — e’ is basis-dependent: for a different basis, the
corresponding isomorphism would be a different map. Only with the provision of appropriate
extra structure would this isomorphism be basis-independent.

For physicists, the most familiar example of such a structure is the spacetime metric
g in relativity theory. In terms of components, this basis-independence shows up in the way
that g and its inverse lower and raise indices. As we will see in a moment, the underlying
mathematical point is that because g is a bilinear form on a vector space V,i.e. g: V xV — R,
and is non-degenerate, any v € V defines, independently of any choice of basis, an element of
V*: viz. the map v € V — g(u,v). (In fact, V is the tangent space at a spacetime point;
but this physical interpretation is irrelevant to the mathematical argument.) We will also see
that Hamiltonian mechanics has a non-degenerate bilinear form, viz. a symplectic form, that
similarly gives a basis-independent isomorphism between a vector space and its dual. (Roughly
speaking, this vector space will be the 2n-dimensional space of the ¢gs and ps.)

On the other hand: for any vector space V', the isomorphism between V and V** given
by '

eir le] €V el € VF s el(e;) = 6] (64)

is basis-independent, and so we identify e; with [e;], and V with V**. We will write < ; > (also
written < , >) for the natural pairing (in either order) of V' and V*: e.g. < ¢; ; e > =<
el e >= 6.

A linear map A : V. — W induces (basis-independently) a transpose (aka: dual), written
A (or AT or A*), A: W* = V* by

Vae W* Yo e V: A(a)(v) =< Ala); v>:= a(A@)) = (aoA)(v). (65)

8But forms are essential for understanding integration over surfaces of dimension two or more: which one needs
for the integral invariants approach to Hamiltonian mechanics, and its deep connection with Stokes’ theorem.
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If A: V — W is a linear map between real finite-dimensional vector spaces, its matrix
with respect to bases e1, ..., €;,...e, and fi,..., fj,...frn of V and W is given by:

Ale;) = Alf; 5 ie with v=1v'e;, (A(v)) = Al . (66)

So the upper index labels rows, and the lower index labels columns. Similarly, if A: VxW — R
is a bilinear form, its matrix for these bases is defined as

Aij = Alei, fj) (67)

so that on vectors v = v'e;,w = w’ f;, we have: A(v, w) = v'A;;w’.

(2): Associated maps and forms—
Given a bilinear form A : V x W — R, we define the associated linear map A® : V — W* by

A W) (w) = Alv,w) . (68)

Then A°(e;) = A;;f7: for both sides send any w = w’ f; to A;jw’. That is: the matrix of A” in
the bases e;, f/ of V and W* is Ay
(A5 = Ayj. (69)

On the other hand, we can proceed from linear maps to associated bilinear forms. Given
a linear map B : V — W*, we define the associated bilinear form B on V x W** =2V x W by

Bi(v,w) = <B); w> . (70)

If we put A" for B in eq. 70, its associated bilinear form, acting on vectors v = v'e;, w = w’ fis
yields, by eq. 68:
(AN (v, w) = < A(W); w> = Av,w). (71)

One similarly shows that if B: V — W*, then Vw € W:
(B (v)(w) =< (B’ (v) ; w> = B(v)(w) =< B(v) ; w> sothat (B}’ =B. (72)

So the flat and sharp operations, ” and ¥, are inverses.

(3): Tensor products—
It will sometimes be helpful to put the above ideas in terms of tensor products. If v € V,w € W,
we can think of v and w as elements of V** W** respectively. So we define their tensor product
as a bilinear form on V* x W* by requiring for all « € V*, 8 € W*:

(vew)(a,B) = vwB) =<v;a><w; > . (73)

Similarly for other choices of vector spaces or their duals. Given o € V*, 5 € W*, their tensor
product is a bilinear form on V' x W:

(a®pB)(v,w) = a@®)pfw) =<v;a><w; > . (74)

Similarly, we can think of &« € V*, w € W as elements of V* and W** respectively, and so define
their tensor product as a bilinear form on V' x W*:

(a@w)(v,B) = a@)wB) =<v;a><w; > . (75)
In this way we can express the linear map A : V' — W in terms of tensor products. Since

Aler) = Alf; iff < Ale); /1 > = A (76)
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eq. 75 implies that o
A=Aexf; . (77)

Similarly, a bilinear form A : V' x W — R with matrix A;; := A(e;, fj) (cf. eq. 67) is:
A= Ajeaf (78)

The definitions of tensor product eq. 73, 74 and 75 generalize to higher-rank tensors (i.e.
multilinear maps whose domains have more than two factors). But we will not need these gen-
eralizations.

(4): Antisymmetric and non-degenerate forms:—

We now specialize to the forms and maps of central interest in Hamiltonian mechanics. We take
W =V, dim(V)=n, and define a bilinear form w : V' x V — R to be:

(i): antisymmetric iff: w(v,v’) = —w(v,v’);

(ii): non-degenerate iff: if w(v,v") =0 Vo' € V, then v = 0.

The form w and its associated linear map w” : V — V* now have a square matrix wij (cf. eq.
69). We define the rank of w to be the rank of this matrix: equivalently, the dimension of the
range w’ (V).

We will also need the antisymmetrized version of eq. 74 that is definable when W = V.
Namely, we define the wedge-product of a, 5 € V* to be the antisymmetric bilinear form on V,
given by

aAB: () €V x Vs (a(0)(Bw)) - (a(w)) (Bv) € R . (79)

(The connection with the interpretation of the symplectic matrix in terms of areas, especially
eq. 63, will become clear in a moment; and will be developed in (2) of Section 3.4.)

It is easy to show that for any bilinear form w : V x V' — R: w is non-degenerate iff the
matrix w;; is non-singular iff w’ : V — V* is an isomorphism.

So a non-degenerate bilinear form establishes a basis-independent isomorphism between
V and V*; cf. the discussion of the spacetime metric g in (1) at the start of this Subsection.

Besides, this isomorphism «” has an inverse, suggesting another use of the sharp nota-
tion, viz. w? is defined to be (w’)~' : V* — V. The isomorphism w! : V* — V corresponds to
w’s role, emphasised in (1) of Section 3.1, of defining a vector field Xg from dH. (But we will
see in a moment that the space V implicitly considered in (1) of Section 3.1 really has more
structure than being just any finite-dimensional real vector space. Namely, it is of the form
W x W*.)

NB: This definition of ? is of course not equivalent to our previous definition, in eq. 70,
since:

(i): on our previous definition, # carried a linear map to a bilinear form, which reversed
the passage by ” from bilinear form to linear map, in the sense that for a bilinear form w, we
had (w)f = w; cf. eq. 71;

(ii): on the present definition, # carries a bilinear form w : V x V — R to a linear map
wf: V* — V, which inverts ° in the sense (different from (i)) that

whow’ =idy and W’ owf =idy- . (80)
So beware: though not equivalent, both definitions are used! But it is a natural ambiguity, in
so far as the definitions “mesh”. For example, one easily shows that our second definition, i.e.
eq. 80, is equivalent to a natural expression:

Vo, B e V' <whi(a), B> = w(W)  (a), (@) 1B)) . (81)
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It is also straightforward to show that for any bilinear form w : V x V — R: if w is
antisymmetric of rank r < n = dim(V), then r is even. That is: r = 2s for some integer s, and
there is a basis ey, ..., e;, ..., e, of V for which w has a simple expansion as wedge-products

w =Y, enets (82)
equivalently, w has the n x n matrix

0o 1
w = -1 0
0 O

(83)

© o 0o

where 1 is the s X s identity matrix, and similarly for the zero matrices of various sizes. This
normal form of antisymmetric bilinear forms is an analogue of the Gram-Schmidt theorem that
an inner product space has an orthonormal basis, and is proved by an analogous argument.

(5): Symplectic forms—
As usually formulated, Hamiltonian mechanics uses a non-degenerate antisymmetric bilinear
form: i.e. r = n. Soeq. 83 loses its bottom row and right column consisting of zero matrices, and
reduces to the form of the naive symplectic matrix, eq. 55, in (1) of Section 3.1. Equivalently:
eq. 82 reduces to eq. 63.

Accordingly, we define: a symplectic form on a (real finite-dimensional) vector space Z
is a non-degenerate antisymmetric bilinear form w on Z: w : Z x Z — R. Z is then called a
symplectic vector space. It follows that Z is of even dimension.

Besides, in Hamiltonian mechanics (as usually formulated) the vector space Z is a prod-
uct V' x V* of a vector space and its dual. Indeed, this is already suggested by:

oL

(i) the fact in Lagrangian mechanics, that the canonical momenta p; := 2= transform
94

as a l-form; (a fact to which we will return in Section ??); and

(ii) the discussion in (1) of Section 3.1 about the one-form field VH determining a
vector field Xg.

Thus we define the canonical symplectic form w on Z :=V x V* by

w((vy,00), (v2,a2)) = ag(v1) — ai(va) . (84)

So defined, w is by construction a symplectic form, and so has the normal form given by eq. 55.

Given a symplectic vector space (Z,w), the natural question arises which linear maps
A . Z — Z preserve the normal form given by eq. 55. It is straightforward to show that this
is equivalent to A preserving the form of Hamilton’s equations (for any Hamiltonian); so that
these maps A are called canonical (or symplectic, or Poisson). But since we do not need details
about the theory of canonical transformations, we will not go into details about this. Suffice it
to say here the following.

A Z — Z is symplectic iff, writing ~ for the transpose (eq. 65) and using the second
definition eq. 80 of ¥, the following maps (both from Z* to Z) are equal:

Acwto A =uwh ; (85)

or in matrix notation, with the matriz w given by eq. 55, and again writing ~ for the transpose
of a matrix

AvAd=w . (86)

(Equivalent formulas are got by taking inverses. We get, respectively: Aow’ o A =’ and
AwA =w.)
The set of all such linear symplectic maps A : Z — Z form a group, the symplectic
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group, written Sp(Z,w).

To sum up this Subsection:— We have, for a vector space V, dim(V) = n, and Z :=
V x V*:

(i): the canonical symplectic form w : Z x Z — R; with normal form given by eq. 55;

(ii): the associated linear map w’ : Z — Z*; which is an isomorphism, since w is non-
degenerate;

(iii): the associated linear map w* : Z* — Z; which is an isomorphism, since w is non-
degenerate; and is the inverse of w’; (cf. eq. 80).

We will see shortly that Hamiltonian mechanics takes V' to be the tangent space Ty at
a point g € @, so that Z is T, x T/, i.e. the tangent space to the space I' of the gs and ps.

3.2 Poisson brackets
{PoissNoet}

We have seen how a single scalar function H on phase space I' determines the evolution of
the system via a combination of partial differentiation (the gradient of H) with the symplectic
matrix. We now express these ideas in terms of Poisson brackets. This is not just because of
their central role in canonical quantization. Within classical mechanics, they give a very neat
expression for the rate of change of any dynamical variable; it arises from how the Poisson
bracket encodes the way that a scalar function determines a (certain kind of) vector field.

(1): Poisson brackets introduced:—
The rate of change of any dynamical variable f, taken as a scalar function on phase space T,
f(g,p) € R, is given (with summation convention) by

d )
(L) )
Opi

a1 oqt

(87) {naivehamdfd

(If f is time-dependent, f : (¢,p,t) € I' x R — f(¢,p,t) € R, the right-hand-side includes a
jcerm %. But we here set aside the time-dependent case.) Applying Hamilton’s equations, this
is

daf OH Of _ OH of

dt — Op; 0¢¢  0Oq' Op;
This suggests that we define the Poisson bracket of any two such functions f(q,p), g(q,p) by

(88) {intropb}

_9f 09 Of 9g

" 0q'Op;  Op; Ot

{f, g}

(89) {naivedefine
so that the rate of change of f is given by

daf

P {f,H}. (90) {naivedfdtas

In terms of the 2n coordinates £* (eq. 53) and the matrix elements w®® of w (eq. 58),
we can write eq. 88 as
df

a (Oaf)E* = (Oaf)w P (05H) ; (91) {rocfromxi}
and so we can define the Poisson bracket by
of dg
- af — af 2 .
11,9} = (Oaf)w* (0pg) = 7851100 968 (92) {definepbfrc
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In matrix notation: writing the naive gradients of f and of ¢ as column vectors V f and
Vg, and writing ~ for transpose, we have at any point z = (¢,p) € I:

{f.9}(2) = Vf(2)-w.Vy(2). (93)

With these definitions of the Poisson bracket, we readily infer the following five results.
(Later discussion will bring out the significance of some of these.)

(1): Since the Poisson bracket is antisymmetric, H itself is a constant of the motion:

% = {H,H}=0. (94)

(2): The Poisson bracket of a product is given by “Leibniz’s rule”: i.e. for any three
functions f, g, h, we have

{fih-gy={f,h}-g+h-{f,g}. (95)

(3): Taking the Poisson bracket as itself a dynamical variable, its time-derivative is given
by a “Leibniz rule”; i.e. the Poisson bracket behaves like a product:

S =L a1y (96)

(4): The Jacobi identity (easily deduced from (3)):

{{fah}7g}+{{gaf}7h}+{{h7g}7f}:0 : (97)

(5): The Poisson brackets for the gs, ps and s are:

| | {gé,gﬁ} =w* e (98)
{d",pit =905 . {d".¢’} ={pi,pj} =0. (99)

Eq. 99 is very important, both for general theory and for problem-solving. The reason
is that preservation of these Poisson brackets, by a smooth transformation of the 2n variables
(¢,p) — (Q(q,p), P(q,p)), is necessary and sufficient for the transformation being canonical.
Besides, in this equivalence ‘canonical’ can be understood both: in the usual elementary sense of
preserving the form of Hamilton’s equations, for any Hamiltonian function; and in the geometric
sense of preserving the symplectic form (as explained (a) in (5), at the end of (3) of Section
3.1, and (b) for manifolds in Section 3.4).

Note here that, as the phrase ‘for any Hamiltonian function’ brings out, the notion
of a canonical transformation is independent of the forces on the system as encoded in the
Hamiltonian. That is: the notion is a matter of I'’s geometry—as we will emphasise in Section
3.4.

But we will not need to go into many details about canonical transformations: for we
do not aim to survey the whole of Hamiltonian mechanics!
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(2): Hamiltonian vector fields:—

We earlier described how the symplectic matrix enabled the scalar function H on I' to deter-
mine a vector field Xg. The previous Subsection showed how the Poisson bracket expressed
any dynamical variable’s rate of change along Xp. We now bring these ideas together, and
generalize.

Recall that a vector X at a point x of a manifold M can be identified with a directional
derivative operator at x assigning to each smooth function f defined on a neighbourhood of
x its directional derivative along any curve that has X as its tangent vector. Similarly here:
the dynamical vector field Xy =: D is a derivative operator on scalar functions, which can be
written in terms the Poisson bracket:

_d_ 0 0 _0HO OHO . g
—at Tog Piop T opiog  ogop U

D:=Xpy =g (100)

But this point applies to any smooth scalar, f say, on I'. That is: although we think of
H as the energy that determines the real physical evolution, the mathematics is of course the
same for such an f. So any such function determines a vector field, X say, on I' that generates
what the evolution “would be if f was the Hamiltonian”. Thinking of the integral curves as

parametrized by s, we have
d
X,=—=1{. . 101
r= =00 (101)

X is called the Hamiltonian vector field of (for) f; just as, for the physical Hamiltonian, f = H,
Section 3.1 called Xy ‘the Hamiltonian vector field’.

The notion of a Hamiltonian vector field will be crucial for what follows. We begin with
two remarks which we will need later.

(1): So every scalar f determines a Hamiltonian vector field X;. But note that the
converse is false: not every vector field X on I' is the Hamiltonian vector field of some scalar.
For a vector field (equations of motion) X, with components X in the coordinates £ defined
by eq. 53

=X , (102)
there need be no scalar H : I' — R such that, as required by eq. 58,

X =w*PosH . (103)

Thus Hamilton’s equations have the special feature that all the right hand sides are, up to a
sign, partial derivatives of a single function H. (In fact, this feature underpins the possibility
of expressing the equations of motion by variational principles.)

We also note under what condition is a vector field X Hamiltonian. The answer is: X
is locally Hamiltonian, i.e. there is locally a scalar f such that X = Xy, iff X generates a
one-parameter family of canonical transformations. We will give a modern geometric proof of
this at the end of Section 3.4. For the moment, we only need to note, as at the end of (1)
above, that here ‘canonical transformation’ can be understood in the usual elementary sense as
a transformation of T' that preserves the form of Hamilton’s equations (for any Hamiltonian);
or equivalently, as preserving the Poisson bracket; or equivalently, as preserving the symplectic
form (to be defined for manifolds, in Section 3.4).

3.3 Looking back to the Weyl algebra

We have now developed symplectic mechanics sufficiently that it is useful to look back at
the Weyl algebra, given in Section 1.2, in the form using operators W-—which combine the
translations in position and in momentum that were given separately by the operators U and

V.
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If (we are lucky enough that!) the classical phase space is a vector space (e.g. R?"),
then—as we have seen (in (5) at the end of (2) in Section 3.1)—we can make it a symplectic
vector space: i.e. a pair (Z,), where Z is the phase space—i.e. a real vector space—and € is
a symplectic product. (Here, we writef? instead of w.) The symplectic product Q: Z x Z — R
is, by definition, anti-symmetric, linear and non-degenerate (i.e. if Q(z1, z2) = 0 for all z3, then
z1 = 0).

We define the symplectic product @ on Z = R?™ 3 21, 29 as in (17): which we repeat
here:

Q(Zl, ZQ) = a2.b1 - al.bg, (104)

Then—now looking briefly at the topic of quantization—the Weyl form of the CCRs, i.e.
(14) and (10), are equivalent, as we saw in Section 1.2, to the following: for all z, 21, zo € R?",

W(z1)W(z) = e%m(zl’z?)W(m—f—zz);

Wiz) = W(-2). (105)

Note that Q(z,-) : Z — R is a real-valued function on Z, and so a classical observable. In
particular, Q(z,-) = ¢* iff z has (n + i)th component b; = 1 and the rest 0, and (z,-) = p; iff
2 has ith component a’ = —1 and the rest 0. In general, Q(z,-) is some linear combination of
pis and ¢'s.

In this formulation, the classical Poisson bracket relations (1: repeated as ??7) may be
written

{9(217')79(227')} = 79(21722) : (106)
So the corresponding Heisenberg form of the CCRs are

[Q(z1,-), Q(z2, )] = —i(z1, 22)1 . (107)

Thus we seek a representation in which the map z — Q(z, -) takes elements of Z to self-adjoint
operators, and in which the Weyl unitaries defined by

W(z) = =), (108)

obey the Weyl algebra, eq. 105.
This is Wald’s presentation: see Wald (1994, Ch. 2). Later we will use field operators

@, for which ®(Jz) = Q(z,-), or ®(z) = —Q(Jz,-) = Q(-, J2).

(1): ... And looking forward to symplectic manifolds ....—

In the case where the classical phase space I" is not a vector space, we must develop more tools
in order to quantize—in particular, in order to define the Weyl algebra. Details are in Section
3.4. But the basic idea will be as follows.

In this case, we seek a group whose action on I' is transitive and preserves the symplectic
form w := Y. dp; Adg’. (In the case that I is a vector space, this group is just the (abelian)
additive group of translations in I', which is isomorphic to I'. That is what allowed us to treat I'
as a symplectic vector space above.) For illustration, taking the case I' = R?" the group action
is a 2n-parameter family of diffeomorphisms associated with the vector fields (with constant
coefficients)

- 0 -0
X’Z:;biﬁiqi_alaipi’ (109)
for any z := (a,b) € R?". We may now act on any two such vector fields with the symplectic
form w with which T—being a symplectic manifold (cf. Section 3.4)—is equipped. This yields

w<X217X22> = a?-bl - a1~b2~ (].].0)
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Our quantization problem then becomes the search for continuous families of unitaries z —
W (z) which respect this symplectic structure, as expressed in the Weyl algebra (105), setting
e3'22) = 3(Xa.X5)  Since the Weyl algebra (105) is unitary up to the phase factor

3w (X ’Xz2), it is a projective unitary representation of the group of symplectomorphisms on I'.

3.4 A geometrical perspective

Now we develop the modern geometric description of Hamiltonian mechanics. We will build
especially on Section 3.1. There will be four Subsections. First, we introduce the cotangent
bundle T*@Q. Then we collect what we will need about forms. Then we can show that any
cotangent bundle is a symplectic manifold. This enables us to formulate Hamilton’s equations
geometrically.

(1): Canonical momenta are one-forms: I' as 7%Q:—
So far we have treated the phase space I' informally: saying just that it is a 2n-dimensional
space coordinatized by the gs, a smooth coordinate system on the configuration manifold @,
and the ps. But in the Lagrangian framework—which we have been silent about—the ps are
canonical momenta ggj; and one shows that at each point ¢ € @, the p; transform as a 1-form.
Accordingly we now take the physical state of the system to be a point in the cotangent bundle
T*@, the 2n-dimensional manifold whose points are pairs (¢,p) with ¢ € Q,p € T, 7

We stress that from now on, the symbol p has a (fruitful!) ambiguity, between “dynam-
ics” and “kinematics/geometry”. For p represents both:

(A) the conjugate momentum %, which of course depends on the choice of L; and

(B) a point in a fibre T of the cotangent bundle 7*Q (i.e. a 1-form or covector); or
relatedly: the components p; of such a 1-form: notions that are independent of any choice of a
Lagrangian or Hamiltonian.

In more detail:—

(A): Recall that in the Lagrangian framework, the Lagrange equations being second-
order in time prompts us to take the initial ¢ and ¢ as chosen independently, with L (encoding
the forces on the system) then determining the evolution (the Lagrangian dynamical vector
field D)—and so also determining the actual “realized” value of ¢ at other times as a function
of g, and so ultimately, of ¢. Similarly here: Newton’s second law being second-order in time
prompts us to take the initial ¢ and p as independent, with H (encoding the forces on the
system) then determining the evolution (the Hamiltonian dynamical vector field D)—and so
also determining the actual value of p at other times as a function of ¢, and so ultimately, of
t. Besides, by passing via the Legendre transformation back to the Lagrangian framework, one
can check that the later actual value of p is determined to equal ?‘T{;'

(B): But p also represents any 1-form (so that p; represents the 1-form’s coordinates).
Here, we need to recall three points:—

(i): A local coordinate system (a chart) on ( defines a basis in the tangent space Ty,
at any point ¢ in the chart’s domain. As usual, we write the chart’s coordinate functions as
q'. So we shall temporarily denote the chart by [q], so that there are coordinate functions
q" : dom([q]) — R. We write elements of the coordinate basis as usual, as

o)
aq**

(ii): The chart [q] thereby also defines a dual basis dg’ in the cotanggnt space Ty at any
q € dom([g]). (Here we recall, en passant, that the isomorphism at each ¢ between T, and T},
that maps the basis element a%i € T, to the one-form dq® in the dual basis, is basis-dependent.
A different basis %
Section 3.1.)

(iii): Putting (i) and (ii) together: the chart [¢] thereby also induces a local coordinate

would give a different isomorphism. Cf. the discussion in (1) of (3) of
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system on a neighbourhood of the cotangent bundle around any point (¢,p) € T*Q with ¢ €
dom([q]) and p € Ty

Putting (i)-(iii) together: the coordinates of any point (¢, p) in T*@ in such a coordinate
system are usually also written as (¢,p). That is: p is used for the components of any 1-form,

in the basis dg¢’ dual to a coordinate basis 8?;%" So, similarly to (i) above: we will write this

induced chart on T*Q as [q, p|.

(2): Forms, wedge-products and exterior derivatives:—
As we said at the end of the discussion of interpreting w in terms of areas ((2) of Section 3.1):
we can largely avoid the theory of forms. For what follows, we need to recall only:

(i) the idea of forms of various degrees, together comprising the exterior algebra, and
equipped with operations of wedge-product and contraction;

(ii) the ideas of differential forms, the exterior derivative, and of exact and closed forms.

(1): The exterior algebra; wedge-products and contractions—
We begin by recalling some ideas from (2) and (3) of Section 3.1. Let us again begin with the
simplest possible case, R?, considered as a vector space: not as a manifold with a copy of itself
as tangent space at each point.

If o, B are covectors, i.e. elements of (R?)*, we define their wedge-product, an antisym-
metric bilinear form on R?, by

ahf:(v,w) € R? x R? = (a(v))(B(w)) — (a(w))(B(v) €R . (111)

Let us write the standard basis elements of R? as 8% and 8%’ with elements of R? having

components (g, p) in this basis; and let us write the elements of the dual basis as dg, dp. Recalling
the definition of the area form A, eq. 61, we deduce that A is dg A dp.

Similarly for R?®. Recall that the symplectic matrix defines an antisymmetric bi-
linear form on R?" by eq. 63. The value on a pair (¢,p) = (¢*,...¢"%p1, ..., pn), (¢, p) =
(¢, ... Py, ..., p,,) is the sum of the signed areas of the n parallelograms formed by the pro-
jections of the vectors (q,p), (¢/,p") onto the n coordinate planes formed by pairs of axes. This

is a sum of n wedge-products. That is to say: if we write the standard basis elements as 8‘31-
and (.%, this form is w := ¥; d¢’ A dp;. It has the action on R™ x R™:
-0 g , 0 0 , ;

t— — ¢ = / =X g —q"pi . 112

(q ¢’ +p18pi’q oq +pzapi) i=149P; —q Di ( )

In general, if V,W are two (real finite-dimensional) vector spaces, we define: L(V, W)
to be the vector space of linear maps from V to W; Lk(V, W) to be the vector space of k-
multilinear maps from V x V x .... x V (k copies) to W; and L¥(V, W) to be the subspace of
L¥(V,W) consisting of (wholly) antisymmetric maps.

We then define QF(V) := L¥(V,R) for k = 1,2, ...,dim(V), so that Q'(V) = V*. We
also set Q0(V) := R. QF(V) is called the space of (exterior) k-forms on V. If dim(V') = n, then
dim(QF(V)) = ( Z

The wedge-product, as defined above, can be extended to be an operation that defines,
for a € QF(V), 8 € Q4(V), an element a A B € Q¥(V). We can skip the details: suffice it to
say that the idea is to take tensor products, as in (3) of (3) of Section 3.1, and anti-symmetrize.

But we will need the definition of the contraction, (also known as: interior product), of
a k-form a € QF(V) with a vector v € V. We shall write this as i, (It is also written with a
hook notation.) We define the contraction i,a to be the (k — 1)-form given by:

iya(va, ..., vk) == a(v,va, ..., vk) . (113)
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It follows, for example, that contraction distributes over the wedge-product modulo a sign, in
the following sense. If « is a k-form, and § a 1-form, then

(@A B) = (1) A B+ (=1 a A (i,8) - (114)

The direct sum of the vector spaces QF(V),k = 0,1,2,...,dim(V) =: n, has dimension
2™. When this direct sum is considered as equipped with the wedge-product A and contraction
i, it is called the exterior algebra of V', written Q(V').

(2): Differential forms; the exterior derivative; the Poincaré Lemma:—
We extend the discussion just given in (1) to a manifold M of dimension n, taking all the
tangent spaces T, at x € M as copies of the vector space V, and requiring fields of forms to be
suitably smooth.

We begin by saying that a (smooth) scalar function f : M — R is a O-form field. TIts
differential or gradient, df, as defined by its action on all vector fields X, viz. mapping them to
f’s directional derivative along X

df (X) := X(f) (115)

is a 1-form (covector) field, called a differential 1-form.

The set F(M) of all smooth scalar functions forms an (infinite-dimensional) vector space,
indeed a ring, under pointwise operations. We write the set of vector fields on M as X(M),
or as T3 (M); and the set of covector fields, i.e. differential 1-forms, on M as X*(M), or as
TL(M). (So superscripts indicate the contravariant order, and subscripts the covariant order.)

Accordingly, we define: Q0(M) := F(M); Q' (M) = T2(M); and so on. In short: QF(M)
is the set of smooth fields of exterior k-forms on the tangent spaces of M.

The wedge-product, as defined in Section 7?7, can be extended to the various Qk(M ). We
form the direct sum of the (infinite-dimensional) vector spaces QF(M), k = 0,1,2,...,dim(V) =:
n, and consider it as equipped with this extended wedge-product. We call it the algebra of
exterior differential forms on M, written Q(M).

Similarly, contraction, as defined in Section ??, can be extended to 2(M). On analogy
with eq. 113, we define, for o a k-form field on M, and X a vector field on M, the contraction
ixa to be the (k — 1)-form given, at each point x € M, by:

ixa(z): (ve,...,vp) = a(z)(X(x),ve, ..., v;) €ER. (116)

The exterior derivative is a differential operator on Q(M) that maps a k-form field to a
(k + 1)-form field. In particular, it maps a scalar f to its differential (gradient) df. Indeed, it is
the unique map from the k-form fields to the (k+ 1)-form fields (k = 1,2, ..., n) that generalizes
the elementary notion of gradient f +— df, subject to certain natural conditions.

To be precise: one can show that there is a unique family of maps d* : QF(M) —
QFFL(M), all of which, for simplicity, we write as d, such that:

(a): If fe F(M),d(f)=df.

(b): d is R-linear; and distributes across the wedge-product, modulo a sign. That is:
for a € QF(M), 5 € QU(M), d(a A B) = (da) A B+ (=1)*a A (dB). (CF. eq. 114.)

(c): d2:=dod = 0; i.e. forall a« € Q¥(M) d**! o d*(a) = 0. (This condition looks
strong, but is in fact natural. For its motivation, it must here suffice to say that it generalizes
the fact in elementary vector calculus, that the curl of any gradient is zero: VA (Vf) =0.)

(d): d is a local operator; i.e. for any x € M and any k-form «, da(z) depends only on
a’s restriction to any open neighbourhood of x; more precisely, we define for any open set U of
M, the vector space QF(U) of k-form fields on U, and then require that

d(a|v) = (do) | - (117)
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To express d in terms of coordinates: if a € QF(M), i.e. a is a k-form on M, given in
coordinates by

o= oy iy dx™ A - A dx'® (sumon i1 <ig < -+ < ip), (118)

then one proves that the exterior derivative is

da = % dz? Adz A - Ade™  (sumon all j and iy, - - - < i), (119)

We define o € QF(M) to be:

ezact if there is a f € QF~1(M) such that o = dg; (cf. the elementary definition of an
exact differential);

closed if da = 0.

It is immediate from condition (c) above, d? = 0, that every exact form is closed. The
converse is “locally true”. This result, called the Poincaré Lemma, is important. For example,
we will use it in (4) below to characterize which vector fields preserve a symplectic manifold’s
symplectic form.

To be precise: for any open set U of M, we define (as in condition (d) above) the vector
space QF(U) of k-form fields on U. Then the Poincaré Lemma states that if a € QF(M) is
closed, then at every x € M there is a neighbourhood U such that a | € QF(U) is exact.

We will also need (again, for (4)’s characterization of which vector fields preserve the
symplectic form) a useful formula relating the Lie derivative, contraction and the exterior deriva-
tive. Namely: Cartan’s magic formula, which says that if X is a vector field and « a k-form on
a manifold M, then the Lie derivative of o with respect to X (i.e. along the flow of X) is

Lxa=dixa+ixda . (120)
This is proved by straightforward calculation.

(3): Symplectic manifolds; the cotangent bundle as a symplectic manifold:—
Any cotangent bundle T*@Q has a natural symplectic structure, which is the geometric structure
on manifolds corresponding to the symplectic matrix w introduced by eq. 55, and to the sym-
plectic forms on vector spaces defined in (5) at the end of Section 3.1. (Here ‘natural’ means
intrinsic, and in particular, independent of a choice of coordinates or bases.) It is this structure
that enables a scalar function to determine a dynamics. That is: the symplectic structure im-
plies that any scalar function H : T*Q) — R defines a vector field Xz on T*Q.

We first describe this structure (in (1)); and then in (2), show that any cotangent bundle
has it.

(1): Symplectic manifolds:—
A symplectic structure or symplectic form on a manifold M is defined to be a differential 2-form
w on M that is closed (i.e. dw = 0) and non-degenerate. That is: for any = € M, and any two
tangent vectors at x, o, 7 € T

dw=0 and V7#0, Jo: w(r,0)#0 . (121)

Such a pair (M,w) is called a symplectic manifold.

There is a rich theory of symplectic manifolds; but we shall only need a small fragment
of it, building on our discussion since Section 3.1. (In particular, the fact that we mostly avoid
the theory of canonical transformations means we will not need the theory of Lagrangian sub-
manifolds.)
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First, it follows from the non-degeneracy of w that M is even-dimensional; (cf. eq. 83).

It also follows that at any & € M, there is a basis-independent isomorphism w” from the
tangent space T}, to its dual 7). We saw this in (2) and (4) of (3) of Section 3.1, especially eq.
68. Namely: for any z € M and 7 € T}, the value of the 1-form w’(7) € T3 is defined by

W(7)(0) == wlo,7) VoeT,. (122)

Here we return to the main idea emphasised already in (1) of Section 3.1: that symplectic
structure enables a covector field, i.e. a differential one-form, to determine a vector field. Thus
for any function H : M — R, so that dH is a differential 1-form on M, the inverse of w” (which
we might write as w?), carries dH to a vector field on M, written Xp. Cf. eq. 59.

So far, we have noted some implications of w being non-degenerate. The other part
of the definition of a symplectic form (for a manifold), viz. w being closed, dw = 0, is also
important. We shall see that it underlies the characterization in (4) below of which vector
fields preserve the symplectic form.

So much by way of introducing symplectic manifolds. We turn to showing that any
cotangent bundle T*(Q is such a manifold.

(2): The cotangent bundle:—
Choose any local coordinates ¢ on @ (dim(Q)=n), and the natural local coordinates ¢, p thereby
induced on T*Q; (cf. (B) of (1) above). We define the 2-form

dp A dq := dp; Ndq' == X7 dp; \dq" . (123)

To show that eq. 123 defines the same 2-form, whatever choice we make of the chart g on
Q, it suffices to show that dp A dq is the exterior derivative of a 1-form on 7*() which is
defined naturally (i.e. independently of coordinates or bases) from the derivative (also known
as: tangent) map of the projection

m:(g,p) €T Qg€ Q. (124)

Thus consider a tangent vector 7 (not to @, but) to the cotangent bundle T*Q at a point
n=(q,p) €T*Q,ie. g€ Qand p € T,;. Let us write this as: 7 € T,(T*Q) = T(4,,)(T*Q). The
derivative map, D7 say, of the natural projection 7w applies to 7:

Dr:7 €Tl (T°Q) = (D (7)) € Ty . (125)
Now define a 1-form 67 on T*Q by
O 27 € Tqp)(T7Q) = p(D7(7)) € R ; (126)

where in this definition of 6, p is defined to be the second component of 7’s base-point (¢, p) €
T*Q; ie. T € Ty (T*Q) and p € Ty

This 1-form is called the canonical 1-form on T*Q. It is the “Hamiltonian cousin” of
a 1-form defined in the Lagrangian framework (and also there called the ‘canonical 1-form’.)
But our discussion of the “fruitful ambiguity” of the symbol p brings out a contrast with the
Lagrangian case. While the Lagrangian ‘canonical 1-form’ clearly depends on the Lagrangian
function L, the definition of 8y, eq. 126, does not depend on any function H. 6y is given just
by the cotangent bundle structure. Hence the subscript H here just indicates “Hamiltonian (as
against Lagrangian) version”—not dependence on a function H.

So much by way of a natural definition of a 1-form. One now checks that in any natural

local coordinates ¢, p, 0 is given by 4
9H = pidql. (127)
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Finally, we define a 2-form by taking the exterior derivative of 6:
d(0y) == d(pidq’) = dp; A dq' . (128)

where the last equation follows immediately from eq. 119. One checks that this 2-form is closed
(since d% = 0) and non-degenerate. So (T*Q,d(fx)) is a symplectic manifold.

Referring to eq. 63 or eq. 84, both in Section 3.1, or eq. 112 of (1) in (2) above, we
see that at each point (q,p) € T*Q, this symplectic form is, upto a sign, our familiar “sum of
signed areas”—first seen as induced by the matrix w of eq. 55.

Accordingly, Section 3.1’s definition of a canonical symplectic form is extended to the
present case: d(0x), or its negative —d (), is called the canonical symplectic form, or canonical
2-form. (The difference from Section 3.1’s definition is that on a manifold, the symplectic form
is required to be closed.)

(The difference by a sign is of course conventional: it arises from our taking the ¢s, not
the ps, as the first n out of the 2n coordinates. For if we had instead taken the ps, the matrix
occurring in eq. 57 would have been —w = w™!: exactly matching the cotangent bundle’s
intrinsic 2-form d(6x).)

A famous theorem (Darboux’s theorem) says that locally, any symplectic manifold “looks
like” a cotangent bundle: or in other words, a cotangent bundle is locally a “universal” example
of symplectic structure. But we turn to giving a geometric perspective on Hamilton’s equations.

(4): Geometric formulations of Hamilton’s equations:—
We already emphasised in Sections 3.1 and 3.2 the main geometric idea behind Hamilton’s
equations: that a gradient, i.e. covector, field dH determines a vector field Xz. We first saw
this determination via the symplectic matrix, in eq. 59 of (1) of Section 3.1, viz.

Xu(z) =wVH(2); (129)

and then via the Poisson bracket, in eq. 100 of Section 3.2, viz.
d

-0 0 OH 0O OH 0O
D=xy=2_43 5 909 97T 1
=g~ e TPy T oo ag oy - O (130)

The symplectic structure and Poisson bracket were related by eq. 93, viz.

{f.9}(z) = Vf(2)w.Vy(2). (131)

And to this earlier discussion, (3) above has added the identification of the canonical symplectic
form of a cotangent bundle, eq. 128.

Let us sum up these discussions by giving some geometric formulations of Hamilton’s
equations at a point z = (g,p) in a cotangent bundle T*Q. Let us write w! for the (basis-
independent) isomorphism from the cotangent space to the tangent space, T — T, induced
by w:= —d(0g) = dg¢' A dp; (cf. eq. 80 and 122). Then Hamilton’s equations, eq. 59 or 129,
may be written as:

= Xpg(z) = W (dH(2)) = W (dH(2)) . (132)

Applying w”, the inverse isomorphism 7, — T, to both sides, we get
WXp(z)=dH(z) . (133)
In terms of the symplectic form w at z, this is (cf. eq. 68): for all vectors 7 € T,

w(Xg(z),7)=dH(z) T ; (134)
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or in terms of the contraction defined by eq. 113, with - marking the argument place of 7 € T,:
iy ,w:=w(Xg(z),) =dH(z)(-) . (135)

More briefly, and now for any function f, it is:
ix,w=df. (136)

Here is a final example. Recall the relation between the Poisson bracket and the direc-
tional derivative (or the Lie derivative £) of a function, eq. 101 and 130: viz.

Lx,g=dg(Xy) = Xs(9) = {9, [} - (137)

Combining this with eq. 136, we can reformulate the relation between the symplectic form and
Poisson bracket, eq. 131, in the form:

{9, [} = dg(Xy) = ix,dg = ix, (ix,w) = w(Xy, Xy) . (138)

(1): Which vector fields preserve the symplectic form?:—
We turn to the promised answer to this question. Namely: A vector field X on a symplectic
manifold M preserves the symplectic form w (i.e. in more physical jargon: generates (a one-
parameter family of) canonical transformations) iff X is Hamiltonian in the sense of (2) of
Section 3.2; i.e. there is a scalar function f such that X = X; = w*(df). Or in terms of
the Poisson bracket, with - representing the argument place for a scalar function: X(:) =
X¢(-) ={-, f}- In summary: a vector field on any symplectic manifold (M,w)—it need not be
a cotangent bundle—generates a one-parameter family of canonical transformations iff it is a
Hamiltonian vector field.

Cartan’s magic formula and the Poincaré Lemma make it easy to prove this.

We define a vector field X on a symplectic manifold (M, w) to be symplectic (also known
as: canonical) iff the Lie-derivative along X of the symplectic form vanishes, i.e. Lxw = 0.%

Since w is closed, i.e. dw = 0, Cartan’s magic formula, eq. 120, applied to w becomes

Lxw=dixw+ixdw =dixw . (139)

So for X to be symplectic is for ixw to be closed. But by the Poincaré Lemma, if ixw is closed,
it is locally exact. That is: there locally exists a scalar function f : M — R such that

ixw=df ie. X=X;. (140)

So for X to be symplectic is equivalent to X being locally Hamiltonian.

3.5 Symplectic vector fields from time-translation invariance

This Section is deliberately written without prerequisites drawn from previous Subsections. So
it serves as a snappy refresher of those Subsections’ ideas—in the form of an “exercise” in the
philosophy of time-translation invariance.

9Here, we assume the notion of the Lie-derivative, in particular the Lie-derivative of a 2-form. Suffice it to
say, as a sketch, that the flow of X defines a map on M which induces a map on curves, and so on vectors,
and so on co-vectors, and so on 2-forms such as w. Nor will we go into details about the equivalence between
this definition of X’s being symplectic, and X’s generating (active) canonical transformations, or preserving the
Poisson bracket. For as we have emphasised, we will not need to develop the theory of canonical transformations.
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In analytic mechanics, the state of a physical system is a point in a 2n-dimensional
manifold M, standardly expressed in terms of local coordinates (q, p) := (q1,-- -, @n,P1y- -, Pn)-
A smooth function H : M — R called the Hamiltonian then determines how the point (q, p)
changes over time, by the postulate that it is given by the curve (q(t), p(t)) with (q(0), p(0) =
(q, p) satisfying the system of ordinary differential equations known as Hamilton’s equations:

d o O d o OH
ar = Op; at?\ = 0q;

(141)

foreach i =1,...,n and for all t € R.

Hamilton’s equations are invariant under an arbitrary time translation ¢g € R, in that
if (q(¢t),p(t)) is a solution, then so is (q(t + to), p(t + tp)). This property captures an essential
aspect of local physics, that experiments can be repeated at different times and produce the
same results. We will now sketch how symplectic mechanics treats time translation invariance.

Given a manifold M, a symplectic form w is a closed, non-degenerate, bilinear two-form
on M; by this we mean that it is a smoothly defined tensor field at each point p € M, where
it is a bilinear function taking pairs of vectors at p to a real number, w : v X w — r € R, and
which satisfies the following properties.

(i) (skew-symmetry) w(v,w) = w(w,v);

(ii) (non-degeneracy) if w(v,w) = 0 for all vectors w then v = 0;

(iii) (closure) dw = 0, where d is the exterior derivative.'®

The pair (M,w) is called a symplectic manifold, and is the arena in which symplectic mechanics
is formulated. To express the axiom of time translation invariance, we say that a possible motion
of a system is a smooth vector field X along which the symplectic form w is invariant; this holds
iff its Lie derivative satisfies Lxw = 0, or equivalently'! iff d(txdw) = 0, where tyw is the
interior product!? of X with w. Such a vector field is called symplectic. The central postulate of
symplectic mechanics can then be expressed, if the vector field X describes a possible dynamical
evolution, then X s symplectic, or equivalently txw is closed.

This postulate — although it may not look like it! — captures the essential structure of
Hamilton’s equations. One can see this in two steps. The first step is a deep fact of differential
geometry, the ‘Poincaré lemma’: that if « is a closed k-form, then around every point p € M
there is a neighbourhood in which « is ezact: o = df for some (k — 1)-form . One says for
short: ‘Every closed form is locally exact’. It is easy to check that the converse is globally
true: every exact form is closed. So, the central postulate of symplectic mechanics is in fact
equivalent to the statement: if the vector field X describes a possible dynamical evolution, then
txw s locally exact:

txw=dH (142)

meaning that this equation holds in some neighbourhood of a point, and where the smooth
function H is unique up to the addition of a constant function. A vector field X on (M,w) that
satisfies Equation (142) is called a Hamiltonian vector field, and is said to be ‘locally generated’

0The exterior derivative d is the unique local linear mapping from k-forms to (k -+ 1)-forms of M such that (i)
if f is a smooth function, then df is its differential; (ii) d satisfies the product rule d(a A 8) = da A (—=1)*a A dS
(where « is a k-form); and (iii) d®> = 0 (cf. Marsden and Ratiu 2010, Prop.4.2.4).

" This latter equivalence is an application of Cartan’s ‘magic formula’, £Lxw = dixw + txdw, together with
the fact that the exterior derivative satisfies d* = 0.

12The interior product of a vector and an n-form can be defined as the contraction of the vector into the first
‘slot” of the n-form; in abstract index notation, it would be written X “wq,. For a reference, see Marsden and
Ratiu (2010, Section 2.4).
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by the Hamiltonian H, the value of which is invariant along X. Equation (142) is often called
the ‘coordinate-free’ form of Hamilton’s equations.

The second step reveals why this is so: an elementary argument shows how, if w is a
symplectic form on a 2n-dimensional manifold M, then every point p € M admits a neigh-
bourhood in which w can be expressed in terms of some coordinate system (q,p) (called local

Darbouz coordinates) as,
-1
W= (11 ) (143)

(Marsden and Ratiu 2010, Theorem 5.1.2). That is: w swaps the groups of gs and ps, but it
otherwise acts as the identity on the ‘g; entries’ of a vector, and as the negative identity on

the ‘p; entries’. Now: writing the vector field X along one of its integral curves (q(t), p(t)) as

oH OH
9q1°" " "’ Opn

conclude that Equation (142) is just the familiar form of Hamilton’s equations — it is just
Equation (141) in disguise!

This exercise also provides some physical intuition into how to view the symplectic form.
For example, recall that a (anti-clockwise) rotation matrix in two dimensions can be written,

Ry = (0059 —sm9> (144)

sinf cosf

X = (%ql(t), e %pn(t)), and writing our one-form as dH = ( , we immediately

Comparing this to the matrix expression of w for n = 2 in Equation (143) when dim M = 2,
one finds that the symplectic form is just a rotation through 7/2, and so the inverse of the
symplectic form is a rotation through —m /2. Since dH is the differential of H, we can view this
matrix as ‘rotating’ dH through —7/2 into a level surface of h. This just repeats what we have
already seen in more technical terms above: a Hamiltonian vector field X is one along which
the Hamiltonian h (or ‘energy’) is conserved.

A yet more general interpretation of w is in terms of areas. Viewing two vectors
(u,v), (u',v") € R? at a point as defining a parallelogram, the matrix w returns the area of
the parallelogram, (u,v)w(u’,v")T = uv’ — v'v, as shown in Figure 1. The sign of the area is
positive if the anti-clockwise rotation from (u,v) to (u/,v’) is less than 7, and negative if it is
greater. This generalises to arbitrary dimensions: for a pair of vectors (u,v and (u’,v’), the
symplectic form w returns the sum of the signed areas of each parallelogram, ;" | u;v; — vju;.

Figure 1: The symplectic form returns the signed area of a parallelogram.
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3.6 Linear solution spaces

As announced in the preamble to this Section (Section 3), we end with two Subsections about
linear systems (again in the Hamiltonian framework). This subsection covers generalities; the
next discusses the harmonic oscillator—and briefly, linear fields.

Looking back after this review of symplectic mechanics ... It clearly helps us to fix
on the essential structures that we wish to somehow quantize. But there is the difficulty that
our classical system has a real manifold M with a symplectic form, but no linear structure:
there is no non-conventional way to ‘add’ two distinct points in M. And yet, to quantize, we
must somehow pass to a complex vector space. Section 2 shows how, if only we had a linear
symplectic manifold — a symplectic manifold M that is also a real vector space — then our path
forward would be obvious: choose a complex structure J! More precisely: we should choose a
complex structure that preserves and tames the symplectic form, and thereby complexify the
real vector space and define a Hilbert space; (recall Section 2.3). (As noted in Section 2.4, we
need to beware that such a complex structure J is not unique.)

So we now specialize to this “happy” case. Indeed, there are two aspects here, about
(i) kinematics, i.e. the structure of the state space, and (ii) dynamics, i.e. equations of motion.
We will assume that :

1. M is a symplectic vector space, as discussed in detail in (3) (especially its last part (5))
of Section 3.1; and

2. the equations of motion preserve the linear structure of states: which will be a matter of
the Hamiltonian being quadratic (or constant) in the ¢; and p;.

For various reasons, this restriction is less limiting than it might first seem. We can already
state two reasons.

(A): In a classical theory of fields, configurations superpose: think of the interference,
i.e. superposition, of water waves, electromagnetic waves etc. Thus we can hope our discussion
will apply to infinite-dimensional linear configuration manifolds (and their cotangent bundles).
This comment is about Condition 1. But also classical field theories often use linear wave
equations, i.e. equations of motion that preserve the sum-structure of solutions (“the waves do
not interact, they just add together”); illustrating Condition 2.

(B): Condition 2 means that, strictly speaking, the only finite-dimensional systems we
will examine will be sets of coupled harmonic oscillators. But this is not so limiting: as the
practised physicist knows, nearly everything can be modelled as a set of coupled harmonic os-
cillators! And indeed, the reason for this lies in the fact that if the Hamiltonian is quadratic in
momentum, to which is added a potential V(q) that is analytic, then the second-order approxi-
mation of its Taylor series is a harmonic oscillator. That is: we are second-order approximating
a potential that is ‘locally defined’ (in the sense that its values everywhere are determined by
its derivatives at a single point). Indeed, in even more elementary terms: since the force on a
classical particle in a potential V is —VV, the simplest, but not spatially constant, form for
the force is that it should be linear in displacement—and such a form is given by a quadratic
V. Besides, the usual “small oscillations”, or “normal coordinates” analysis (diagonalizing the
real symmetric matrix of the second partial derivatives of V') can be applied so as to describe
a system of coupled oscillators as a set of independent, i.e. uncoupled, harmonic oscillators.

In the rest of this subsection, we make three comments. The first is about Condition 2,
the second about Condition 2, and the third is about both Conditions (and combines the first
two comments). All three commentsdraw on ideas in preceding Subsections; they are elemen-
tary but underpin what follows.
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(1): From symplectic manifold to symplectic vector space:—

We recall that a real vector space V is itself a manifold in a trivial way: it has a global coordinate
chart, and the tangent space T,V at each point & € V is just (isomorphic to) V. So suppose
we are given V as: both a symplectic manifold (V,w), as defined (most officially!) at the start
of (3) of Section 3.4; and also as a vector space. Then (cf. (3) (especially its last part (5)) of
Section 3.1) we infer that V is even dimensional, with dimension 2n say; and we can write its
points suggestively as pairs (¢,p) = (¢*,...,¢",p1,...,pn). Then we can view the symplectic
form w as a map on the vector space itself. Let us write it as €, following eq. 17 and 104. That
is: we have a bilinear map €2 : V x V — R that is skew-symmetric and non-degenerate—not
any longer on pairs of tangent space vectors to the manifold V' but—on pairs of points (¢, p) in
V. In short, we have a symplectic vector space.

(2): Quadratic Hamiltonians:—

We now spell out Condition 2: i.e. how a Hamiltonian being quadratic implies that time-
evolution preserves linear structure. So let the phase space I' be a vector space with global
coordinates (q,p). As in (1) of Section 3.1, we write £%, with « running form 1 to 2n: cf. Eq.
53.

We now define a linear system as one in which the Hamiltonian is a quadratic form H,g
in the ¢s. That is: the energy = H = (£*)T[H,3¢P]. Then taking partial derivatives of the
energy H with respect to any &% (holding all other £ constant of course) will give: a linear
combination of the various &7, i.e. a linear combination with constant coefficients. Call it aa&®
(with summation convention).Then VH is the column of these partial derivatives. Multiplying
V H by the symplectic matrix (cf. e.g. eq. 57 or 58) keeps it a linear combination: (for one just
flips gs and ps, and adds a — sign!). So the Hamiltonian vector field is a linear combination of
the various &” with constant coefficients. Call it b,&® (with summation convention)

So at each point £ = (¢,p) € T, the infinitesimal flow is: b,£%. Then it is trivial that
the time-evolution preserves the linear structure of solutions. For take two points: £ = (q1,p1)
and & = (g2,p2). At the sum-state got by superposing these states, 1492 := (¢1 + g2, p1 + D2),
the infinitesimal flow is by definition: bo&{" 5. But this is: 0o (£f 4 £5): and since the b, are
just numbers this is: by () + ba(£5).

In short: The sum of two instantaneous states has as its infinitesimal Hamiltonian flow
(tangent vector in phase space) the sum of the two states’ individual Hamiltonian flows (tangent
vectors).

(3): A symplectic structure on the set of solutions:—

We recall from (1) at the end of (4) of Section 3.4 that a vector field X on a symplectic manifold
M preserves the symplectic form iff it is Hamiltonian i.e. induced by a scalar field f : M—R
ie. X = X;p = wu(df). This means that if M is a symplectic vector space V, as we are
now assuming, then time-evolution under any Hamiltonian f (not necessarily a quadratic one)
preserves the symplectic product. That is: given any two points (¢, p), (¢, p") € V, the value of
Q((q,p), (¢',p')) is invariant along a solution to Hamilton’s equations (because the symplectic
form is invariant along it):

Q((q(t),p(t)), (d'(t),7'())) = constant. (145)

This means that it is possible to define the symplectic structure 2 not just on points in V', but
on the set of entire solutions & to Hamilton’s equations. Besides, Conditions 1-2 imply this set
of solutions S is a vector space: it is closed under taking linear combinations. (Here, we are
using Condition 2: the Hamiltonian being quadratic.) Thus it follows that (S, §2) is a symplectic
vector space. This structure will be the focus of our attention in the theory of quantization.
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3.7 Example: The simple (classical) harmonic oscillator

Let’s step down from the level of abstraction just described, and remind ourselves about the
simple harmonic oscillator in one dimension. Let the phase space M = R? be written in global
Cartesian coordinates (q,p) and viewed as a vector space, written V' above. The symplectic
form on the vectors at a point is w = (1 ’1), which gives rise to Hamilton’s equations in their
standard form. The Hamiltonian for the harmonic oscillator is the familiar one (now writing v
for the frequency, since w represents the symplectic form):

H(q,p) = 3p° + 1°¢? (146)

for some non-zero v € R.
Plugging this in to Hamilton’s equations we find that (d/dt)q(t) = p and (d/dt)p(t) =
—12q. Solutions to these equations are easily checked to have the form,

q(t) = acosvt + bsinvt (147)
p(t) = vbcosvt — vasinvt

for some a,b € R. That is, each solution is associated with a pair of constants (a,b) € R?. One
can now quickly confirm that the space S of solutions forms a vector space: given the solution
of Equation (147) with constants (a,b) and another solution with constants (a’,?’), their sum
is obviously also a solution.

We can define Q in terms of w to get a symplectic structure Q((q, p), (¢,2')) == qp’ —¢'p
on the vector space M or V. Its values do not change over time. So with S as the solution
space for the simple harmonic oscillator: (S,€) is a symplectic vector space.

4  One-particle structures and Fock space

This Section states the two core ideas of the Segal quantization of a linear classical system.
First: there is a map K from the solution space of the classical system to a Hilbert space. K
is required to satisfy conditions that combine the ideas of complex structures (Section 2) and
symplectic structures (Section 3), in such a way that the Hilbert space is determined. Besides, it
is determined as having a unitary dynamics that is the “unitary cousin” of the classical system’s
dynamics. K, or the Hilbert space to which it leads, is called a one-particle structure. Second:
there is the usual Fock space construction, which will be applied to the one-particle structure’s
Hilbert space (i.e. after the first idea has been implemented). So here, the phrase ‘one-particle’
signals that the Hilbert space is the first (non-zero, i.e. non-vacuum) summand of the usual
Fock space sum of ever larger tensor powers.

As we announced in the Preamble to this document: we will see this illustrated for the
harmonic oscillator (in one spatial dimension). Starting with classical harmonic oscillator, the
first idea delivers us as the quantum state space—mnot the familiar quantum harmonic oscillator,
with (in one spatial dimension) Hilbert space L?(R)!—but ‘merely’ the world’s simplest complex
Hilbert space, viz. C i.e. the complex plane. To get the familiar quantum harmonic oscillator,
i.e. L?(R) (equipped with the quantum harmonic oscillator Hamiltonian), we need to take the
Fock space built from €. That Fock space will “be” (i.e. be a Hilbert space isomorphic to)
L*(R). So we will in effect factorize the usual understanding of canonical quantization—viz.
(for the 1-dimensional harmonic oscillator) “replace the two-dimensional classical phase space
R? > (q,p), with L?(R), i.e. L? functions on the configuration space R—into: first, build a
1-particle structure; second, build the Fock space.

The plan is as follows. First, we orient ourselves to Fock space, i.e. variable particle
number, with general remarks about ‘particle’ and ‘field’ (Section 4.1). Then we review the
idea of a one-particle structure in Section 4.2. Then Section 4.3 illustrates it with the simple

40

{sHo}

{eq:sho}

{eq:classics

{1ps}



harmonic oscillator in one spatial dimension: getting as the Hilbert space “just” C i.e. the
complex plane. Then we move to the “second step”. We present the free bosonic field on any
one-particle structure, in Section 4.4. We illustrate this with the harmonic oscillator, in Section
4.5. We are then in a position to remark en passant on an instance of the Stone-von Neumann
theorem: roughly speaking, that finite systems have a unique quantization. (Details in Section
6.) Thus we describe in Section 4.6 how by changing the frequency of the harmonic oscillator,
we can write down an apparently different quantization. But it is in fact unitarily equivalent
to the first one.

4.1 ‘Particle’ and ‘field’

First, the plan just announced prompts a couple of warning remarks about the word ‘quantiza-
tion’.

(1): Beware: You might think that the one particle structure is about ‘first quantization’,
with the Fock space construction being ‘second quantization’. But that is not quite right, for
three reasons. .

(1a): As just noted, what the one particle structure delivers us for a standard
case, viz. the harmonic oscillator, is not the system that is usually called the ‘first quantized’
system. .

(1b): The classical linear system with which we begin can be infinite-dimensional,
e.g. the solution space of a linear wave equation. So to the extent that ‘second quantization’
means just ‘quantization of a field’ (as it does for some people): in such a case, the construction
of the one particle structure is ‘second (i.e. field) quantization’. .

(1c): (Like (1b) but “in the other direction”): in the two-step quantization of
the harmonic oscillator, the eventual Fock space is the state-space of a finite quantum system,
viz. the state-space L?(R). So the second step can hardly be called ‘field quantization’. .

(2): Beware: Some books say: a): first quantization is about particles behaving like
waves; (b) Second quantization is about waves behaving like particles (e.g. Blundell and Lan-
caster Quantum field theory for the Gifted Amateur, p. 20). We have no quarrel with (a). After
all: think of deBroglie (1924), Schroedinger’s December 1925 fundamental idea, to replace the
classical Hamiltonian state space T*Q for a finite classical system with configuration space @, by
L?(Q); and at the experimental level: electron diffraction, and the two-slit experiment. But (b)
is wrong, or at least misleading. For it suggests we need an infinite classical system (“waves”),
or a Fock space construction, in order that a quantum theory (or a quantization) yield us parti-
cle like features such as: (i) an operator whose spectrum is the non-negative integers, i.e. what
we can call a number operator N ; (ii) a position operator, so that we can talk about localiza-
tion. But we don’t! We have (ii) in elementary wave mechanics (Schroedinger picture/position
representation). And as to (i) any orthobasis of any denumerable-dimensional Hilbert space
can of course have the non-negative integers attached to its elements as eigenvalues, and ladder
operators defined with respect to that basis. (And if you demand also that these eigenvalues
count energy, then again ... the simple harmonic oscillator is a finite system that delivers (i).)

More positively, we will see that our discussion does bear on, indeed illuminate, the
particle-wave duality (or better: particle-field duality). Spoiler alert: not in a revolutionary
way! Two specific examples are:—

(1): The recovery of the “fieldy-wavy” state-space L?(R) for the quantum har-
monic oscillator from the “particle-ish” Fock space which “counts excitations” will proceed by
the “time-honoured” (i.e. historically significant) “equivalence” of matrix mechanics with wave
mechanics”: that is, the Hilbert space isomorphism from [?(N) to L?(R). (By the way: the
equivalence is conceptually, and historically subtler than the textbooks suggest. Cf. F. Muller,
The Equivalence Myth, Studies in History and Philosophy of Modern Physics 1995.)
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(2): A deeper example lies in the unitary equivalence of:

(i) a particle (Fock-space- or number-operator-based) “way of thinking”
of a quantum field theory; (in effect: the quantities in the commutant of the number operator);
and:

(ii) a field or wave way of thinking; (in effect: the quantities in the com-

mutant of the field operator).
This unitary equivalence is made precise and proven for free bosonic fields, that are obtained by
complexifyig the solution space of a classical linear system, in Theorem 1.10 of Baez et al (1992:
p. 49, and Section 1.8, 1.9). (Schweber (1962, Chapter 7d and 7e is a heuristic discussion of
this equivalence.). Cf. Section 4.4 below: which will define properly what Baez et al call the
particle and real wave pictures (or representations). They also discuss coherent states, calling
them the complez wave picture/representation.

In the rest of this Subsection, we give a general discussion of ‘particle’ and ‘field’. There
are two overall themes.

(A): The first (and longer) theme will to beware of a false dichotomy between particle
and field, in quantum field theory. For the basic object (individual, “thing”) in such a theory
is the quantum system itself: which behaves in some regards (especially: in some states) like a
particle or a collection of them, and in other regards or states like a field.

(B): The second theme will be that, after all, fields are primary in that the system is
defined by an operator-valued field on space or spacetime, i.e. an assignment to each point of
space or spacetime of a linear operator on a Hilbert space (whose vectors and density matrices
then give states)—and this is a quantum analogue of, for example, the electric field assigning
to each point of space or spacetime an electric field vector.

(A): Beware of a false dichotomy— What, after all, do we mean by ‘particle’ and
‘field’? Clearly, the concepts get changed as we pass from classical physics, to elementary (‘first
quantized’) quantum theory, to quantum field theory. So interpreting these theories, especially
the last, is in part a matter of plotting those changes. And even the most cursory attempt to do
that shows there are many different particle-like, and many different field-like, attributes that
one can consider; as follows.

We might list, as attributes of classical particles that quantum particles lack in elemen-
tary quantum theory: a continuous spacetime trajectory, impenetrability. We can similarly list
new attributes of quantum particles: the Fourier-transformation between position and momen-
tum, quantum statistics. In the transition to quantum field theory, definiteness and conservation
of particle number go; creation and annihilation come in.

Turning to fields, we might list, as attributes of classical fields that the wave- functions
of elementary quantum theory lack: energy-momentum, being real. Yet a wave-function is like a
classical field in that it represents the state (‘configuration’) of the system concerned, albeit in a
mathematically particular representation, namely the position representation; instantaneously
or throughout time, depending on one’s definitions of wave-function and field. (Here, and
in what follows, we use ‘representation’ to mean an orthonormal basis of state-vectors.) In
quantum field theory, this attribute goes: the state of the system is not represented by the
quantum field, i.e. by the assignment of operators to each (spatial or spacetime) point. The
state is represented, as always in quantum theories, by a state-vector.

With this great variety of attributes (and no doubt more) to be considered, and related
to one another, there is certainly plenty to do in plotting the changes in the two notions of
particle and field. But this variety should also make one wary of loose talk about a conflict
between particle and field interpretations of quantum field theory. There is probably no essence
in each of these two notions, one essence contradicting the other, allowing one to then try and
judge which has the upper hand in interpreting quantum field theory.
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This point is supported by a long-standing (and apparently ‘essentialist’) proposal for
how to understand ‘particle’” within quantum field theory: namely that a quantity is ‘particle-
like’ iff it commutes with all particle number operators (is in the commutants of all the number
operators). This proposal is certainly attractive: for instance, it makes position, momentum and
spin particle-like. It also suggests that we call a representation that diagonalizes these number
operators ‘a particle representation’. Such a representation will then be invaluable for describing
phenomena in which particle-like quantities are important. Typically, the phenomenon will
involve simultaneous eigenstates of number and some particle-like quantity, and we then choose
the representation by simultaneously diagonalizing number and that quantity. The paradigm
case is of course scattering theory’s use of eigenstates of number and momentum.

But of course, there are other (mutually non-commuting) representations, or more gener-
ally sets of states, that are invaluable for describing different phenomena, where other quantities,
not number, are important (in particular: definite in value). There is the field-operator itself;
and related quantities like phase and associated ideas like coherent states; both of which are
invaluable for the quantum description of the electromagnetic field; (cf. e.g. Loudon (1973,
Chapter 7)). Besides, since as we noted there are various connotations of ‘field’; there need
be no unique best choice amongst these non-commuting representations (sets of states), for a
corresponding definition of ‘field-like quantity’ and ‘field representation’™—.

Whether or not there is such a choice, the important point is this: it is wrong to ask
which of particle and field has the upper hand in interpreting quantum field theory. For the
individual described by the theory is the underlying quantum system, with its Hilbert space of
states. ‘Particle’ and ‘field’ are now both matters of a representation, of a selected set of states.
The glory of quantum field theory is that it allows and uses all these representations, variously
appropriate for describing particle-like or field-like phenomena—where the ‘like’ signals due al-
lowance for ambiguities and changes in the concepts, as sketchily plotted above. Surely this is
what Dirac (taciturn as always) meant by his brief remark that his quantization of the elec-
tromagnetic field gave ‘a complete harmony between the wave and light-quantum descriptions’;
(Dirac ‘The Quantum Theory of the Emission and Absorption of Radiation’; Proceedings of the
Royal Society of London A 114 (1927), 243-265, see p. 245.)

(B): ... And yet....— Fields are primary in that the system has infinitely many degrees
of freedom, and is defined by an operator-valued field on space or spacetime. More precisely:
its algebra of quantities is generated by an assignment to each point (or allowing for smearing:
to each small region ) of space or spacetime, of a linear operator, or a set of linear operators,
on a Hilbert space: whose vectors and density matrices then give states of the system. (We will
see this in more detail for algebraic quantum field theory.) So this is a quantum analogue of, for
example, the classical electric field assigning to each point of space or spacetime an electric field
vector—though with the difference, mentioned in (A) above, that classically this assignment is
a state of the field concerned (or part of the state, since time derivatives may also be needed
to get sufficient initial data); while here the assignment presents only the system, not a specific
state..

There is a further point here, that is well made by Wald (1994, p. 2-6)—and we believe
that he speaks for the majority of physicists. Wald notes that a curved spacetime lacks the
symmetries of a flat spacetime (Galilean or Poincaré) that underpin the construction of a repre-
sentation of the canonical commutation relations, and its uniqueness up to unitary equivalence
(the Stone-von Neumann theorem)—so that we must consider various representations. The
benefit of the algebraic approach (which he advocates) is that it allows one to consider all these
representations on an equal footing. This reinforces the idea that fields that are primary, and
that particle notions are derived, and often approximate or phenomenological. (Of course, this
is not to deny the interest of foundational studies of eg rival schemes for localization within
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quantum field theory: cf. for example, Halvorson (2001), which uses one particle structures and
the Fock spaces built from them.)

4.2 The general idea of one-particle structure

We consider a symplectic vector space (V,w) (aka: (M,w)), and we fix a dynamics by deter-
mining a Hamiltonian vector field X, generated by h : V. — R. We also write D; (‘d’ for
dynamics) for this vector field; and we write ®; for the one-parameter group of motions (i.e.
symplectomorphisms) generated by X;, = Dy, i.e. the motions along the integral curves of X,.
This set of integral curves is the ‘solution space’ S for this system. Given Conditions 1-2 of the
previous section, § is itself a vector space, and has an associated symplectic form €2 determined
by w. Thus we begin with the triple, (S, 2, ®;). We also write elements of V and of S as z, to
signal the symplectic structure.

We now find the corresponding quantum system by “Hilbertizing” S and “unitarizing”
Dy. This will give a single-particle Hilbert space, called a one-particle structure, (H, (-,-), U(t)):
i.e. a Hilbert space equipped with an inner product and a one-parameter family of unitaries,
representing the quantum dynamical evolution. Note that the quantization assumes a classical
dynamics Dy, and yields a quantum (unitarized) “cousin” of it. We recall that this was prefigured
in Section 2.4’s discussion of the complex structure being non-unique and as encoding aspects
of dynamics. After all, S is a vector space over the reals; and so our quantization, in order to
make sense of complex multiplication of the elements of S, needs a complex structure J : S — S.
Recall Section 2.2!

In addition to a complex structure J, the key ingredient in the quantization—in the
relationship between the one-particle structure and our original symplectic vector space—is a
map K : § — H subject to the conditions that:

(i) ran(K) is dense in H;
(ii) 29m(K z1, Kz9) = Q(21, 22);

(iii) U(t)K = K®,, where U(t) = e~ and A is a positive operator. (We write A not H to
avoid suggesting that A must be the ‘true’ quantum Hamiltonian.) So K intertwines the
classical and quantum dynamics.

This definition goes back to Segal (1959-1963) and Weinless (1969). We said ‘amap K : § — H
such that ...”. But in fact, if a map K exists, it is unique up to unitary equivalence; see Kay
(1979) (which is short and almost readable!).

We now discuss how a suitable complex structure J, and a K satisfying conditions (i)
to (iii), yield #; in four steps. (A): First, we assume that the complex structure J (so that
J? = —1; cf. Section 2.2.A) satisfies two conditions:

(a) J is a symplectomorphism; i.e. Q(Jz1, Jz2) = Q(z1, 22); (compatibility with Q: cf. Section
2.3.A); it follows that [J, ®¢] = 0, i.e. J is equivariant under the classical dynamics.

(b) Q(z,Jz) >0, for all z # 0 (‘taming’: cf. Section 2.3.A).

(B): Then we can define complex scalar multiplication in the range of the map K by
saying: for any a,b € R and any z € S:

(a +1ib)K(z) := K(az) + K(bJz). (148)
We may then write (iii) in infinitesimal form to derive a “Schrédinger equation”

AK(2) = iKDy(2) = KJDy(2). (149)
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(In some cases, K will be the embedding map, i.e. K(z) = z: which simplifies this equation to
Az = JDyz.)

(C): Given this J, we may also follow the definitions in Section 2.3. First, we define a
complex inner product on (5,Q, &, J):

1 1.
<2’1, 22>5 = 59(21, JZQ) + 51(2(2’1, ZQ), (150)

Here we recall: from Section 2.3.B: the definition of the complex-linear but real-valued symmetric
bilinear form g; on the complex vector space Vj by eq. 43. It was (now reverting to lower-case
w):

g9s(u,v) = w(u, Jv) . (151)

And we recall from Section 2.3.C: the definition of the sesquilinear, complex-valued function on
V x V, i.e. complex inner product, in terms of g; and w, by eq. 45. It was

(u,v) = (u, V), g = gs(u,v) +iw(u,v) . (152)

(D): We now define an inner product on the range K|[S] of K, by demanding that
(Kz1,Kz) = (z1,22)s on K[S]. Then the definition eq. 150 guarantees condition (ii) on
K. By completing K[S] in the norm induced by this inner product (if required)—and so
guaranteeing condition (i) on K—we obtain H.

4.3 Example: the simple harmonic oscillator

Perhaps surprisingly, the above strategy works—and in a very simple way—for (S, 2, ®;) taken
as the theory of the classical simple harmonic oscillator. K will map points (¢, p) € R? to points
in C—with a slight “squeeze and-or stretch” We will see that this yields a single-particle Hilbert
space with unitary dynamics.

Recall that for the simple harmonic oscillator, S = R? 3 (¢, p), Q is defined as usual,

i.e.
Q((q1,p1), (g2, p2)) = q1p2 — gap1, (153)
and &, is generated by the Hamiltonian
1 1
H= %pz + imw2q2. (154)
Hamilton’s equations yield
. OH p ) O0H
q= Gip = E; b= _aiq = _mwzq; (155)
and so § 4+ w?q = 0. Solutions take the form
1 . A , .
q= 5 (aeflwt + a*ezwt) ’ p=—i % (aefzwt . a*ezwt) ’ (156)

which defines trajectories in the phase space which are ellipses centred at (0,0). (The reason for
our choice of constants will be clear soon.) These trajectories already look almost like unitary
evolution in C; i.e. circular motion centred at (0,0). Heuristically, we need to rescale ¢ and p
to send these ellipses to circles: suggesting that we define K as mapping points (g, p) € R? to
points in C—with an appropriate “squeeze and-or stretch”.

One way of doing so is to define the map K : R? — C by

mw (3

K(q,p) = oIt G = E(ap)- (157)
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Solutions in C are then defined by K(q(t),p(t)) = ae~™!. This of course suggests that the
quantum Hamiltonian be taken as A := w; and that we define the complex structure J as “the
usual flip ¢ and p and add a minus sign, but with rescaling”:

p
J(q,p) = <_M’qu) ; (158)
for then we have
IDa,p) = J(@,9) = J (£, —mw?q) = (wg,wp) = w(a,p), (159)

which is the classical counterpart of our “Schrodinger equation” in S.
It is interesting to note that if we define the “positive frequency” component of (¢(t), p(t)):

1 1 1

(+) = v _ ae—iwt_
90 = 5 (a4 2p0) = e (160)
PO = = (plt) = imesg(t)) = =iy = i (1) (161)

then
J(aD@.090) = 7 (1, =imw) gD (@) = (mw) ¢ 0) =i (¢D0.pD0): (162)

i.e., J acts as multiplication by ¢; while for the “negative frequency” component:

@) = () = —pt)) = et
0 = s (60 a0 = e (163)
p) = \}5 (p(t) + imwq(t)) = iv/mwa*e™ = imwq ) (t); (164)

we have
J (Q(—)(t),p(—)(t)) = J(1,imw) ¢(t) = (—i,mw) ¢ (t) = —i (q(‘)(t),p(_)(t)> ;o (165)

i.e., J acts as multiplication by —i. This a toy analogue of the solution to the “negative energy
problem” in quantum field theory: for negative-frequency solutions, the complex structure has
the opposite sign, allowing for positive-energy solutions in all cases.

Our inner product in S is given by

(o). (@ps = 52 (am), Ta2p) + 519 (a,p), (a2, p2) (166)
= %Q ((Q1,P1)a <—%,WWQ2>> + %ZQ ((q1,71), (q2,p2))  (167)
= ]297155) + %mWQMZ + % (@1p2 — g2p1) (168)
= ( %ql — ;mwpl) < %@ + \/2;7}]92) (169)
= K(q1,p1)"K(g2,p2), (170)

so our inner product in C is just

(&1,&2) = & (171)

This elegant form for the inner product is a consequence of our particular choice of the map K.
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4.4 The free bosonic field on any one-particle structure: the idea

In this Section, we present the idea of Fock space in a mathematical way. Similar presentations
are in e.g. Baez et al.(1992, Sections 1.8, 1.9), Araki (1993, Section 3.5), Folland (2008, Section
4.5), and De Faria and De Melo. More physics-oriented presentations include e.g.: Schweber,
Introduction to Relativistic Quantum Field Theory (1961, Chapters 6 and 7), Loudon, The
Quantum Theory of Light (1973: Chapters 6 and 7), Itzykson and Zuber, Quantum Field Theory
(1987, Section 3.1), Coleman Lectures on Quantum Field Theory (2019, Chapters 2,3,4).

Once we have our one-particle system (#, (-, -, ), U(t)), we may define the free boson field
over it. This quantum theory will provide a representation of our Weyl algebra. (The following

prescription is unique, up to unitary equivalence; see Baez et al 1992, pp. 49-56, Theorem 1.10.)
The free boson field over H is the system (§4(#H), W,T',v) where

§ (1) = DS (2"7) (172)
n=0

is the Hilbert space of all symmetric tensors on H, and for any linear operator @ € B(H),

NQ)=10Q9QeQ) o QeQXQ) ®...|5 my- (173)

We assume a strongly continuous one-parameter family U(t) of unitaries on #, which is gen-
erated by some self-adjoint operator A. The corresponding family I'(U(t)), is generated by a
self-adjoint operator which we call dT'(A). It satisfies

D(U(t)) = () = ¢l 4) (174)
and
dL(A) =00 A (AL +1RA) & .. [z, 3 (175)

Finally, the vacuum state v is defined by
vr=140006... (176)

Note that it then satisfies
LU @)y =v. (177)

The free bosonic field (F4+(H), W, T',v) provides a representation for the Weyl algebra
as follows. We need to define, for every £ € H, creation and annihilation operators af(¢), a(¢);
F+(H) is the closed linear span of arbitrary combinations of these acting on v. To this end we
define the operators QIN) (&) : @V — @ H and a(n)(§) : @VH — @V for all N € N:

CLIN)(O (1 ®...0¢YN-1) = QY1 ®...® YN (178)
an)(§) (1 @2 ®@...@0YN) = ({1) Y2 ®... QYN
where x1(j) = djx. Now we may define af(€),a(¢) : §+(H) — F+(H) by
af(§) = () @ V25, (©) @ VBSualy(©) @ = (179)
a(f) = 0 ©® a(l)(ﬁ) @ ﬂa(g) (5) @ \/§Q(3)(§> D ...
It may be checked that
[a(é1), a(é)] = [a'(&1),a’(&)] = 0 [a(&1),al(&)] = (&1, &); (180)
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this will be crucial for representing the Weyl algebra. We also have, for any projector P on H,
dr(P) =Y dT(TI(&)) = Y al (&)a(&), (181)
i i

where the & are an orthonormal basis for ran(P) and II(&;) projects onto the ray spanned by

&
We now define the (unbounded) field operators for all z € S:

B(2) := a(K(2)) + al (K(2)), (182)

where K : .S — H is our map from the classical phase space to the single-particle Hilbert space.
It follows from (189) that, for all 21,29 € S in a dense domain,

[@(21), ®(22)] = [a(K(21)), al (K (22))] + [a (K (21)), a(K (22))]
= —2iSm(K(z1), K(z2)) = —iQ(21, 22), (183)

Equation (183) is none other than our Weyl relations in infinitesimal form. The representation
WS — B[F+(H)] of the Weyl algebra is then provided by

W (z) := e'®J2), (184)

The “particle picture”

For any projector P on H, the operator dI'(P) is the particle number operator associated with

P. The total particle number operator is N := dI'(1). Eigenstates of N are states of the field

with definite particle number.

The “real wave picture”

For each z € S, the field operator ®(Jz) is the unique self-adjoint operator which generates

the strongly continuous one-parameter family of unitaries W (tz), where ¢t € R. Eigenstates of

®(Jz) do not, strictly speaking, exist, but ®(.Jz) admits of a spectral decomposition, in analogy

with Q and P in elementary nonrelativistic quantum mechanics.

The “complex wave picture”

Here the relevant operators are the creation and annihilation operators, for any z € S
a'(K(2)) =

(®(z) —i®(J2)); a(K(2)) = = (®(z) +i®(J2)) (185)

DN —
N| =

The relevant “eigenstates” are of a(K(z)) (a misleading term, since a(K(z)) is not a normal
operator). These are coherent states.

Note that there is a natural sense in which the field operator is a function over the
classical phase space S, while the creation and annihilation operators are functions over the
quantum one-particle Hilbert space H.

4.5 Example: the simple harmonic oscillator again

Here we simply apply the above general prescription to the case where H = C, (&1,&2) = &2
and the unitary evolution is generated by the Hamiltonian A = w. Our Fock space is

S+(C):éé‘n(@NC):C@C@C@...:ZQ(N) (186)
n=0

Unitary evolution is governed in this Fock space by

TleT™) =1@e “pe g, . ., (187)
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which is generated by the Hamiltonian
dlMw)=0Gwd2we.... (188)

For each ¢ € C, the creation and annihilation operators af(€),a(¢) : 1?(N) — [2(N) satisfy

[a(&1),a(&)] = [a'(&1),a"(&)] =0;  [a(&),a(&)] = §&; (189)

Since a'(¢) is complex-linear and a(€) is complex-antilinear, we may define a' := af(1),a := a(1),
and then af(¢) = &a' and a(¢) = ¢*a, and [a,a’] = 1. The operator a’a is a number operator—
in fact, the only number operator, up to a complex constant—and it may be checked that
dI'(w) = wala. (Note: no zero-point energy!)

Self-adjoint field operators over S = R? 3 (o, 3) are then defined by

o(J(a,B) = a(KJ(a,B))+a(KJ(e,B))
iK(a, B)a’ —iK(a, B)*a

= —La at) — iy /2 - of
= —o—(a+a) — i/ "a(a—d). (190)

We now recover the familiar self-adjoint operators

Q = @(J(O,—l)):\/;niw(a—l—cﬂ); (191)

P o= @(J(l,g)):—i,/%m—af); (192)

from which we recover the familiar Heisenberg relation [Q, P] = i.

Pause for a moment to consider the identity P = ®(J(1,0)). Recall that ®(J-) is a
function from the classical phase space S to (unbounded) operators on the “field” Hilbert space
§+(H). But remember that elements of S are “really” proxies for vectors which determine
vector fields over S. (We are lucky enough that S is a symplectic vector space, so this use of
proxies is possible.) The vector (1,0) determines the vector field a%, i.e. translations in the
position g. We know that these translations are generated by momentum, so it is fitting that
P = ®(J(1,0)). Similarly, the vector (0,—1) determines the vector field —8%, i.e. negative
translations in the momentum p, which we know are generated by position; so it is fitting that
Q = ®(J(0,—1)). Quite generally, the self-adjoint operator ®(Jz) is the quantum observable
corresponding to the classical generator of phase space translations in the direction z. This
identification will be important in identifying the local field operators for the quantum field, in
the successor document ...

We may also express the a,al in terms of Q and P:

a= ?<Q+n;P>; aTZ\/W;w<Q—ijP>; (193)

allowing us to similarly re-express the field operators, for any (a, 3) € R?:

B
O(J =0 — =aP — pQ. 194
(0.8 = (=2 ) =ap - 5Q (194
In terms of  and P, the (normal-ordered!) Hamiltonian for the bosonic field is
2 ' ' 1 1 1
dl'(w) = wa'a 5 (Q o Q+ o o —+ 5w Q W (195)
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The “particle picture”

There is only one non-zero projector on C, and the operator dI'(1) is the total particle number
operator N = ala. Eigenstates of N are states of the field with definite particle number.

The “real wave picture”

Eigenstates of ®(J(«, 5)) = aP — fQ do not, strictly speaking exist, but it is familiar that we
may define spectral resolutions for @) and P.

The “complex wave picture”

The annihilation operator, for any a has the “eigenstates”

1€) 1= e 316l et O = 316 gty (196)

for any ¢ € C, using the complex-linearity of af. We have that a|¢) = e 28 geta’y =
o3l (eg‘ﬁa + §e§‘ﬂ> v = e 2lPefa’y = ¢|¢). The most familiar coherent state is |0) = v
(i.e. when £ = 0), the “Fock space vacuum”, which yields probability distributions in both @
and P that are gaussians centred at zero. And in general it may be checked that

W (2)]0) := 2|0y = |K(2)). (197)

The state |K(z)) yields probability distributions in  and P that are both gaussians, centred
at o and (3 respectively, where z = («, ). These states are crucial to defining the classical limit
of the theory: specifically, as i — 0, the behaviour of |K(z)) approaches that of the classical
state z.

4.6 (Apparently) rival quantizations

The story just given for the simple harmonic oscillator may be run again, this time starting
with a classical system with a different Hamiltonian:
Hy= 1021 Lnuze? (198)
2m PR
(Set w1 = w, etc. in the above discussion.) The new classical dynamics induced by this new
Hamiltonian results in a different map K> : R? — C, different complex structure J» and different
quantum Hamiltonian Ay = wy. A shortcut to the new “bosonic field” is to transform

Qe J2Q: P /2P (199)
w1 w9

This gives rise to new creation and annihilation operators ag, as, related to the previous ones
a];(: a'),ai(= a) by

1 wo w1 1 w2 w1\ ¢
- (/24 /2 Sl (Y e S fut ) A 200
a2 2 < w1 + wz) a1+ 2 ( w1 wz> o (200)
1 w w 1 w w
t ) % w2 JWi\ ¢
= = —= - — - —= — . 201
a2 2( w1 UJ2>a1+2< w1+ UJ2>a1 (0)

It follows from these relations that the vacuum for A = wy is not the vacuum for A = wo;
specifically,
(w1 — wa)?

202
4(.«.)1(4.)2 ( )

(v1, Novy) = <V17a£a2yl> =

We know from the Stone-von Neumann theorem that, since the w; representation and
the wo representation both provide a representation of the Weyl algebra over R?, they must be
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unitarily equivalent. In fact, the equations (200) & (201) specify the unitary which intertwines
them.
In the position representation, the unitary transformation between the two representa-

tions is implemented by
1
I
() (”) " ( “%) . (203)
w1 w1

5 “Unitarization”: complex structures, metrics, and the 2-out-of-3 property

“Unitarization” of linear Hamiltonian systems appeals to the “2-out-of-3” property of the group
U(n) of unitary transformations in n complex dimensions:

U(n) = Sp(2n,R) N GL(n,C) N O(2n) (204)

The identity above continues to hold for any two of the three groups on the righthand side:
ie. Sp(2n,R)NGL(n,C) = GL(n,C) N O(2n) = O(2n) N Sp(2n,R) = U(n).

e Sp(2n,R) is the symplectic group in 2n dimensions, the group of automorphisms of the
symplectic vector space (R?*", Q), the linear symplectic transformations, and so is the most
general group of symmetries pertaining to a linear Hamiltonian system. It is the group
of linear transformations A : R?” — R?" which preserve some symplectic product €2,
according to Q(Au, Av) = Q(u,v) for all u,v € R*". The symplectic product € is any
bilinear, alternating and non-degenerate map € : R?" x R?*® — R. If ) is represented as
a matrix €2, so that Q(u,v) = uTQu, then this condition is equivalent to ATQA = Q.
(The bilinearity of €2 is baked in, since it is a matrix; the non-degeneracy of {2 means that
Q! exists; 2's being alternating means that v” Qv = —v” Qu for all u,v € R”, which is
equivalent to 27 = —€.) By means of some similarity transformation the matrix £ may

be brought to the form
1
Q= < 1 ) . (205)

All symplectic matrices A € Sp(2n, R) have unit determinant, which means that they pre-
serve area in the symplectic vector space—the specialisation of preserving the symplectic
form to vector spaces. In the case n = 1 the elements of Sp(2,R) just are all and only the
area-preserving 2 X 2 matrices.

e GL(n,C) is the group of general linear transformations on C”, i.e. the group of all invertible
n X n matrices with complex entries. This group is isomorphic to the group of invertible
2n X 2n matrices A with real entries which commute with some complex structure J :
R2?" — R?", so that AJ = JA. The complex structure J here is some 2n x 2n matrix
such that J? = —1, so that J~! = —J. J allows us to pass from the real vector space R*"
to the complex vector space C", where J takes the role of multiplication by 1.

e O(2n) is the group of orthogonal transformations on R?", which can be thought of as
the group of real 2n x 2n matrices A such that A=! = AT, More generally, given some
positive-definite, symmetric bilinear form M : R?® xR?® — R, O(2n) is the group of linear
transformations A : R?® — R?" such that M (Au, Av) = M (u,v) for all u,v € R®". If M
is represented as a matrix M, so that M (u,v) = u” Mu, then this condition is equivalent
to ATMA = M. (The bilinearity of M is baked in, since it is a matrix; the positive-
definiteness of M means that M has only positive eigenvalues; M’s being symmetric
means that ' Mv = v"Mu for all u,v € R®, which is equivalent to M7 = M.) By
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means of some similarity transformation the matrix M may be brought to the form 1;
then we recover the condition AAT = ATA =1, ie. A~! = AT. The crucial idea is that
the elements of O(2n) preserve the lengths of all vectors in R?" according to some metric,
given by M.

The intersection of any two of these groups generates a subgroup of the third by means
of the identification M (-,-) = Q(-, J-), or M = QJ, with the crucial compatibility requirement
that Q(J-,J-) = Q(-,-), or JTQJ = Q; equivalent to JTMJ = M and M~!1Q = —Q~'M.
It may then be checked that any two of: (i) Q7 = —€; (ii) J~! = —J; and (iii) M? = M
implies the third. For example: M’ = (QJ)T = JTQ" = —J7Q = JTQJ? = QJ = M, where
we use the identification M = Q.J, the property Q7 = —Q, the property J> = —1 and the
compatibility condition JTQJ = €, respectively.

Starting with any linear Hamiltonian system, we are given Sp(2n,R) and € at the
outset. Our goal is U(n). The “2-out-of-3” identity above entails that we can get there so long
as we can find some metric M or some complex structure J obeying the compatibility conditions
(and, if we can find one of these, then we automatically have the other). In other words, if we
can find some natural way to give the symplectic vector space (R?",Q) the structure of a real
inner-product space (R?", M) or the structure of the complex vector space C* = (R?",.J), then
we will end up with the Hilbert space (C™,(-,-)) and its associated group of automorphisms
U(n).

It turns out that the metric M is determined by the classical Hamiltonian so long as
the associated Hamiltonian matrix H is positive-definite (it is already symmetric and bilinear).
This corresponds to the existence of a unique global vacuum at 0 in the symplectic vector
space. The compatibility requirement relies on the dynamics decomposing into normal modes.
For then we can find some invertible symmetric matrix A, diagonalised in the normal-mode
basis, such that [A,H] = [A4,Q] = 0 and such that we can set M = HA~!. It follows that
J=Q 'HA ! and [A4, J] = 0. It turns out that A is proportional to the quantum Hamiltonian
of the resulting quantum theory.

These conditions on A give us a recipe for finding it. For in coordinates such that
Q! = Q7 = —Q (which we can always find) we have (QH)? = QHQH = QAMQAM =
AQMOMA = AQ?A = — A%, We may therefore set A := (—(QH)Q)% Crucial here is that H
is at least positive-semi-definite; otherwise A is not a real matrix. We now rely on the fact that
we can find coordinates in which not only € takes the standard form in which Q! = Q7 = —Q,

but also H takes the form
B
H-= ( c ) (206)

(so that there are no ¢-p cross terms), and where [B,C] = 0. (Usually we expect C' = 1.) In

this case we find that )
A= ( (BC): " ) . (207)
2

It may now be verified that [A, H] = [A, Q] = 0. The metric M then takes the form

1 1
M:<B2C L ) | (208)
B 2(C2

and it may be checked that the compatibility requirement M—1Q = —Q~'M = QM is satilsﬁed.
Crlucial here is that H is not only positive-semi-definite but positive-definite: for, both B2 and
C2 must exist and be invertible; otherwise M is not well defined. The complex structure J

then takes the form L
J:( —Beee ) . (209)
B

(NI
[SIE

o
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In the case B = w?,C = 1, we have

w (7 ) am (L) () ()

We may then define the inner product

() =AM, ) +i90(,0) (211)
where A is some constant. Since (31, 32) has units of action, it seems sensible to set A ~ %
The standard choice is A = % (this will end up yielding the usual ladder operators in the case
of of the s.h.o.).
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