Chapter 11

Observables and States in Tensor
Products of Hilbert Spaces

15 Positive definite kernels and tensor
products of Hilbert spaces

Suppose (€2, %F;), 1 < ¢ < m are sample spaces describing the elementary out-
comes and events concerning 7 different statistical systems in classical proba-
bility. To integrate them into a unified picture under the umbrella of a single
sample space one takes their cartesian product ({2, &) where Q = Q; x x Oy,
F =% x x &, the smallest o-algebra containing all rectangles of the form
FixF,x xFy, Fj € % for each j. Now we wish to search for an analogue of
this description in quantum probability when we have n systems where the events
concerning the j-th system are described by the set P (%) of all projections in
a Hilbert space %j, j=12, ,m. Such an attempt leads us to consider tensor
products of Hilbert spaces. We shall present a somewhat statistically oriented ap-
proach to the definition of tensor products which is at the same time coordinate
free in character. To this end we introduce the notion of a positive definite kernel.

Let & be any set and let K : X x & — C be a map satisfying the following:
ZaiajK<$7;, iE]') Z 0
i,

foraloa; €e C,z; € ¥,i=1,2, ,n. Such a map K is called a positive definite
kernel or simply a kernel on &. We denote by K(%) the set of all such kernels on
.

If ¥ ={1,2, ,n}, akernel on & is just a positive (semi) definite matrix.
If 3C is a Hilbert space the scalar product K (z,y) = (z,y) is a kernel on ¥. If G
is a group and g — U, is a homomorphism from G into the unitary group U(JC)
of a Hilbert space ¥ then K(g,h) = (u,U, 1,u) is a kernel on G for every u in
J€. If p is a state in ¥ then K(X,Y ) = tr pX*Y is a kernel on B(H).

Proposition 15.1:  Let ((as;)), ((bs;)),1 < 4,5 < n be two positive definite
matrices. Then ((a;;b;;)) is positive definite.

Proof: Let A = ((a;j)). Choose any matrix C of order n such that CC* = A. Let
o, , Qs O1, , Bn, be any 27 independent and identically distributed standard
Gaussian (normal) random variables. Write y; = 2 %(aj +1i3;), £ = Cy where y
denotes the column vector with j-th entry 7y;. Then £ is a complex valued Gaussian
random vector satisfying E{ = 0, 6" = CC* = A.

Using the procedure described above select a pair of independent complex
Gaussian random vectors &, 7 such that E¢; = En; = 0, E§,&; = ayy, Eym; = by;
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for 1 S Z,] S n. Let Cj = fj’/]j. Then [ECJ = 0, [EZZCJ = ajjbjj. Thus ((ajjbij))
is the covariance matrix of the complex random vector ¢ and hence positive
definite. [ ]

Corollary 15.2: The space K (%) of all kernels on & is closed under pointwise
multiplication.

Proof: This follows immediately from Proposition 15.1 and the fact that K is
a kernel on & if and only if for any finite set {z;, 2, ,Tpn} C & the matrix
((ai;j)) where a;; = K(z;,x;) is positive definite. [ |

Corollary 15.3: Let &;, 1 < i < n be sets and let K; € K(%;) for each 4. Define
X =% x x ¥, and

K(z,y) =1 Ki(zs,9i), 2= (21, Tn) Y= U1, YUn)
where z;,y; € ;. Then K € K(X).

Proof: Let z(") = (Z1r, Tor, s Znr) € X, 1 < r < m. Putting aﬁs =
K;(z4,x;5) we observe that

K(z.2") = ML aj,.
Since ((at,)), 1 <7, s < m is positive definite for each fixed i the required result

follows from Proposition 15.1. [ ]

Proposition 15.4: Let & be any set and let K € K(&). Then there exists a
(not necessarily separable) Hilbert space € and a map A : & — ¥ satisfying the
following: (i) the set {\(z),z € &} is total in J¢; (i) K(z,y) = (M), A(y)) for
all z,y in X.

If ¥’ is another Hilbert space and X' : ¥ — H' is another map satisfy-
ing (i) and (ii) with %, A replaced by 7', \’ respectively then there is a unitary
isomorphism U : # — ¥’ such that UA(z) = X (z) for all z in &.

Proof: For any finite set F = {1, T2, ,Zpt C X it follows from the argument
in the proof of Proposition 15.1 that there exists a complex Gaussian random
vector (¢, ¢F, ,¢F) such that

ECF¢S = K(ziay), B¢ =0, 1<, j<n.

If G ={z1,22, ,%n,Tpy1} D F then the marginal distribution of (¢&, ,¢%)
derived from that of (¢f, ., ¢S, ¢S, ) is the same as the distribution of ([,

, ¢I). Hence by Kolmogorov’s Consistency Theorem there exists a Gaussian
family {(z,z € €} of complex valued random variables on a probability space
(Q, F, P) such that

E¢, =0, E¢, ¢, = K(z,y) forall z,y € %.

If % is the closed linear span of {(;,z € ¥} in L?*(P) and A(z) = (, then the
first part of the proposition holds.
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To prove the second part consider S = {\(z)|z € ¥}, §' = {N(z)|z € X}
and the map U : A(z) — N(z) from S onto S’. Then U is scalar product
preserving and S and S’ are total in € and ¥’ respectively. By the obvious
generalisation of Proposition 7.2 for not necessarily separable Hilbert spaces, U
extends uniquely to a unitary isomorphism from # onto #'. [ ]

The pair (#, ) determined uniquely up to a unitary isomorphism by the
kernel K on & is called a Gelfand pair associated with K.

We are now ready to introduce the notion of tensor products of Hilbert
spaces using Proposition 15.4. Let #;, 1 < i < n be Hilbert spaces and let ¥ =

#H1,x  x ¥, be their cartesian product as a set. Then the function K;(u,v) =
(u,v), u,v € ¥; is a kernel on ¥(; for each i. By Corollary 15.3 the function

K(w,v) =7 (u,vi), w= (1, Un), = (V1, ,Vp)

where u;, v; € ¥; for each 4, is a kernel on &. Consider any Gelfand pair (J¢, )
associated with K and satisfying (i) and (ii) of Proposition 15.4. Then 7 is called

a tensor product of ¥;, i = 1,2, ,n. We write
n
=9 0% @y = Q) (15.1)
i=1
n
M) = @u®@ @up = ®u7 (15.2)
i=1

and call A\(u) the rensor product of the vectors u;, 1 < i < n. If %; = h for all 4
then ¥ is called the n-fold tensor product of h and denoted by h®" . If, in addition,
u; = u for all i in (15.2) then A(u) is denoted by u®" and called the n-th power
of u. (Since (¥, A) is determined uniquely upto a Hilbert space isomorphism we
take the liberty of calling ¥ the tensor product of ¥;, 1 < i < m in (15.1)).

Proposition 15.5: The map (uj,up, ,Up) — U QU @ @ uy, from H; X
¥y x  x I, into H; H, @ @, defined by (15.1) and (15.2) is multilinear:
for all scalars a, 3

U@ Qu 1@ au+ 1) QUi @ @ Uy (15.3)
=au @ QU+ QU 101U+ Q@  @u, (154)

Furthermore

<éui,évi> = I (wi, vi). (15.5)

The set {@ ui|lu; € ;i = 1,2, ,n} is total in Q;_,%;.
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Proof: Only (15.3) remains to be proved. Straightforward computation using
(15.4) and the sesquilinearity of scalar products show that for each fixed i

n
lwr @ @ 1@ (e + o) Cuin @ Sun al@uy
j=l1

Bu; @ QUi 1 BV DU D ®unH2

= Tyzillug | *{llacu; + Boil > + laf?|Juil > + [BI[|vi]
2Re((au; + Pui, aug) + (au; + g, Bvi) + (Qui, Bvi))}
e 0. |

For any u; € ¥;,1 < i < n the product vector ®?:1“17 may be interpreted
as the multi-antilinear functional

n
(Qui) (w2, o) =TI (v, u5).
i=1

Such multi-antilinear functionals generate a linear manifold M to which the scalar
product (15.4) can be extended by sesquilinearity to make it a pre-Hilbert space.
M is the usual algebraic tensor product of the vector spaces 9¢;, 1 < i < n and
i %; is its completion.

Exercise 15.6: (i) Let K be a kernel on &. A bijective map g : X — & is
said to leave K invariant if K(g(z),g(y)) = K(z,y) for all z,y in &. Let G
denote the group of all such bijective transformations of & leaving K invariant
and let (%, ) be a Gelfand pair associated with K. Then there exists a unique
homomorphism g — U, from Gk into the unitary group U(H) of ¥ satisfying
the relation

UgA(z) = A(g(z)) forallz € ¥, 9 € Gk.

If (¥',\') is another Gelfand pair associated with K,V : 9 — %' is the unitary
isomorphism satisfying VA(z) = A'(z) for all z and g — Uy is the homomor-
phism from G into U(3') satisfying Uy A'(z) = X' (g(z)) forallz € ¥, g € Gk
then VU,V ' = U, for all g.

(i1) In (i) let & be a separable metric space and let K be continuous on & x ¥.
Suppose Gy C Gk is a subgroup which is a topological group acting continuously
on & x &. Then in any Gelfand pair (9(, \) the map A : & — ¥ is continuous, #
is separable and the homomorphism g — U, restricted to G is continuous.

(Hint: Use Proposition 7.2 for (i) and examine |[A(z) A(y)|| for (ii)).

Exercise 15.7: (i) Let #;,1 < i < n be Hilbert spaces and let S; C ¥; be a total
subset for each i. Then the set {®)" u;|u; € S; for each i} is total in @, ¥;.
€ is separable if each ¥; is separable.
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(i1) There exist unitary isomorphisms
Uiz : (¥ @ 3) @ H3 — 3 @ Ho @ s,
Uiy : % @ (3 @ 3s) — ) @ Hy @ Hs,
such that
Uips(u) @ uz) @ uz = Upp3u; @ (U2 @ uz) = 4y @ up @ u3
for all 4 € ;,4 = 1,2,3. (Hint: Use Proposition 7.2.)
Exercise 15.8: Let {e;j|j = 1,2, } be an orthonormal basis in #;,i =
1,2, ,n respectively. Then the set
{eij, @ ey, ® @epj i1 =12, ,2=12, ,jn=12 1}

is an orthonormal basis for @), %;. (Note that when dim#; = m; < oo, j; =
1,2, ,m;). In particular,
n n
Qui= Y AL (eij ui) Y Qe
i=1 Judz dn i=1
where the right hand side is a strongly convergent sum in ®?:1%i~ If dim 7€; =
m; < oo for every ¢ then

n
dim®%,; =mim,; My

i=1

Exercise 15.9: Let %; = L*(Qy, F;, j1;), 1 < i < n where (Q;, F;, ;) is a o-finite
measure space for each 4. If (Q, &, u) = 7 (Q, F;, p;) is the cartesian product
of these measure spaces there exists a unitary isomorphism U : ®?:1%,; —
L?*(92, %, p) such that

Uu1 @  Qup)(w, ,wn)=1T u;(w;)ae. p.

Exercise 15.10: Let ¥,, n = 1,2, be a sequence of Hilbert spaces and let
{¢n} be a sequence of unit vectors where ¢,, € ¥, for each n. Suppose

M = {uju = (ui,u2, ), uj € ¥, uy, = ¢y, for all large n}.

Define

K(E’Q)ZH;O:]<U]9/U]>’ Q’QEM‘

Then K is a kernel on M. The Hilbert space 9€ in a Gelfand pair (9(, \) associated
with K is called the countable tensor product of the sequence {9, } with respect
to the stabilizing sequence {¢y}. We write

AMu) =u @ uy @ for we M.

Suppose {eno,en1, } = Sy is an orthonormal basis in #,, such that e,o = ¢,
for each n. Then the set {A(u)|u € M, u; € S; for each j} is an orthonormal
basis in #.
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Exercise 15.11: Let %, = L*(Qy, Fp.fin), n = 1,2, , # = L*(Q,F, pn)
where (Q,, Fp, uy,) is a probability space for each n and (Q, &F, p) = 1122 (Qy,,
Fn, W) is the product probability space. Then ¥ is the countable tensor product
of the sequence {#, } with respect to the stabilising sequence {¢, } where ¢, is
the constant function 1 in 2, for each n. This may be used to construct examples
where different stabilising sequences may lead to different countable tensor prod-
ucts. (Hint: If A and v are two distinct probability measures such that A = v then
A XA X and v X v X are singular with respect to each other.)

Exerecise 15.12: Let % = L?([0, 1], h) be the Hilbert space defined in Section 2
where i is the Lebesgue measure in [0, 1]. Then any continuous map f : [0, 1] — J€

is an element of #. For any such continuous map f define the element e, (f) in
(C @ h)®" by

en(f) =l {1@n Tf(2)).

SER

Then
lim (en(f),en(9)) = exp(f.g).

n—oo

Exercise 15.13: Let 9(;, %, be Hilbert spaces and let {fi, f,, } be an or-
thonormal basis in #,. Then there exists a unitary isomorphism U : #; @ ¥, —
Hy e H @ satisfying Uu @ v = @; (fi,v)u for all w € ¥y, v € ;.

Exercise 15.14: Let L?(y, h) be as defined in Section 2. Then there exists a unique
unitary isomorphism U : L?(u) @ h — L?(u, h) satisfying (Uf @ u)(w) = f(w)u.

Exercise 15.15: Let ¥ be a Hilbert space and let Z,(J) be the Hilbert space of
all Hilbert-Schmidt operators in # with scalar product (T}, T») = tr T} T5. For any
fixed conjugation J there exists a unique unitary isomorphism U : #@J€ — T,(9()
satisfying Uu @ v = |u)(Jv| for all u,v in ¥. (See Section 9.)

Example 15.16: [20] Let H be any selfadjoint operator in a Hilbert space
with pure point spectrum Y(H) = S. Then S is a finite or countable subset of
R. Denote by G the countable additive group generated by S and endowed with
the discrete topology. Let G be its compact character group with the normalised
Haar measure. For any bounded operator X on # and A € G define the bounded
operator

X = /G X)X (H) XX (H)dx.

Let u,v € S, u,v € ¥, Hu = Au, Hv = vv. Then

(. X00) = { [ X(u v A} . Xo)
Hence
(u, Xv) ifA=p v,

<U’X*”>:{o A v
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Thus, for any non-zero bounded operator X there exists a A € § § =
{p v|p,v € S} such that X\ # O and on the linear manifold D generated
by all the eigenvectors of H

[H.[H. X,]] = XX,
Xu = Xou+ Z (X A—{—X)‘)u, u € D.

A>0
A€ES 8

If X is selfadjoint (X)* = X , and X is a “superposition” of bounded “har-
monic” observables X, {X »+ Xx|A €S S,A > 0} with respect to H. (See
Example 6.2.) Whenever X,Y are Hilbert-Schmidt operators

e XY =uXgV+ Y wrX;¥y

A€ES S
A>0

and
X=Xo+ Y (Xx+X )

A€ES S
A>0

converges in Hilbert-Schmidt norm (i.e., the norm in Z,(9)). See Example 6.2.

Notes

The presentation here is based on the notes of Parthasarathy and Schmidt [99].
Proposition 15.1 is known as Schur’s Lemma. Proposition 15.4 and Exercise 15.6
constitute what may be called a probability theorist’s translation of the famous
Gelfand-Neumark-Segal or G.N.S. Theorem. Its origin may be traced back to the
theory of second order stationary stochastic processes developed by A.N. Kol-
mogorov, N. Wiener, A.l. Khinchine and K. Karhunen [31]. Proposition 7.2, 15.4
and 19.4 more or less constitute the basic principles around which the fabric of
our exposition in this volume is woven.

It is an interesting idea of Journé and Meyer [88] that (C @ h)®" in Exercise
15.12 may be looked upon as a toy Fock space where e, (f) may be imagined as
a toy exponential or coherent vector which in the limit becomes the boson Fock
space T'(L?[0,1] @ h) where e(f) is the true exponential or coherent vector. See
Exercise 29.12, 29.13, Parthasarathy [107], Lindsay and Parthasarathy [78].

16 Operators in tensor products of Hilbert spaces

We shall now define tensor products of operators. To begin with let 7; be a finite
dimensional Hilbert space of dimension m;, i = 1,2, ,n and ¥ = ®;7:1%1
Suppose T; is a selfadjoint operator in J€; with eigenvalues {);;,1 < j < m;}
and corresponding orthnormal set of eigenvectors {e;;, 1 < j < m;} so that

Tiei]- = )\ije,;j,l < ] < m,;,z' =12, ,n.
Using Exercise 15.8 define a selfadjoint operator T' on J€ by putting
n n
T®ez‘ji = H?:1/\iji®eiji7 1<j; <my

i=1 i=1
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and extending hnearly on €. The operator T' has eigenvalues I} A;;, and satisfies

T®u,~ = ®T,~ui for all wu; € #;,1 <i<mn.
= i=1
Furthermore
17| = max (|II;Z, Aij,
=TI}, max(| Az,

In particular, we have the identity

E @Il (uig, Tiwir)| = |( E a]®u,J,T§ 0‘]®“7]

1<j k<N

1 <ji <my)

1< <mi) =T, T

< T |7 HZ%@u”HZ (16.1)

for all scalars aj, u;; € 9;, 1 < j < N,1<i<n, N=12, . We write
T=@Q; T; =Ti© ©T, and call it the tensor product of operators T},
1 < 7 < n. The next proposition extends this elementary notion to all bounded
operators on Hilbert spaces.

Proposition 16.1: Let 7¢;, 1 < i < n be Hilbert spaces and let T; be a bounded
operator in #¢; for each 7. Then there exists a unique bounded operator 7' in
H = Q;_,¥; satisfying

n n
TQui = QTiu; forall u; € 9, 1<i<n. (16.2)
i= i=1
Furthermore ||T'| = I1;|| Tl
Proof: Let S = {®?:1u7;|u7; € 9;,1 <4 < n}. For all scalars j, 1 <j < N
and product vectors @) u;; € S, 1 < j < N we have

N n
1Y o Q@Tiuil* = > @janTl (g, T; Trua)
j=1  i=l

1<j k<N
Z EjakH?:l<u1;]-,P1;T1;*T1;P7;u1;k) (163)
1<j k<N
where P; is the projection on the finite dimensional subspace M; spanned by
{ui;,1 < j < N} in ¥; for each i. Since P;T;T;P; is a positive operator in M;,
it follows from (16.1) and (16.3) that

N n
1Y s Q)Tiusg||* < T | BT, T; P ||Za]®uu||2
j=1 i=1

< 7|77 T3 IIZa](X)quP (16.4)
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Define T" on the set S by (16.2). Then (16.4) shows that T' extends uniquely as a
linear map on the linear manifold generated by S. Since S is total in J€ this linear
extension can be closed to define a bounded operator T' on ¢ satisfying

||| < T [|T5 T3 V2 = Ty || T

Let now 0 < € < 1 be arbitrary. Choose unit vectors u; € ¥; such that | Tju;|| >
(1 ¢)||Ty|| for each i, assuming T; # 0. Then )", u; is a unit vector in 9 and

n n
ITQuill = | QTiuill = Wiy | Tywsl| > (1 &)L, | T3]
i=1 i=1

Thus || T[] > T, [|T3]. u

The operator T' determined by Proposition 16.1 is called the tensor product
of the operators T;, 1 <4 < n. We write T' = ®;":1Ti =T T, IftH;=nh,
T; =S foralli =1,2, ,n we write T = S©" and call it the n-th tensor power
of the operator S.

Proposition 16.2: Let #(;, 1 < ¢ < n be Hilbert spaces and let S;, T; be bounded
operators in J; for each i. Let S = @;_,Si, T = @;_,T;. Then the following
relations hold:

(i) The mapping (T1,T», ,T,) — T is multilinear from B(#,)x  xB(¥,,)
into B(¥, @ @ ¥y);

(i) ST=Q, ST, T =R, T;;

(iii) If each T} has a bounded inverse then T' has a bounded inverse and T' ! =
@;T; b

(iv) T is a selfadjoint, unitary, normal or projection operator according to whether
each Tj is a selfadjoint, unitary, normal or projection operator;

(v) T is positive if each T; is positive;

(vi) If T; = |u;){v;| where u;,v; € ¥; for each ¢ then

T=lu10uU® Qup){v1@0E @ Uyl

Proof: This is straightforward from definitions and we omit the proof. [ ]

Proposition 16.3: Let T; be a compact operator in ¥;, i = 1,2, ,n, # =
®?:1?€Z~, T = ®ZL: \I;. If T; has the canonical decomposition in the sense of
Proposition 9.6

T =Y sj(T)lvig)(ugl, =12, .n (16.5)
g
then T is a compact operator with canonical decomposition

T= > s(T) 8, (T)vy, @  @vpg Mg, @ @ ung,|. (16.6)
Jid2s dn
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If T; € Z)(¥;) for each i then T' € Z;(¥) and
1Tl = I || 75, T =110, tr T3

In particular, if each Tj is a state so is T'.

Proof: Since {u;;,j = 1,2, },{vi;,j =1,2, } are orthonormal sets in J¢; for
each i it follows that {u;;, @  @uyj, },{vij,® @wvy;, } are orthonormal sets in
3. Equation (16.5), the second part of Proposition 16.1 and (vi) in Proposition 16.2
yield (16.6) as an operator norm convergent sum over the indices (41, j2, ,Jn)-
If | Ty = >48;(Ti)| < oo for each i then we have

1Tl = > si(T1)  85,(Tn)| = T, || T
Jug2s dn

If {ejj,j = 1,2, } is an orthonormal basis in J(; for each i it follows that
{el;, ©@  @enj,}
is an orthonormal basis in # and

wT= Y (e; @ @en;,, 110 @They, ©  ©epg,)
Jis g

n
= > I (e Tiei,)
Jis Jn

=T, > (eij Tieij)

J
= H;lzl trT;,

due to the absolute convergence of all the sums involved. Finally, if each Tj is
positive so is T'. If tr T3 = 1 for each 4 then trT" = 1. [ ]

If (#;, P(#;),pi) is a quantum probability space for each i = 1,2, N
then putting # = @;_,%;,p = @ ,pi we obtain a new quantum probability
space (9, P(3€), p) called the product of the quantum probability spaces

(%z,P(%z)apz), 7= 1,2, ,n.

If X; is a bounded selfadjoint operator in ¥; or, equivalently, a bounded real
valued observable in #; then X = X; ® ® X, 1s a bounded real valued
observable in ¥ and the expectation of X in the product state p is equal to
IT, tr p; X;, the product of the expectations of X in the state p;, 1 = 1,2, ,mn.

Now the stage is set for achieving our goal of combining the description of
events concerning several statistical experiments into those of a single experiment.
Suppose that the events of the i-th experiment are described by the elements of
P(#;) where ¥; is a Hilbert space, i = 1,2, ,n.Letd = @;%;.If P, € P(¥;)
then we view the event P; as the element

P=le oloPe ol,
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(called the ampliation of P; in 3€) in () and interpret P = ®;7’:1P,; = H;’:Js,; €
P(#) (see Proposition 16.2) as the event signifying the simultaneous occurrence
of P; in the 4-th experiment for ¢ = 1,2, ,n. These are the quantum probabilis-
tic equivalents of measurable rectangles in products of sample spaces. The next
proposition indicates how % (%) is “generated” by P(#;), i = 1,2, ,n.

Proposition 16.4: Every element P in (%) can be obtained as a strong limit
of linear combinations of projections of the form ", Pi, P; € P(%;).

Proof: Choose an increasing sequence {Q;;.k = 1,2, } of finite dimen-
sional projections so that slimg .., Q;; = 1 in ¥; for each i. Then Q; =
i, Qir increases to the identity strongly in ¥ and for any bounded opera-
tor T in ¥, s.limg . QxTQr = T. Thus it suffices to show that for fixed k the
operator Q;TQ, can be expressed as a linear combination of product projections
of the form @, P;, P; € P(%;). Replacing %, by the range of Q;j, if necessary
we may assume that each #; has dimension m; < oc. Let {e;, 1 <7 < m;} be
an orthonormal basis in #; and let Ef, = |e;s)(e;r|. Then every operator T' on
J€ can be expressed as a linear combination of operators of the form ®7;:1E2 .

Each E!, can be expressed as a linear combination of selfadjoint operators:
S R I -
Egs = E(Egs‘ + Ef"s) + Z{Z(Eﬁs' Egs )}
Since every selfadjoint operator in #; admits a spectral decomposition in terms
of eigen projections the proof is complete. |

Proposition 16.5: Let (Q;, F;) be measurable spaces and let & : F; — P(H;)
be an ;-valued observable in ¥; for i = 1,2, ,n.Let (Q, %) =T ,(;, F;)
be the product measurable space and # = ®?:1?€,~. Then there exists a unique
Q-valued observable ¢ : & — P(¥) such that

¢(Fy x ®§, yforall F; € F;, i=12, ,n. (16.7)

Proof: By Proposition 7.4 there exists a finite or countable family of o-finite
measures {f;;,5 = 1,2, ,} and a unitary isomorphism U; : ¥#; — @jL2(Nij)
such that

Ui&i(E)U @ ¢hi(E) forall E € F;, 1<i<n.
We have

®{@J (1ij)} @ L2 (mj, X fajy X X fing,)-
Define U = Ul ® U, and e

=U Y @ gria X Xbnin (FVZ\U,F € F

Then (16.7) is obtained. |
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The unique observable ¢ satisfying (16.7) in Proposition 16.5 is called the
tensor product of the observables &;, 1 = 1,2, ,n.Wewrite { =& @ ®&,.

Proposition 16.6: Let 3, 3, be Hilbert spaces and let T be a trace class operator
in # = ¥, @ J¢,. Then there exists a unique trace class operator T} in J¢; such
that

trn X =uT(X @ 1) for all X in B(3,). (16.8)

If T is a state in € then T3 is a state in #¢;.

Proof: For any compact operator X in ; define A(X) = «¢T(X ® 1). By
Proposition 9.12, (iii) we have |A(X)| < ||T||;||X||. In particular, A is a continuous
linear functional on Z,(%;). By Schatten’s Theorem (Theorem 9.17) there exists
a Ty in Z,(9€,) such that r ' X = trT(X @ 1) for all X in Z,.(9€,). Since the
maps X — tr71X and X — tr7T(X @ 1) are strongly continuous in B(3;) we
obtain (16.8). If T' is positive we have
(u, Tyu) = tr Ty |u)(u| = o T(Ju){u] @ 1) >0

for all » in #;. Thus Ty > 0. Putting X = 1 in (16.8) we get tr T} = trT. This
proves that T is a state if T is a state. [ ]

The operator T} in Proposition 16.6 is called the relative trace of T in ¥,.
If T is a state then the relative trace of T is the analogue of marginal distribution
in classical probability.

Exercise 16.7: Suppose 7, %, are two real finite dimensional Hilbert spaces
of dimensions m, m, respectively and # = ¥, @ ¥,. Let O(%,),0(¥,) and
O(#, @ 3;) be the real linear spaces of all selfadjoint operators in ¥, 9, and
9 @ 9 respectively. Then we have dimO(%;) = im;(m; + 1), i = 1,2 and
dimO(¥#, @ ¥#,) = %mlmz(mlmz + 1). In particular,
dltl’l@(%l ® %2) > dlm@(%l) d1m©(‘9’€2) ifm; >1,1=1,2,.
On the other hand, if 3, #, are complex Hilbert spaces dim O(¥;) = mf and
dim @(%1 * %2) = dim @(%1) dim @(%2)
(In the light of Proposition 16.4 this indicates the advantage of working with

complex Hilbert spaces in dealing with observables concerning several quantum
statistical experiments).

Exercise 16.8: (i) Let T} be (a not necessarily bounded) selfadjoint operator in
J€; with spectral representation

T; = /:z:gj(da:), j=12, ,n,
JR
&; being a real valued observable in #; for each j. Define the selfadjoint operator

T ® ® T, =/ 1T Tnél @& ® ®§n(d$1d$2 dmn)
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by Proposition 12.1 and Theorem 12.2. If D; = D(Tj) is a core for T} for each
j then the linear manifold M generated by {u; @ @ uy,|u; € D; for each 5}
is a core for T} & ® Ty, and

T'@ 0T, @ Quu=Tu® Ty
for all u; € D(T}), 1 < j <mn.

(i) Let T =1 ®l1 ®T ®1 1 @1 (be the i-th ampliation of T;) where
T; is in the ¢-th position. Then Ti+ +Tyis essentially selfadjoint on M with its
closure being the selfadjoint operator fRn T+ +zp)6 @  @&(dr,  dry).

(i) If p; is a state in J9€; and T has finite expectation in the state p; for each
jthen T} @ @ T, has finite expectation in the product state p = p; @ @ pp
and

(T1®  @Th)pe op. = L1 (Ti)p,

in the notation of Proposition 13.6.

Exercise 16.9: Let T € 7,(#; ® #,) and let T} be its relative trace in #;. If
{f;} is an orthonormal basis in %, then

(u, Tyv) = Z(u@fj,Tv @ f;) for all w,v in %,
J

where the right hand side converges absolutely.

Exercise 16.10: Let ¥, ¥, be Hilbert spaces and # = ¥; @ #,. Then the
*-algebra generated by {X; @ Xp|X; € B(¥,;),i = 1,2} is strongly dense in
B(I).

(i1) For any trace class operator p in J, there exists a unique linear map
E, : B(FH) — B(It,) satisfying
(u,Ep(X)v) = r X(|v)(u| @ p) for all u,v € ¥, X € B(I)

where
IE, (X1 < llpllh ]I X]-

(i) If p is a state then E, is called the p-conditional expectation map from
MB(H) into (). The p conditional expectation map satisfies the following prop-
erties:

() E,l=1EX*=(EX)

2 E(AeoX(Bxl)=A(E, X)B for all A, B € B(¥;), X € B(¥);

@) Picij<r Y (B, X7 X;)Y; > 0 for all X; € B(%), Y; € B(H). In particu-
lar, E,X > 0 whenever X > 0.
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Exercise 16.11: Let {#(,,,n > 0} be a sequence of Hilbert spaces and {¢,,,n > 1}
be unit vectors, ¢, € Hy,. Define ¥}, | = 9 @ Hy 2@ with respect to
the stabilising sequence ¢, 11, ¢ny2,  and 9, = Ho @ ¥ @ @ Hy. In the
Hilbert space

I =90 Wy =¥y © Ky, n=1,2,
consider the increasing sequence of *-algebras
By ={X @ 1| X € B(¥,,)}, n=0,1,2
Define B;, = B(#,,) and 1,, to be the identity in B;,. There exists a unique linear
map £, : Boo — B n] satlsfylng
(u, B (X)) = (4 @ @pg1, XV @ Ppppyr) for all u,v € 9y, X € By
where ¢y = i1 @ Ppy2 @ and By = B(%). Indeed,

En)(X) = Eigp ) 9nsn | (X) € Tpngr-
The maps {E) }»>0 satisfy the following properties:
() Enl =L EyX* = (EgX)" [ EyX] < |X]:
(i) E,AXB = A[En] (X)B whenever A, B € By,
(iii) EpyEy,) = By, = By whenever m < n;
@iv) Zl<”<kY E ]( )Y > 0 for all Y; € By, X; € Boo. In particular
E,; X > 0 whenever X > 0;
(v) sdimy, .o B X = X for all X in B

Exercise 16.12: (i) In the notations of Exercise 16.11 a sequence {X,} in By
is said to be adapted it Xy, € By, for every n. It is called a martingale if

En yXn =Xy iforal n>1
Suppose A = {An}n>1 is any sequence of operators where
A EB( )<¢77’A ¢n>—0 n:1,2,

Define -
Ap =1, 1]®An®1[n+1»
0 if n =0,
M"(A>{A1+A2+ + A, ifn>1.

Then {M,(A)}n>0 is a martingale. For any two sequences A, B of operators
where A, By, € B(#y), (¢n, Andn) = ($n, Bndn) = 0 for each n

Ep{Mn(A) My (A)}{Mn(B) Mn(B)}

n

= Y (4;¢;,B;¢;) forall n>m>0.
j=m+1
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(ii) For any sequence E = (E, E,, ) of operators such that
EnEBn 1] n=1,2,
define ;
0 if n =0,
4.8 = { ST E{My(A) M, (A)} ifn> 1.

Then {I,,(A, E)},>0 is a martingale. Furthermore
[En I}In<A,E>*In(E,E> = 1In I(A’E)*In l(BaE)

+ <An¢n» Bn¢n>E;;Fn
for all n > 1.

Exercise 16.13: For any selfadjoint operator X in the Hilbert space ¥ define
the operator S(X) in C* @ # by S(X) = (01 @ 1)explio, @ X] where a;,
1 < j < 3 are the Pauli spin matrices. Then S(X) = S(X) ! = §(X)* and
I[S(X)+S( X)] =0y @cos X. Thus S(X) and S( X) are spin observables
with two-point spectrum { 1,1} but their average can have arbitrary spectrum in

the interval | 1, 1]. (See also Exercise 4.4, 13.11.)

Notes
The role of tensor products of Hilbert spaces and operators in the construction of
observables concerning multiple quantum systems is explained in Mackey [84].
For a discussion of conditional expectation in non-commutative probability theory,
see Accardi and Cecchini [4]. Exercise 16.13 arose from discussions with B.V. R.
Bhat.

17 Symmetric and antisymmetric tensor products

There is a special feature of quantum mechanics which necessitates the introduction
of symmetric and antisymmetric tensor products of Hilbert spaces. Suppose that
a physical system consists of n identical particles which are indistinguishable
from one another. A transition may occur in the system resulting in merely the
interchange of particles regarding some physical characteristic (like position for
example) and it may not be possible to detect such a change by any observable
means. Suppose the statistical features of the dynamics of each particle in isolation
are described by states in some Hilbert space #C. According to the procedure
outlined in Section 15, 16 the events concerning all the n particles are described
by the elements of P(HE"). If P; € P(%), 1 <4 < n then @], P; signifies the
event that P; occurs for each i. If the particles ¢ and j (i < j) are interchanged and
a change cannot be detected then we should not distinguish between the events
P® ®P,and P® QP 1®P7®Pi+l® ®Rf ]@Pj@Pj+]® ® Py, where
in the second product the positions of P; and P; are interchanged. This suggests
that the Hilbert space %®" is too large and therefore admits too many projections
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and does not qualify for the description of events concerning n identical particles.
In order to take into account this curtailment in the degrees of freedom, the desired
reduction of the Hilbert space may be achieved by restriction to a suitable subspace
of %®" which is “invariant under permutations”. We shall make this statement
more precise in the sequel.

Let S,, denote the group of all permutations of the set {1,2, ,n}. Thus
any o € S, is a one-to-one map of {1,2, ,n} onto itself. For each o € Sy, let
U, be defined on the product vectors in #" by

Usuy @ @ Up = Uy 1(1) @ @ Ug 1(n) (17.1)

where ¢ ! is the inverse of o. Then U, is a scalar product preserving the map

of the total set of product vectors in %®" onto itself. Hence by Proposition 7.2,
U, extends uniquely to a unitary operator on %®", which we shall denote by U,
itself. Clearly

U,Uy = Uy for all a,0' € Sp,. (17.2)

Thus ¢ — U, is a homomorphism from the finite group S, into U(HE"). The
closed subspaces

#HO" = fue K |Uyu=uforal ocS,), (17.3)
HD" = {u e K" |Uyu = e(o)uforal oeS,}, (17.4)

where £(0) = +1 according to whether the permutation ¢ is even or odd are
called respectively the n-fold symmetric and antisymmetric tensor products of .
They are left invariant by the unitary operators U,, o € S,,. There do exist other
such permutation invariant subspaces of %¢®" but it seems that they do not feature
frequently in a significant form in the physical description of n identical particles.
If the statistical features of the dynamics of a single particle are described by states
on P(9) and the dynamics of n such identical particles is described by states in
@(%@w') forn = 2,3, then such a particle is called boson. Instead, if it is
described by states on (#@" ) for every n then such a particle is called fermion.
(This nomenclature is in honour of the physicists S.N. Bose and E. Fermi who
pioneered the investigation of statistics of such particles).

We shall now present some of the basic properties of #®" and #@" in the
next few propositions.

Proposition 17.1: Let E and F be operators in #®" defined by

1
E=— S U (17.5)
gES,
1
F=— > e(o)Us, (17.6)

‘0€ES,
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where U, is the unitary operator satisfying (17.1) and ¢(o) is the signature of the
permutation ¢. Then E and F are projections onto the subspaces #®" and #@"
respectively. If K C S), is any subgroup

E= E—ZU,,, (17.7)
ogeK

F= F—Z (17.8)
oceK

where # K is the cardinality of K. Furthermore, for any u;,v; € #, 1 <i<n
(Buy @ Qup, By @  @uy) = <u1 ® Qup,Evi® @)

== Z 7 (i, V(i) (17.9)

gES,
(Fu; @ @up, Fuy @  Quy) = {ul @  QUp, Fui© @)

- Z 1 1 u%va(z))

(TESn

1
= — det(((ui, 7)), (17.10)

Proof: From (17.2) we have

E*:—Z :—ZU(,I:E,

oES, og€ES,
EU, = U,E = E?, (17.11)
.1 1
= Us=13 Z =F,
ogeS, €Sn

FU, =U,F =¢(0)F,F* =F.

Thus E and F' are projections. Furthermore (17.3), (17.4) and (17.11) imply that
Eu = v if and only if u € #®" and Fv = v if and only if v € #@" . This
proves the first part. Summing up over ¢ € K and dividing by # K in the second
equation of (17.11) we obtain (17.7). Multiplying by £(o ), summing over 0 € K
and dividing by # K in the last equation of (17.11) we obtain (17.8).

The first part of (17.9) is a consequence of the fact that E is a projection.
By definition

(uy @ @ Uy, By @ @ vp) = ol Z(m@ @ Up, V(1) @ ®?)o(n)>
: ogeS,
1
= Z I (wi, vo i)
" 0ESn

This proves (17.9). (17.10) follows exactly along the same lines. |
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It may be mentioned here that the quantity » ¢ TI7 | (ui, v,(5)) occurring
on the right hand side of (17.9) is the permanent of the matrix (((u;,v;))) in
contrast to the determinant occurring in (17.10).

Corollary 17.2: Let E, and F, denote respectively the projections E and F
defined on #®" by (17.5) and (17.6) for each n = 1,2, . Then for u € 9",

veE KD, we w2
Epimin{Eeym(u @ 0) @ w} = Epimin{t @ Emin(v @ w)}
= Epimin(u@v @ w),
Fromin{Fram(u @ v) @ w} = Foymyn{t @ Fryn(v © w)}

= Fl+m+n(u @ve w)

Proof: This is immediate from (17.7) and (17.8) if we consider the permutation
groups Sy4y, and Sy, 4y as subgroups of Syy,,qp so that ¢ € Sy, leaves the
last n» elements of {1,2, ,£+m+n} fixed whereas 0 € Sy, leaves the first
£ elements of {1,2, L+ m+n} fixed. [ |

Proposition 17.3: Let {e;,i = 1,2, } be an orthonormal basis for #. For any
u; € ¥#,1=1,2, , k and positive integers 71, 72, , T satisfying r; + +
ri = n denote by @ uf”" the element u; @ QU W@ OUWE  Qup®

@ uyp, where u; is repeated 7; times for each i. Let E and F' be the projections
defined respectively by (17.5) and (17.6) in ™. Then the sets

k

n! - ' ‘

()2 BQe i << <
T Tk Pt :

rj>1foreach1 <j<kr+m+ +m=nk=12 ,5n},
{(n!)l/ZF €; Qe @ @ e |t <ip < <in}
are orthonormal bases in #®" and #@" respectively. In particular, if dim % =

N < oo then
n N 1
dim %@ :( o )
n

dim %@ — { (y) ifn<N,
0 otherwise.

Proof: The first part follows from (17.9) and (17.10). The formula for dim H@"
is immediate if we identify it as the number of ways in which n indistinguishable
balls can be thrown in N cells. Similarly the dimension of #@" can be identified
with the number of ways in which n indistinguishable balls can be thrown in N
cells so that no cell has more than one ball. ]
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Using Proposition 17.3 it is possible to compare the different probability
distributions that arise in the “statistics of occupancy”. More precisely, let p be a
state in ¥ with dim% = N < oc. Let {e;,j = 1,2, ,N} be an orthonormal
basis of # such that p = > ;p;le;)(e;|. Let |e;)(e;| signify the event “particle
occupies cell number 5. Now consider n distinguishable particles whose statis-
tics are described by the quantum probability space (#=",P (%), p="). The
projection |e;, @  ®ej,)(e;, @  @ej, | signifies the event “particle 4 occupies

cell j; for each 7 = 1,2, ,n”. Let r = (7, ,7n) where 7; is the number of
particles in cell j so that 1y + 4+ ry = n. Define
Eﬁ:Z\e,-l ® ©e e  @ej (17.12)
where the summation on the right hand side is over all (ji, ,jn) such that the
cardinality of {i|j; = j}isr; forj =1,2, ,N. Eg is a projection whose range
has dimension N"!TN! and it signifies the event that cell j has 7; particles for
each j. Then
n n!
wp? B = ————pp Dy (17.13)
- T TN

In this case we say that the particles obey the Maxwell-Boltzmann statistics and
the probability that there are r; particles in cell j for each j in the state p®" is
given by (17.13).

Suppose that the n particles under consideration are n identical bosons.
Then the Hilbert space #%" is replaced by #®" and correspondingly p®" by its
restricton to #©" . To make this restriction a state we put

P = 0% |yer
c=up® =up®E= > p'p? Y
$1+ +sn=n

and observe that ¢ 'p@" is a state, E being defined by (17.5). The quantum
probability space (#®",P(#S" ), c p@" ) describes the statistics of n identical
bosons. Denote by Eéb) the projection on the one dimensional subspace generated
by the vector

N
7
e£:E®e® ,r=(r, ,rn), ™1+ +ry=mn
j=1

Then the probability of finding 7; particles in cell j for each j = 1,2, ,N is
pi' Py
Zsl+ sN:inl p;\;v

In this case we say that the particles obey the Bose-Einstein statistics.

tre p® B = (17.14)

When the particles are n identical fermions #" is replaced by #@" which
is non-trivial if and only if n < N, i.e., the number of particles does not exceed
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the number of cells. The state p©" is replaced by its restriction to %@" . Once
again to make this restriction a state we have to divide it by

¢ =t p” |yer = Z DiPi,  Piy-
1<i1<ip< <in<N
Then the quantum probability space describing the statistics of n identical fermions
is (D", P(H@"), ¢! 'p@" ) where
P = 0% lyar

It Ey ) denotes the one dimensional projection on the subspace generated by the
vector

f£=F6,,jl®€,,jz® ® €,
where r = (7, )T, = 1,7 =1,2, ,n and the remaining 7; are 0 and

F is defined by (17.6) then the probability that cell 4; is occupied by one particle
for each 7 = 1,2, ,n and the remaining cells are unoccupied is given by

trc' l,o@nEéf): PiPir _ Pin ) (17.15)
Zl§j|<j2< <jn<NPiiPj  DPj,

In this case we say that the particles obey the Fermi-Dirac statistics.

For a comparison of the three distributions (17.13)—(17.15) consider the case
of two cells and n particles. Let the state p of a single particle be given by

1 1

e = =ej, pey= =€

pei 56 pez 562

where {ej,e;} is an orthonormal basis in #. According to Maxwell-Boltzmann
statistics the number of particles in cell 1 has a binomial distribution given by

Pr (cell 1 has k particles) = <Z>2 " 0<k<n
whereas Bose-Einstein statistics yield

1
Pr (cell 1 has k particles) = ——, 0< k < n.
n+1
According to the first distribution the probability that all the particles occupy
a particular cell is 2 ™ whereas the second distribution assigns the enhanced

probability n#“ to the same event.

In the case of fermions it is impossible to have more than two of them when
there are only two cells available and if a cell is occupied by one particle the
second one has to be occupied by the other. Bosons tend to crowd more than
particles obeying Maxwell-Boltzmann statistics and fermions tend to avoid each
other.
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Exercise 17.4: Let m be an irreducible unitary representation of S, and let
Xx(0) = trm(o) be its character. Suppose x(1) = d,, denotes the dimension of the
representation 7. Define

d
Ey =2 x(0)U,
oES,
where U, is the unitary operator satisfying (17.1). Then E, is a projection for
each x, ExU, = U, Ey for all 0 € Sp, By, Ey, = 0if X1 # X2 and 3, By = 1.
(Hint: Use Schur orthogonality relations).

Example 17.5: [74] (i) The volume of the region
A = {(z1, z2, ,Zn 1)|z; > O0forall j,0 <z + +zy 1 <1}
inRN Vis[(N 1) .

(i) Let rq, ,Tn be non-negative integers such that r; + +ry = n.
Then

N+n 1> !

n! . .
S ErE— N 1)ldpd d =
/Aﬁ' TN!pl Py ( )!dp1dp; PN 1 n

where py = (1 p1 m PN 1)

This identity has the following interpretation. Suppose all the probability
distributions (py,p2,  ,pn) for the occupancy of the cells (1,2, ,N) by a
particle are equally likely and for any chosen prior distribution (p;, p2,  ,pn) the
particle obeys Maxwell-Boltzmann statistics. Then one obtains the Bose-Einstein
distribution (17.4) with p; = +, j = 1,2, ,N.

Notes

Regarding the role of symmetric and antisymmetric tensor products of Hilbert
spaces in the statistics of indistinguishable particles, see Dirac [29]. For an inter-
esting historical account of indistinguishable particles and Bose-Einstein statistics,
see Bach [11]. Example 17.5 linking Bose-Einstein and Maxwell-Boltzmann statis-
tics in the context of Bayesian inference is from Kunte [74].

18 Examples of discrete time quantum stochastic flows

Using the notion of a countable tensor product of a sequence of Hilbert spaces
with respect to a stabilising sequence of unit vectors and properties of conditional
expectation (see Exercise 16.10, 16.11) we shall now outline an elementary pro-
cedure of constructing a “quantum stochastic flow” in discrete time which is an
analogue of a classical Markov chain induced by a transition probability matrix.

For a Hilbert space J¢ any subalgebra % C 9%B(9) which is closed under the
involution * and weak topology is called a W™ algebra or a von Neumann algebra.
If #;, ¢ = 1,2 are Hilbert spaces, B; C B(H;), i = 1,2 are von Neumann algebras
denote by B, @ B, the smallest von Neumann algebra containing {X; @ X,|X; €
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Bi, i = 1,2} in B(H; @ H,). If p is a trace class operator in F,, following
Exercise 16.10, define the operator £,(Z), Z € B(9; @ I(,) by the relation

(u,Ep(2)v)y =tr Z |v){u| @ p, u,v e ¥, (18.1)
in %1.

Proposition 18.1: E,(Z) € B, if Z € B; @ B».

Proof: If Z = X, @ X, then (18.1) implies that E,(Z) = (tr pX,)X,. Thus the
proposition holds for any finite linear combination of product operators in B; @ %B,.
Suppose that p = ¥p;le;)(e;| is a state where p; > 0,¥p; = 1 and {e;} is an
orthonormal set and w.lim,, .o Z, = Z in B(J; @ ¥,). Then by (18.1)
lim (u,E,(Z,)v) = Jim ij<u @ €5, Znv @ e;)

J

n— 00
=Xp;(u®ej, Zv @ e;)
= (u,E,(Z)v) for all u,v € ¥,.

In other words E, is weakly continuous if p is a state. Since E, is linear in p
the same property follows for any trace class operator. Now the required result is
immediate from the definition of B; @ RB,. [ |

Let ¥, 3¢ be Hilbert spaces where dim# = d < oo. Let {eg,e1,  ,eq 1}
be a fixed orthonormal basis in 7 and let By C %B(H,) be a von Neumann algebra
with identity. Putting 7€, = 9, ¢, = e¢ for all n > 1 in Exercise 16.11 construct
the Hilbert spaces ¥y, ¥}, ., for each n > 0. Define the von Neumann algebras

By = {X @ 1| X € Bo@ B(HZ")}, n>0,

Property (v) in Exercise 16.11 implies that 9 is the smallest von Neumann algebra
containing all the By, n > 0. {%B,,} is increasing in n. By Proposition 18.1 the
®[n+1-conditional expectation [,,; of Exercise 16.11 maps % onto %,,;.

Any algebra with identity and an involution * is called a *-unital algebra.
If B, B, are *-unital algebras and 6 : B; — B, is a mapping preserving * and
identity then 0 is called a *-unital map.

Proposition 18.2: Let 6 : By — By @ B(H) be a *-unital homomorphism. Define
the linear maps 6} : By — By by

9;(X):[E‘ej><ei‘(9(X)), 0<i,j<d 1, XeB (18.2)

Then the following holds:
M) 65(1) = 6}, 61(X*) = 6](X)";
(i) OHXY) =5 0L(X)0¥(Y) for all X,Y € %y
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Proof: From (18.1) and (18.2) we have
(u, 9_;5(X)v) =(u®e;,0(X)v @ ej).

If X =1 the right hand side of this equation is (u, v)é}. Furthermore

(u,Hj-(X*)v) =(u®e, (X" )v@ej) =(ve;,0(X)u®e;)

= (v,0](X)u) = (u,0(X)*v).

This proves (i). To prove (ii) choose an orthonormal basis {u, } in %, and observe
that

(u, Gj(XY)v) = (u®e;,8(X)0(Y)v @ ej)

(
(O(X™)u @ e;,0(Y)v @ ej)

= (u® e, 0(X)u, @ e){uy © ex, 0(Y )0 @ )
= Z(u,GQ(X)UT)(W,G;(Y)”)

=D (6(X) u. 65 (Y )v)
k

Proposition 18.3: Let 0, %y, ¥, B, be as in Proposition 18.2. Define the maps
Jn : Bo — %n], n=20,1,2, inductively by

Jo(X) = X @ 1j,j1(X) = 0(X) @ 1pp,

Jn(X) =" > dn 10Xy 1 @ lei){er] @ 1.
0<ij<d 1

(18.3)

Then j, is a *-unital homomorphism for every n. Furthermore
E, 1)jn(X) = jn 1(65(X)) foralln > 1, X € %y,

where [, 1 is the ¢p,-conditional expectation map of Exercise 16.11.

Proof: We prove by induction. For n = 0, 1 it is immediate. Let n > 2. Then by
(1) in Proposition 18.2 and the induction hypothesis we have

Gn(1) = jn 1(6)1n 1 ® lei){es] @ 1pa
i.J

=1, 1® Z\ej)(eﬂ @ gy =1

%
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and

= i 101X N1 1 @ lej){ei] @ g

= jn(X7).
By (ii) in Proposition 18.2 and induction hypothesis we have

.7 Z]n l ]n 1(9£< )) n 1]®6§€|ei><el‘®l[n+l
0.5.kL

= S (GG D1 4 @ led)(er] © Lng
il k

= Z]n l(az(XY))ln 1] @ ‘61',)(6[‘ & 1[n+1~
il

This proves the first part. By the definition of [, in Exercise 16.11 and the fact
that (e, |e;){ejleo) = (56(5;), the second part follows from (18.3). [ |

Corollary 18.4: Let {j,,n > 0} be the *-unital homomorphisms of Proposition
18.3. Write T' = 98. Then for 0 < ny < n; < <mp<oo, X; €ERBRp, 1 <i<k

[Eno}jm(Xl)jﬂz(Xz) Jnk(Xk> =

jno(Tm no(XlTnz n](Xz (Xk (T ™k ](X)) ) (18.4)

Proof: By Exercise 16.11 E,,; = E,,;E,, . Since jn (X1)  jn, (Xi 1) is
an element of B, , it follows from the same exercise that
[Eno]jnl(Xl) jnk(Xk,)

(18.5)
= [Eno]jnl(X1> Jni (X 1)Ey, 1](jnk(Xk))-

Since Ey,,, | =En, En, 411 En, 1 it follows from Proposition 18.3 that

En, 1]jnk(Xk> = Jnp (T " 1(X)).

Substituting this in (18.5), using the fact that j,, , is a homomorphism and re-
peating this argument successively we arrive at (18.4). [ ]

Proposition 18.5: The map T = 6)) from %y into itself satisfies the following:
(1) T is a *-unital linear map on B(¥); (ii) for any X;,Y; € Bo, 1 < i < £k,
Yoi<ijer Yy T(X;X;)Y; > 0 for every k. In particular, T(X) > 0 whenever
X >0.
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Proof: Since 6 is a *-unital homomorphism from %, into By @ B(H) and
T(X) = Ejep) (e (0(X)), (i) is immediate from Exercise 16.10. Using the same
exercise once again we have

D YIT(X; X))V = Y Vi Elegyeo (0(X0)70(X))Y;
Y i

= Elegyeo (1Y 0(X)Yi @ 17(Y 0(X))Y; @ 1}) > 0.
i j

Putting £ = 1, Y7 = 1, X; = X in this relation we get the last part. ]

We may now compare the situation in Proposition 18.3, Corollary 18.4 and
Proposition 18.5 with the one that is obtained in the theory of classical Markov
chains. Consider a Markov chain with state space S = {1, 2, ,N'} and transition
probability matrix P = ((ps;)), 1 < 4, j < N. Denote by B, the *-unital
commutative algebra of all bounded complex valued measurable functions on the
space S = Sy xS x XS, x where S, = S for every n. Let B,,) C By be
the *-subalgebra of all functions which depend only on the first n + 1 coordinates.
Denote by [, the conditional expectation map determined by

(I]En]g)<107zl’ ’Zn):[E(g‘XO:ZO’X] :Z']’ ,XTL:zTL)

where X, X, is the Markov chain starting in the state X, = i, with stationary
transition probability matrix P. For any function f on S define

In(f)(2) = f(in) where i = (40,41, ,in, )€ S™.

Then jy;, is a *-unital homomorphism from By into By, and the Markov property
implies that

E"o]j”l(f‘).i”Z(fz) Jni(fr) =

: n n n n n n (186>
Jno(T™ " (FU(T™ ™ o (fi aT™ ™ Y(fe) )
where
N
(Tf)(i) = _pijf(j), f € Bo=By,
j=1
no < np < <nyand f;, ,fr € Bo. T is a *-unital positive linear map on

By. Then (18.4) is the non-commutative or quantum probabilistic analogue of the
classical Markov property (18.6) expressed in the language of *-unital commuta-
tive algebras. For this reason we call the family {j,,n > 0} of homomorphisms in
Proposition 18.3 a quantum stochastic flow induced by the *-unital homomorphism
0: By — By @ B(H).

Proposition 18.6: Suppose that the von Neumann algebra %B in Proposition 18.3
is abelian. Then for any X,Y € By, m,n > 0

[]m<X>’.7n(Y)] =0. (18'7>
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Proof: Since j, is a homomorphism we have [j,(X), jn(Y)] = jn([X,Y]) = 0.
Thus (18.7) is trivial if m = n. Suppose m < n. By induction on (18.3) we have

Jn(X) =
S im((6h 0 ) @ lea)en @ O leq ) (er, ol © ling

En m
0<ip i,
kyky, ,<d 1

from which it follows that
[]n(X>’]m(Y)] =
> im0, 0 " (X). YD @ les)ew | @ @ les, ) ew, | @ lpa

En m
ipig.
kepkg.

=0 for all X,Y € %,.

If 9By is abelian and X, X5, , X1, 1s any finite set of selfadjoint elements
in By then jpn, (X1), jn,(X2), ., Jn,(Xk) is a commuting family of observables
and hence possesses a joint distribution in R¥ in any state p on the countable
tensor product ¥y @ {# @ ¥ @ } where the Hilbert space within the braces
{ 7} is with respect to the constant stabilising sequence of unit vectors ey. For
any state po in ¥, the family {j,(X)|X € Bo,n > 0} can be interpreted as a
classical Markov flow in the state pp @ |eg @ €0 @  )leg@ey®  |.

Example 18.7: Let (S,%, ) be any measure space and let ¢; : S — S be
measurable maps satisfying ,uqu] < pu, 0<j<d 1. Suppose pj : § —
[0,1,0 < j < d 1 are measurable functions satisfying >_.p;(z) = 1. Let
Bo = L>(p) C B(L?*(pu)) when bounded measurable functions are considered
as bounded multiplication operators. We write #o = L*(p1), # = C* and choose

{eo, €1, ,eq 1} to be the canonical orthonormal basis in #. Define the map
T : %0 — %0 by
d 1
Tf=> pjfod; (18.8)
§=0

where o denotes composition. The map 7' can be interpreted as the transition op-
erator of a Markov chain with state space S for which the state changes in one
step from z to one of the states ¢o(z), ¢1(x), ,¢da 1(z) with respective proba-
bilities po(z),pi1(z), ,pa 1(x). However, it is possible that ¢;(z) = ¢;(z) for
some 7 # j. If S is a finite set of cardinality £ it can be shown that every Markov
transition operator is of the form (18.8) with y being counting measure. In many
practically interesting models of classical probability d is small.

Consider a unitary d X d matrix valued measurable function U on S for
which U = ((u3)),0 < 4,5 <d 1,ug; = /p; for all j. For example one may
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choose the orthogonal matrix

1/2 1/2 1/2
2 b, Dy
1/2
U= by
: 1 Q
1/2
Dby

where Q@ = ((gij)).qi; = (pipj)"/*(1 —|—p(1)/2) 14,7 > 1. Define the *-unital

homomorphism
fopo 0
0:f— ((65(£)=U fog, U (18.9)
0 o foda
from By into By @ B(FC) so that

d 1
05(f) = > uirTjs fopy,
r=0

0o(f)=TF.
where T is defined by (18.8). Note that in (18.9) the right hand side is to be
interpreted as a matrix multiplication operator in the Hilbert space

P(p)eC=r(pe oL

d fold

and any element in the right hand side version of the Hilbert space is expressed as
a column vector of elements in L?(x). By Proposition 18.3 and 18.6 there exists
a quantum stochastic flow {j,,n > 0} of *-unital homomorphisms from % into
9% induced by the *-unital homomorphism 6 of (18.9) satisfying

[Jm(f):Jn(g)] = 0,
E, I]JH(f) = Jn I(Tf)

for all f,g € Bo = L>(w). If S is a countable or finite set and p is
the counting measure then for any z € S, in the quantum theoretical state
b, @eg@ey® in LAp)@H @K @  the sequence of observables jo(f) =
f01(f)s  .jn(f),  has the same probability distribution as the sequence of
random variables f(&(z,w)), f(&1(z,w)), f(én(z,w)),  where {&,(2,w)} is a
discrete time classical Markov chain with state space S,&)(z,w) = x and tran-
sition operator T, f is any element of %,. In other words {j,} can be identified
with a classical Markovian stochastic flow with transition operator 7T'.

It is interesting to note that in the quantized construction of the classical

Markov chain we get the following bonus. By confining ourselves to {j,,0 <
n < N} for any finite time period in the Hilbert space ¥, @ #©" and defining
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the conditional expectations [Ew] with respect to an arbitrary unit vector 1, in #
replacing ey, we get a Markov flow with the property

B g (f1) dn(fi) = dng (T ™ (AT ™ (f2 (e Ty ™ '(fr) )

forall 0 < ng < n; < < njp < N where Ty is the Markov transition operator

Tyf = Z| e, U P)? fog;.

Ty describes the chain where the state changes from z to one of the states
do(z), ¢1(z), ,da 1(z) with respective probabilities |(e;, U(z)¥)|*,j = 0, 1,

,d 1. Thus a quantum probabilistic description enables us to describe a whole
class of Markov chains with transition operators Ty, € 9, ||9|| = 1 within the
framework of a single Hilbert space ¥y © %" if we confine ourselves to the
finite time period [0, N].

Example 18.8: We examine Example 18.7 when d = 2. Denote the maps ¢, and
¢1 on S by ¢ and ¥ respectively. Write pp = p, p; = ¢ so that p + ¢ = 1. Then
the *-unital homomorphism 6 in (18.9) assumes the simple form

_ (g _( pfop+aqfoy pa(foy  fog)
o) = (@ = (( pensaton VTor Tol) s

when
- ( VP ﬂ).
Va Jp
Define
an =1, 11@ leo){el] @ Lypy1,
al =1, 1@ len){eo] @ iy, n=12,
so that

anaf, = ln 1@ leo){eo| @ lpnyr,
alan =1y 1 @er){er] © 1o,

and apal, + ala, = 1 for all n > 1. Then the flow {jn,m > 0} induced by 6 in
(18.3) assumes the form

Jn(f) = jn ((TF) +jn 1(Lf)(an +al) + jn 1(K f)alan (18.11)
for all f € L>®(u),n > 1 where
Tf=npfop+qfor,

(18.12)
Lf=pa(foyp fop), Kf=(p q{foy foo}
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If A, = 0forn =20 and a; + +a, forn > 1and A, = 0 for n = 0 and
afal - + aLan for n > 1 we may express (18.11) in the form

Jn(f) = dn 1((TH+jn 1(LH(An An 1+AL AL D4jn (Kf)(An An 1)

(18.13)
where A4,,, AIL and A, n > 0 are three martingales with respect to the conditional
expectations [, (see Exercise 16.12). In Chapter III we shall treat continuous
time analogues of flows satisfying (18.13) where difference equations will become
differential equations.

Example 18.9: (Hypergeometric model) Consider an urn with a white balls and
b black balls. Draw a ball at random successively without replacement. The state
of the Markov chain at any time is denoted (z,y) where z is the number of white
balls and y is the number of black balls. Then

S={(z,9)|0<z<a,0<y<b}
is the state space. Define maps ¢, on S by
(z Ll,y) ifz>0

Pp(z,y) =< (0,y 1) ifz=0,9>0,
(0,0) ifz=0,y=0,
(z,y 1) ify>0,
¥(z,y) =< (z 1,0) ify=0,z>0,
Define . " .
—— 1tz >0,
p(@.y) {% if 2 = 0.
Then
T i@ Lyt ——fmy 1) ifz>0,y>0
T4y T eyl Y . e
(Tf)(zy) =1 flz 1,0) ifz>0,y=0,
£(0,0) ifz=0,y=0.

We may call {j,,n > 0} defined by the *-unital homomorphism 6 in (18.10)—
(18.12) the hypergeometric flow.

Example 18.10: (Ehrenfest’s model) There are two urns with a and b balls so
that @ + b = c. One of the ¢ balls is chosen at random and shifted from its urn to
the other. The state of the system is the number of balls in the first urn. Then

S$={0,1,2, ,c}
Define the maps ¢, on S by

z 1 ifz>0,
1 if z =0,

_Jz+1 ifzx<e,
TP(I)—{C 1 ifz=ec
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Define

p(z) =191

> ifx=0orec.

{c Iz if0<z<e,
p)

We may call the corresponding {j,,n > 0} the Ehrenfest flow.

Example 18.11: (Polya’s urn scheme) Consider an urn with @ white balls and b
black balls where a > 0,b > 0. Draw a ball at random, replace it and add ¢ balls
of its colour. The state of the system can be described by (z,y) where = and y
are respectively the number of white and black balls. Thus S = N x N where
N = {1,2, }. Define

d(z,y) = (z+c.y)P(z,y) = (z,y +¢)

p(z.y)=z(z+y) qzy) =yz+y) '
Then
(Tf)(z.y)=(x+y) "{zf(@+cy)+yflz.y+o)}

We may call the corresponding {j,,n > 0} the Polya flow.

Exercise 18.12: (i) Let %, = L?(u) where y is the counting measure in S =
{1,2, ,N} and let ¥ be any Hilbert space. For any function f on S denote
by the same letter the operator of multiplication by f. Let B, be the *-unital
abelian algebra of all complex valued functions viewed as an abelian von Neumann
subalgebra of B(9y). A map 6 : By — By @ B(H) is a *-unital homomorphism
if and only if there exists a matrix Py = ((Pj;))1<ij<n of projections in ¢
satisfying the following:

(1) Pi+ +Pn=1,

) 0(Iy) =Y Iy © Py for every i.
j
where Iy;y is the indicator function of the singleton {i} in S.

(ii) If #;, i = 1,2 are Hilbert spaces, 0; : By — By @ B(Jy) are *-unital
homomorphisms and Py, = ((P,E? )) are the corresponding matrices of projections
in (i) then

Py, % Py, = ((Pit)), Pie = Y _P,,) © P}
T

is a matrix of projections in #; @ 9, satisfying property (1) of part (i). Thus
Py, * Py, determines a *-unital homomorphism 6 : By — By @ B(H;) @ B(H,)
where
0(Iy) = ZI{]‘} ® P7(Tl) ® PT(Z.Z) for every 4.
J.T

(iii) Let 6, Py be as in (i). Then the quantum stochastic flow {j,,n > 0}
induced by 6 is given by

In(f) =Xy @ Pjjy ©@ Pjyj, @ @ Py, 1, @ f(3n)lingr-
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If  is the unit vector in # with respect to which the conditional expectation maps
[En], n > 0 are defined then

En 11dn(f) = jn 1(Tf) where (Tf)(i mef pij = (2. PyQ).

Example 18.13: [115] Let G be a compact second countable group and let
g — L, denote its left regular representation in the complex Hilbert space L*(G)
of all absolutely square integrable functions on G' with respect to its normalised
Haar measure so that (L, f)(z) = f(g 'z), f € L*(G). Denote by B the von
Neumann algebra generated by {L,|g € G} and its centre by Z,. Let T'(G) denote
the countable set of all characters of irreducible unitary representations of G. For
any x € T'(G) let UX be an irreducible unitary representation of G with character
x and dimension d(x). If x1,x2 € ['(G) the map ¢ — U} @ Uf*,g € G
defines a unitary representation which decomposes into a direct sum of irreducible
representations. Denote by m(x1, x2 ; x) the multiplicity with which the type UX
appears in such a decomposition of UX' @ UX2. Define

x _ mOoxesx)dxe)
le,Xz 7 d<X>d(Xl> .

Then

Z pX, 5, = L foreach x,x1 € T(G).
X2€T(G)

In other words, for every fixed x € I'(G), the matrix PX = ((pX, y,)) is a
stochastic matrix over the state space T'(G). In each row of PX all but a finite
number of entries are 0 and each entry is rational. Thanks to the Peter-Weyl
Theorem L?(G) admits the Plancherel decomposition

= P %,
X€ET(G)

where dim %, = d(x)?, L, leaves each 3, invariant and L, glae,.9 € G is a
direct sum of d(x) copies of the representation UX. If denotes the orthogonal
projection onto the component ¢, then

M=ﬂﬂéx@%@.

Fix xo € T(G). Let UX® act in the Hilbert space ¥. Denote by p the state

d(xo) 'I in %. Fix a positive integer N and consider in 9" the increasing
sequence of von Neumann subalgebras

By = {X @ lpppnX € B )}n=12 N
where By = B(") and 145 denotes the identity in e

product of the a-th, a+1-th, , b-th copies of 7€ in %" . Consider the conditional
expectation maps [, : By, — By, defined by

[En]X:([Ep‘@N "X)®1[n+l,N]’ 1<n<N 1

, the tensor
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(see Exercise 16.10) so that
EyXi©@ ©Xy=(LL, 0pX)(X1© @ Xn)® ljpyiN

for all X; € B(#). By the Peter-Weyl Theorem there exists a unique *-unital
homomorphism jX° : By — By satisfying

@ JA(Lg) = (UF)" € Lpnyrm
(i) E, 1Jx"(X)=jn 1(T(X)) for all X € B, where

T(Ly) = d(x0) 'xo(9)Lg. T(myx)= Y P mx-
x'€T(G)

(iii) The centre Z, of By is generated by {7 |x € ['(G)} and [ (Z), j*"(X)] =
0 for all Z € Zy,X € Bo,m < n. In particular, the family {jX°(Z)|1 <
n < N,z € Zy} is commutative and hence {jX°z,,1 < n < N} induces
a classical Markov chain with state space I'(G) and transition probability
matrix PX° for every xo € I'(G).

(iv) When G = SU(2) and X, denotes the character of the unique equivalence
class of an irreducible unitary representation of dimension n the Clebsch-
Gordan formula implies that

1
LD ifj=i 1,
P = z’%—ll
X,'”in .f.:.
2 if 7 ?+1,
0 otherwise.

Exercise 18.14: Let (S, %, ) be as in Example 18.7. Suppose that

d 1 d 1
Tif =Y pifogi, Tof = qifow

i=0 i=0

are two Markov transition operators as described in (18.8) and

fogo 0
0i(f) = U foo v,
0 foda 1
foo 0
0(f) =V f.0.1b1 v
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are the *-unital homomorphisms corresponding to (18.9). Define

W= U cosa Vsina
o V*sinae V*U*Vcosa )’
fodo 0
o
a(f) - W .f ¢(i 1 fO/I/JO w 1
0 fova 1

where a is any fixed angle. Then W is a unitary matrix valued function and 6 is
a *-unital homomorphism for which 08 =Ty cos’a+T, sin? .. Thus the Markov
transition operator of the quantum stochastic flow induced by 6 is a superposition
(or convex combination) of the two transition operators Tj, 1 = 1,2.

Notes

The idea of describing a general quantum stochastic process in terms of a time
indexed family {j,} or {j:} of *-unital homomorphisms from a *-unital initial or
system algebra B into a larger *-unital algebra % made up of By and noise or heat
bath elements has its origin in Accardi, Frigerio and Lewis [6] modelled on the
description of classical processes by Nelson (J. Funct. Anal., 12 (1973) 97-112,
211-277) and Guerra, Rosen and Simon (Ann. Math., 101 (1975) 111-259).

For a detailed account of Markov chains (or discrete time flows) in *-algebras
of the form ByRBRB®  where By is the initial or system algebra and AR is the
noise algebra see Kummerer [71,73]. The account given here is in anticipation of
Evans-Hudson flows which are discussed in Section 28. It is based on Parthasarathy
[112] and inspired by Meyer [91]. Example 18.9—-18.11 are based on classical
probability theory as described in Feller [40]. Example 18.12 was suggested to
me by B.V.R. Bhat. Example 18.13 is based on the work of Biane [22], von
Waldenfels [138] and Parthasarathy [115].

19 The Fock Spaces

In Section 16-18 we saw how the notion of tensor products of Hilbert spaces
enables us to combine several quantum probability spaces into one. In this context
there is yet another basic construction leading to the combination of an “indefinite”
number of such systems. This idea is illustrated by first raising the following
question: if the events concerning the dynamics of a single particle are described
by the elements of %P(¥) where ¥ is a separable Hilbert space, how does one
construct the Hilbert space for an indefinite number of such particles in a system
where the indefiniteness is due to the fact that “births” and “deaths” of particles
take place or, equivalently, particles are being “created” and “annihilated” subject
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to certain laws of chance? We shall try to achieve this by pooling all the finite
order tensor products into a single direct sum. To this end we collect some of
the elementary properties of direct sums of operators in the form of a proposition
without proof.

Proposition 19.1: Let A, € B(H,),n = 1,2,  where {¥,} is a sequence
of Hilbert spaces. Suppose sup,,||A,|| < cco. Then there exists a unique operator
A =&, A, on ¥ = @, ¥, satisfying

(i) A®n un = @ Anu; (ii) [|Al] = sup,,[|An]|.

If {A,},{Bn} are two sequences of operators such that A, B, € B(H,)
for each n and sup,, (|| An|| + ||Bnl||) < oc then their direct sums A = &, A,, and
B = @, B, satisty the following:

(a) A+ B=&, (A, + By), AB = &, A, By, A* = @&, AL

(b) If each A, has a bounded inverse and sup,||4,,']| < oc then A has a
bounded inverse and A ' = @

(¢) A is a selfadjoint, normal, unitary, positive or projection operator according
to whether each A,, has the same property;

(d) If A € $,(H) and therefore has finite trace then each A, € .. (%),
n=12, ,and ||[A|; = >, ||4An|[i, tr A=), trAy;

(e) If A = pis a state in ¥ then there exist states p, and scalars p, > 0,

n =12, suchthat ) p,=1and p= Dy pppn.

n TL ;

Proof: Omitted. u

Let 9 be a Hilbert space and let #©", #©" and #®" be the n-fold tensor
product, symmetric tensor product and antisymmetric tensor product of ¥ respec-
tively, where the O-fold product is the one dimensional complex plane and the
1-fold product is 7€ itself in all the three cases. The Hilbert spaces

Ty (%) = é%@",rs(%) = é%@" Ta(¥) = é%@"
n=0 n=0 n=0

are respectively called the free (or Maxwell-Boltzman), the symmetric (or boson)
and the antisymmetric (or fermion) Fock space over 3. The n-th direct summand
in each case is called the n-particle subspace. When n = 0 it is called the vacuum
subspace. Any element of the n-particle subspace is called an n-particle vector.
The vector | 04 06 s called the vacuum vector which we shall denote by
&. We denote by T'},. (), T5(9) and T, (%) the dense linear manifold generated
by all n-particle vectors, n = 0, 1,2, in the corresponding Fock space and call
any element in it a finite particle vector. For any u € 9 the element

e(u) = @n(n!) V2" (19.1)

(where 0! = 1, u®’ = 1) belongs to T'y (%) C T4 (%) and is called the exponential
(or coherent) vector associated with u. For any u,v € #

(e(u),e(v)) = exp(u, v). (19.2)



19 The Fock Spaces 125

The projections E and F' from It (%) onto the subspaces I';(9() and I, (%) can
be expressed as
E=¢,E,F=a,F, (19.3)

where E,, and F,, are the projections from #©" onto #®" and #@" respectively
described by Proposition 17.1. If dim# = N < oo then the direct sum in T', (%)
terminates at the N-th stage and by the second part of Proposition 17.3

dim T, (%) = XN:GZ) =2V,

n=0

Let Uy, : #2" @ %®" — %°"" be the unique unitary isomorphism satisfying the
relations

Us(11 @ Qu)@ (1@ QU) =1 ® QU Q010 @ U

for all u;,v; € #, 1 <4 <7, 1 < j < s Such an isomorphism is well-
defined in view of Proposition 7.2 and 15.5. We use this isomorphism to identify
HE" @ %" with """, In each of the Fock spaces let P, denote the projection
on the n-particle subspace for every n. If P(¥) is interpreted as the collection
of events concerning the dynamics of a single particle then P(T'f,(9()) can be
interpreted as the collection of events concerning an indefinite number of identical
but distinguishable particles obeying Maxwell-Boltzmann statistics (see (17.13)).
Similarly P (T'5(#)) and (T’ (#)) may be considered as the collection of events
concerning an indefinite number of identical bosons and fermions respectively.
(See (17.14), (17.15) and the succeeding remarks.) In such a case the projection
P, signifies the event that the number of particles in the system is n.

Proposition 19.2: Define multiplications (u,v) — u ® v, uv,u A v respectively
in the finite particle Fock spaces T%,.(3), T%(%),T5(3) by

U RV = Ey Z Pou® Psv, wv=FEu®v, u ANv=Fu®v
T+s=n
where | @ 4 = v ® 1 = v and E, F are defined by (19.3). Then the following
properties hold: (i) T'Y, (%) is an associative algebra; (ii) T9(9) is a commutative
and associative algebra; (iii) T (%) is an associative algebra in which

uhv=( 1)™vAuforal ue#¥ veH® .

Proof: The associativity of the three multiplications is immediate from Exercise
15.7 and Corollary 17.2. (ii) is immediate from definitions. The last part follows

from the fact that the permutation from (1, 2, ,m+n) to (m+1,m+2, ,m+
n, 1,2, ,m) can be achieved by mn successive elementary permutations which
are transpositions. [ ]

If we say that the degree or rank of any n-particle vector is equal to n then
the product of two vectors of degrees m and n leads to a vector of degree m+n in
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all the three algebras T'%, (%), T9(%) and T (%(). These are examples of “graded
algebras”. F(}T(%) is the tensor algebra over ¥ whereas T9(%) and TY (%) are
the symmetric and exterior algebras over . When dim # = oo the products of
m-particle and n-particle vectors generate only a dense linear manifold in the
subspace of m + m-particle vectors. In this sense the definitions here are different
from the corresponding notions in the algebraic appoach to tensor products over
a vector space.

If F]fr(%) and T';, (%) denote the subspaces spanned by vectors of even
and odd degrees respectively then any element of F;IT(%) is called even and any

element of I';, (9€) is called odd. If u,v € I%(%) then u A v = v A u if either u
orvisevenand u Av = v Awu if both u,v are odd. u A v is odd if one of them
is odd and the other is even. u A v is even if both are odd or both are even. In
other words T9 (%) is a Z,-graded algebra under the multiplication A.

Proposition 19.3: Suppose {e;,j = 1,2, .} is an orthonormal basis in .
Then the three sets

{0, 0 @elij=12, j=12, .,n;n=12 .},

n! 1/2
(") e n+ +nem
1< <1< <ig, k,bn=1,2, },
{(®,(n)%e; Nei, N Aej,[1<iy<ix< <ip,n=12 1}

are respectively orthonormal bases in the Fock spaces T' s, (%), T's(9() and T, (%),
the multiplications being defined according to Proposition 19.2.

Proof: This is immediate from Exercise 15.8 and Proposition 17.3. |

Proposition 19.4: The set {e(u)|u € ¥} of all exponential vectors is linearly
independent and total in ['s(%).

Proof: Let {u;|1 < j < n} be a finite subset of ¥. Since {u|(u, u;) # (u,ur)},
j # k are open and dense in J there exists a v in ¥ such that the scalars
0; = (v,u;), 1 < j < n are distinct. Suppose a;, 1 < j < n are scalars such that
>_jaje(u;) = 0. Then for any scalar 2

0= <e(Ev),Zaje(uj)) = Zajez”j.

Hence a; = 0 for all j. This proves linear independence. To prove the second
part consider an orthonormal basis {e;} in #. If uw = z1e;, +  + 2ze;,, 2; being
scalars then the coefficient of 2{'23*  z;*,r1 +  + 7 = n,in u®" belongs

to %®" . Suppose that S is the closed subspace spanned by all the exponential
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vectors. Then the vacuum vector e(0) € S. By (19.1)
+1 -
n 1 i
" = (n+ 1) lime "D {e(eu) @(r!) ey Y.
e—0 oo

Hence it follows by induction that u®" € § for all » and u in 9. Thus
S =T4(%). ]

Corollary 19.5: Let S be a dense set in 9. Then the linear manifold é(S)
generated by S = {e(u)|u € S} is dense in I's(9). If T : S — T'5(J€) is any map
there exists a unique linear operator T' on I'y(9€) with domain €(.S) satisfying

Te(u) = Te(u) for all u € S.

Proof: For any u,v € ¥

II?

le(u) e(v)]]? = el 4 ell* 2Re o),

Since the scalar product is continuous in its arguments this shows that the map
u — e(u) from J€ into I's(¥) is continuous and, in particular, {e(u)|u € S} =
{e(u)|u € #}. The second part follows from the linear independence of the set
of all exponential vectors. n

The next two propositions indicate how the correspondences # — T's(#)
and ¥ — T',(¥) share a functorial property in the “category of Hilbert spaces”.

Proposition 19.6: Let 3¢;, #, be Hilbert spaces and # = #; ¢ 9(,. Then there
exists a unique unitary isomorphism U : T'g(#) — T5(%;) @ T5(H,) satisfying
the relation

Ue(u®v) =e(u)@e(v) for all u € 3, v € . (19.4)

Proof: We may assume without loss of generality that #;, ¥, are mutually orthog-
onal subspaces of #. By Proposition 19.4 the sets {e(u)|u € ¥}, {e(u)|u € ¥;},
i = 1,2 are respectively total in T'y(%),T's(%;), i = 1,2. By Proposition 15.6 the
set {e(u) @ e(v)|lu € ¥,v € ¥y} is total in Ts(H;) @ ['x(I¢,). By (19.2), for
Ui, V4 in %1

(e(uy + ua), e(vy + v2)) = exp(us + uz, v1 + v2)

_ e(’ll.[,’l)])e<’ll.2,1)2>

= (e(u1), e(v1))(e(u2), e(v2)).

In other words the map U defined by (19.4) on the set {e(u+v)|u € ¥;,v € >}
is scalar product preserving. Hence by Proposition 7.2 U extends uniquely to the
required unitary isomorphism. [ ]
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Proposition 19.7: Let ¥, %, be Hilbert spaces and let # = %, & 9,. Then
there exists a unique unitary isomorphism U : T (% @ #H,) — Ty (%) @ T (Hs)
satisfying the relations:
Ulm+n)]"2u A A um Ay A A vy (195)
19.5
={(m)"2u; A Aum} @ {20 A A vy}
forall u; € ¥, v; € 9, 1 <i<m,1<j<n,m=12 ,n=12 and
Ud = & @ &, P, Py, P, being the vacuum vectors in Ty (#), Lo (Hy), Ta(H2)
respectively.

Proof: Once again, as in the proof of Proposition 19.6, we assume without loss
of generality that 9€;, #, are orthogonal subspaces of 7. Let

S:{q),[(m+n)!]1/2u1/\ AN NUIA ANvglug € ¥y v5 € Ho, }
1<i<m,1<j<nm=1,2, ;n=12 },

S| = {<I>1,(m!)l/2u1 AN ANum,u; € Hy, 1<i<m, m=12, 1},

Sy ={®y, (n) 20 A Avgvie ¥, 1<i<n, n=12 }.

By Proposition 19.3, S, 57,5, are total in [';(),T,(9€;),T4(9€,) respectively.
Furthermore, the set {u @ v|u € Si,v € S} is total in Ty (9¢;) @ T'4(9,). Thus
it suffices to show that the map U defined by (19.5) is scalar product preserving.
Let uj,u, € #;, 1 <i<m, 1 <k<m, v,v,e¥H,1<j<n 1<L<n.
We now consider three different cases:

Casel: m+n#m' +n'

Define u1 A Ay, = @1, A Avp = Po, gt A AU AVIA AV = P
when m = n = 0. Then we see that since u; A A Um A VLN A v, and
uy A AuL, AVYA AU A Awv,, are m+n and m’ + n'-particle vectors,
they are orthogonal. Furthermore, either m # m' or n # n' and hence

(W A ANtm,ui A Aup Yo A Avg,vi A Awy) =00 (19.6)

Case2: m+n=m'+n', m+#m'.
Without loss of generality let m < m', n > n'. Then (19.6) holds. On the
other hand, writing

(Wi, Um, v, L) = (W1 W),
(Wi sV, o) = (W W)
we observe that the matrix (({(w;, w}))), 1 <4, j < m + n has the partitioned
form
Amxm Bmx(m’ m) 0
0 0 C(m’ m)xmn'

0 0 Dy sy
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and hence has rank < m +n’ < m + n. Thus its determinant vanishes. By (17.10)
and the definition of A we have

(W A At A A Avg,ui A Aup, Aoy A Ay, =0.

Case3: m=m',n=mn'
Define (wi, ,Wm4n) and (W), Wy,
the matrix (({w;, wj))) has the partitioned form

<Am><m 0 >
0 Brnxn

where A = (((uj,uy,))), B = (({vj,v;))). By (17.10)
(Ui A A AV A AU, Uy A Aup, AVIA A,)

) as in case 2 and observe that

1 , 1
= ——det((wi,u}))) = ——— det Adet B
m!n! , , / ,
:m+n'<u1/\ ANim @UIA ANV, Up A ANy, @V A Avy,).

It is interesting to note that the correspondence
Uu®@v =&y Z P,u® Py, w € g (1), v € Ty (Hs)
r+8=n

can be extended by linearity and closure to an isometry from Tz, () @ T, ()
into T4, (¥ & 9€,) but not a unitary isomorphism. Thus the functorial property
established for the boson and fermion Fock spaces fails for the free Fock space.

The next few examples illustrate the connections between Fock spaces and
probability theory.

Example 19.8: Let y be the standard normal (or Gaussian) distribution on the
real line. Consider the Hilbert spaces L?(x) and the boson Fock space I's(C)(=
I'47(C)). Since C®" = C for all n we have

r(C)=CaCa =2
For any z € C the associated exponential vector e(z) is the sequence
e(z) = (L,z,(21) 222, ,(nl) 22", ).

In L?(p) consider the generating function of the Hermite polynomials
zZT lzz - zn
e*® 3% = Zaﬂn(m), (19.7)
n=0

H,, being the n-th degree Hermite polynomial. There exists a unique unitary
isomorphism U : T'y(C) — L?(p) satisfying

[Ue(z)|(z) = e** ** forall z € C. (19.8)
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Indeed, the set of functions {exp zz|z € C} is total in L*(p) and

[ e auta) = 7 = (e(). e

By Proposition 19.4 and 7.2 the correspondence (19.8) extends uniquely to a
unitary isomorphism. Under this unitary isomorphism we have

U(1,0,0, )=1,
U0,0, .,0,1,0, )=(n!) *H,(z)

where, on the left hand side, 1 appears in the n-th position and n varies from 0 to
oo. In particular the sequence {(n!) %Hn(ac),n =0,1,2, } is an orthonormal
basis in L*().

In this example we may replace C by C* and the distribution y by its k-fold
cartesian product u®k and replace (19.8) by

Ue(@) = ez 2 33 7) (19.9)

where z = = ) STIETE Then U is a unitary isomorphism between Lz(u@@k)

and T'(C*). When £ is the countably infinite cardinal and correspondingly //,®k
is the countable cartesian product of standard normal distributions we obtain a
unitary correspondence between the L?-space of an independent and identically
distributed sequence of standard Gaussian random variables and the boson Fock
space T'4(£?),¢? denoting the Hilbert space of absolutely square summable se-
quences. This leads us to the connection between Brownian motion and the boson
Fock space.

Example 19.9: Let {w(¢)|t > 0} be the standard Brownian motion stochastic
process described by the Wiener probability measure P on the space of continuous
functions in [0, 00). Then w(0) = 0 and for any 0 < ¢; < ¢, < < tp <
oo, w(ty),w(ty) w(ty), ,w(ty) w(t; 1) are independent Gaussian random
variables with mean 0 and E(w(t) w(s))> =¢ s. For any complex valued
function f in L?(R ) where R, = [0, 00) is equipped with Lebesgue measure, let
fooo fdw denote the stochastic integral (in the sense of Wiener) of f with respect to
the path w of the Brownian motion. Then the argument outlined in Example 19.1
shows that there exists a unique unitary isomorphism U : Ts(L*(R,)) — L*(P)
satisfying

[Ue(f)](w)=exp(/0oo fdw ;/Ooo f(t)%dt). (19.10)

For any ¢ > 0, let fy; = fIjy which agrees with f in the interval [0,] and
vanishes in the interval (¢, oc). Then

t t
Ue(fy)l(w) :exp(/o fdw %/0 f(s)%ds), t>0 (19.11)
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where the right hand side as a stochastic process is the well-known exponential
martingale of classical stochastic calculus.

A multidimensional analogue of this example can be constructed as follows.
Suppose {w(t) = (wi(t), wa(t), ,wn(t))|t > 0} is the n-dimensional standard
Brownian motion process whose probability measure in the space of continuous
sample paths with values in R” is P®". Let {e;|l < j < n} be the canonical
basis of column vectors in C™. Then there exists a unique unitary isomorphism
U:T,(L*(Ry) ®C") — LX(P®") satisfying

[Ue( fo”@e w —epo{/f 8)dw;(s /f]) 2ds}

j=1
for all fU) in L*(R;), 7 = 1,2, ,n.
Example 19.10: Let u be the Poisson distribution with mean value A in the space

Z, of non-negative integers. In L*(y1) consider the generating function of the
Charlier-Poisson polynomials defined by

x _n
ﬁ%u%)* =Z% Tu(\z).2 € Z,. (19.12)
n=0

Then there exists a unique unitary isomorphism U : T's(C) — L?(p) satisfying
z
Ue(2)|(z) = e Y2*(1+ —=)* forall z € C. 19.13
[Ue(2))(z) 1+ (19.13)

Under this isomorphism

U(1,0,0, )=1,
U0,0, ,0,1,0, )= (n!) *mp(\z), n=12,

where 1 appears in the m-th position and n» = 0,1,2, , and in particular,
{(n)) 27mn(A,z)|n =0,1,2, }is an orthonormal basis in L2(p).

Example 19.11: Let {N(t)|t > 0} be the Poisson process with stationary inde-
pendent increments, right continuous trajectories and intensity parameter A and let
its distribution be described by the probability measure P. Then

At s)P
J!

and the conditional distribution of the jump points 0 < & < & < <& <t

given the fact that the process has n jumps in [0,%], is uniform in the simplex

{510 < 51 < < 8p < t}. This enables us to construct a natural unitary
isomorphism U between I'y(L*(R. )) and L*(P) by putting for every ¢ > 0

[N(s+) N(s )]
VA

P{N(t) N(s)=j}=e @ * . j=0,1,2,

Ue(fl(N) = e L IO 0y

f(s)} (19.14)
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(where N(0 ) =0) for all fin L*(Ry) and fy is defined as in (19.11). Indeed,

(Ue(fy).Uelgy)) =
ﬁfo‘[?(s>+g<s>]dsie At (AD)"

~ 7 X
n!

e

n=0

n n f(s5) 9(s;)
mt /0<.5‘|< <sn<tHj:l(1+ \/§ 1+ \/i Jds1  dén
9(s)

. -
— exp! \FA/O [F(s) + g(s)]ds ,\t+)\/ (14 180 4 180

~—

LT
,TATA
1
— exp / F()g(s)ds = (e(fy ), e(an)-

In L?(P) the totality of the set of random variables occurring on the right hand
side of (19.14) as f varies in L*(R. ) and ¢ in R, is an exercise for the reader.

Example 19.12: [51] Let (S, %, ) be a non-atomic, o-finite and separable mea-
sure space. For any finite set ¢ C S denote by #o its cardinality. Let I'(S) be the
space of all finite subsets of S and T',(S) = {o|0 C S,#0 = n}, To(S) = {0}
where () is the empty subset of S. (Thus the empty subset of S is a point in T'(S)!).
For any symmetric measurable function f on S™ define the function f,, on T'(S)
by
f(s1,  ,sn) if #0=n,
fn(o) = og={s1, .},

0 otherwise.

Let Fr be the smallest o-algebra which makes all such functions f, measurable
forn = 1,2, . Define the measure ur on Fr as follows. Let A, C S™ denote
the subset {s = (s1, ,8n)|S; # §; for i # j}. The non-atomicity of p implies
that £®"(8™\A,,) = 0. For any E € Fr put

NF(E):IE(@)*FZ%/A Iglr,sy({s1,  .sn})p(ds))  p(dsy). (19.15)
n=1 ~“2n

Then pr is a o-finite measure whose only atom is () with mass at () being unity.
(T'(S), Fr, pr) is called the symmetric measure space over (S, %, i) in the sense
of A. Guichardet [51]. We write do = dur (o) when integration is with respect to
Hr.

For any function f on S let

1 if o =10,

19.16
s, f(s) otherwise. ( )

7Tf(ff)—{
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Then mymy = myy and Ty = 3. If f is integrable with respect to p then (19.15)
implies

o 1 .,
'/r(s)wf(U)do =1+ Y;m'/snﬂjlf(sj),u(dsl) ((dsn)

:exp/fd/z.
5

Now consider the Hilbert space L?(ur). It is an exercise for the reader to show
that {ms|f € L*(p)} is total in L?(p). Equation (19.17) implies that

(mp,mg) = /ﬁfﬂg(o)da = /W?g(a)do = exp/sfg dp.

This at once enables us to see the unitary isomorphism U : T's(L?(u)) — L*(ur)
satisfying the relations

[Ue(f)](0) = ms(o) for all fin L* ().

(19.17)

Exercise 19.13: Let 3 = C" or £ according to whether 7 is the finite or countably
infinite cardinal. Suppose {£;|7 = 1,2, } is an n-length sequence of independent
and identically distributed Bernoulli random variables assuming the values +1 with
equal probability. Choose and fix an orthonormal basis {ej,e;, } in . Then
there exists a unique unitary isomorphism U : T', (%) — L*(P) satisfying

Ud =1,
U(k:!)l/ze]'l Aej, N Nej, = 5.715.7'2 5,7’;;’ 1 <)< < Jks
kE < 1+ dim % where ® is the vacuum vector and P is the probability measure

of the sequence {¢;}. (Hint: Use Proposition 19.3.)

Exercise 19.14: Let y be any (not necessarily non-atomic!) o-finite measure
in Ry = [0,00). Define the measurable space (I'(R; ), %r) and the symmetric
measure gpr on Fr as in Example 19.12. Then there exists a unique unitary
isomorphism V' : T, (L*(p)) — L*(pr) satisfying

Vo = I,
0 if #0 #n,

(VANFN  Afa)(o) = {(n!) Tdet((fi(ty)  ifo={t, .tu}
and t; <t < <ty

foralln > 1 and fi, fs, , fn in L?(). (Hint: See Proposition 19.2 and (17.10).)

Exercise 19.15: [116] In Exercise 19.14 let u be Lebesgue measure. Then

P (I(Ry) = C o @IRY).

n=1
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There exists a unique unitary isomorphism V : 'y, (L*(R;)) — L?(pr) satisfying
Vo = I{@},

0 if #0 £ n
(Vf)(g) = {f(t]’tZ t19 stn tTI l) lfU: {t13t27 ’tn}
and t; < t, < <tp

forall n > 1 and f € L*(R%).

Notes

Fock spaces were introduced by Fock [43] in his investigations of quantum electro-
dynamics. For a mathematical account of this topic, see Cook [26]. The connection
between Gaussian processes and Fock space appears in Segal [122]. Example 19.12
is from Guichardet [51] and Maassen [83]. This identification of Fock space is the
key idea on which Maassen’s kernel approach to quantum stochastic calculus [83,
76] and Meyer’s investigations of chaos [88] are based. For further applications
of this idea of kernels, see Parthasarathy [110], Lindsay and Parthasarathy [79].

20 The Weyl Representation

In Section 13 we had already remarked that the route to construct observables
lies in looking at unitary representations of Lie groups and evaluating the Stone
generators of their restrictions to one parameter subgroups. Any Hilbert space 7€,
being a vector space, is an additive group. Thanks to the existence of a scalar
product in ¥, we have the group U(J) of all unitary operators in . A pair
(u,U), u € ¥, U € U(H) acts on any element v as follows:

(u,U)v = Uv + u,

first through a “rotation” by U and then a “translation” by «. The map v — (u,U)v
is a homeomorphism of ¢ with inverse being given by the action of the pair
( U 'w,U ). Successive applications by the pairs (u,Us) and (u;,U;) on v

leads to
(ul, Ul){(UZ, Uz)’l)} = (Ul, Ul){UQ’U + uz}

= U U+ Uyup + u
= ((uy + Uyun), U Uz)v.
This suggests the following composition for the pairs (u;,Uj), j = 1,2.
(w1, Uy)(u2, U) = (w1 + Uyug, U Ua). (20.1)

The cartesian product # x U(#) as a set becomes a group with multiplication
defined by (20.1), identity element (0, 1) and inverse (u,U) '=( U 'u,U ).
#C inherits a topology from its norm and AU(¥) the corresponding strong topology.
With the product topology and group operation (20.1), # x U(H) becomes a
topological group which we denote by E(¥) and call the Euclidean group over
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#. The separability of € implies that E(¥) is, indeed, a complete and separable
metric group. If d = dim # < oo then E() is a connected Lie group of dimension
n(n + 2). In any case E(J€) has a rich supply of one parameter subgroups. Since
(u,U)(v,1)(w,U) ' = (Uv,1),% is a normal subgroup of E(%) if we identify
any element u € J€ as (u, 1) in E(¥). The quotient group E(J€)/¥ is isomorphic
to W(FC). Any element U in U(JC) can be identified with (0,U) in E(%).

We shall now construct a certain canonical (projective) unitary representation
of E(#) in the boson Fock space I'gy(#) over # and reap a rich harvest of
observables which constitute the building blocks of quantum stochastic calculus.

Let S = {ae(v)|a € C,v € 9}. By Proposition 19.4 S is total in T's(%).
Consider, for any fixed (u,U) € E(%), the action induced on S by the map
e(v) — e(Uv + u). This is not inner product preserving. Indeed, for any vy, v, in

¥
(e(Uui +u). e(Uvs +u)) = (e(v1), e(v2)) exp{ull* + (Ui, w) + (u,Uv2)}.

This shows that the correspondence

e(v) — {exp( %IIUH2 (u,Uv))}e(Uv + u)

yields an isometry of S onto itself. Hence by Proposition 7.2 there exists a unique
unitary opeator W (u,U) in I';(9€) satisfying

1
W(u,U)e(v) = {exp( §||u|\2 (u,Uv))}e(Uv + u) for all v in . (20.2)
W (u,U) is called the Weyl operator associated with the pair (u,U) in E(¥).

Proposition 20.1: The correspondence (u,U) — W (u,U) from E(%) into
U(T5(F)) is strongly continuous. Furthermore

W (w1, U)W (up, U) = e ™I W (g, Uy) (ua, Un))

(20.3)
for all (u;,U;) in E(%), j=1,2.

Proof: Since the scalar product in ¥ is continuous in its arguments and the map
u — e(u) is also continuous (see the proof of Corollary 19.5) it follows from
(20.2) that (u,U) — W(u,U)e(v) is a continuous map from E(¥) into T's(%)
for every fixed v. The totality of exponential vectors and the unitarity of Weyl
operators imply the first part. The second part of the proposition is immediate from
(20.2) on successive applications of W (uy, U,) and W (uy,U;) on an exponential
vector. |

Proposition 20.1 shows that the correspondence (u,U) — W (u,U) is a
homomorphism from E(#) into WU(I's(9)) modulo a phase-factor of modulus
unity. Such a correspondence is called a projective unitary representation [135].
As a special case of (20.3) we obtain the following relations by putting

W(u) = W(u, 1), [(U)=wW(0,U) (20.4)
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for w in ¥ and U in WU(F):

W(uw)W(v) =e ‘MO W(y 4 ), (20.5)
W(u)W (v) = W(v)W(u){exp 2iIm{u,v)}, (20.6)
L(U)T(V) =T(UV), (20.7)
D)W (w)T(U) ' = W(Uu), (20.8)
W(su)W (tu) = W(s +tu), s,teR. (20.9)

It is fruitful to compare (20.6) with the Weyl commutation relations in (13.7) of
Example 13.3. Equation (20.9) shows that every element u in ¥ yields a one
parameter unitary group {W(tu)|t € R} and hence an observable p(u) through
its Stone generator so that

W(tu) =e 7 t e Ru e %. (20.10)

If S is any completely real subspace of ¥ then (u,v) is real for all ,v in S and
the family {p(u)|u € S} is commutative (or non-interfering) in the sense that all
their spectral projections commute with each other.

The operator I'(U) defined by (20.4) is called the second quantization of U.
Equation (20.7) shows that for every one parameter unitary group U; = e “# in
J€ there corresponds a one parameter unitary group {T'(U;)|t € R} in T'g(%). We

denote its Stone generator by A\(H) so that
Dle ) =¢ "WMH)  {cR, (20.11)
The observable A(H) is called the differential second quantization of H.
Through (20.10) and (20.11) we thus obtain the families {p(u)|u € #},
{A(H)|H an observable in 9€} of observables in T's(9). The quantum stochastic
calculus that we develop in the sequel depends very much on the basic properties

of these observables. We shall now investigate the commutation relations obeyed
by them.

Proposition 20.2: For an arbitrary finite set {v,v2, ,v,} C ¥ the map z —
e(ziv1 +  + 2zpvy) from C™ into T'g(H) is analytic.

Proof: Sirice ZZC:OM“% < oo it follows that the map z — e(zv) =
chzoz”’i/@m is analytic so that the proposition holds for n = 1. When n >

1 choose an orthonormal basis {uj, us, ,Um } for the subspace spanned by
{vi,v2, ,v,} and note that ¥;z;v; = ¥;L;(2)u; where L;(z) = S;2;(uj, v;)
is linear in z for each j. Denote by ¥; the one dimensional subspace Cu; for
1 <j <mand put ¥, = {uy, um}l Since ¥ = @mH% we can, by

Proposition 19.6, identify T's(#) with the tensor product ®m+1 [(9¢;) so that

e(sz {®e 1 @ e(0)

and the required analyticity follows from the case n = 1. [ ]
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Proposition 20.3: For any u1, u, , Um» V1, V2, ,Un, v in ¥ the map (s,t) —
W(siu)  W(spmum)e(tivy + vy +  + tpv, + v) from R™ into T'i(#)
is analytic.

Proof: By (20.2) and (20.5) we have
n m n
W (sjuy) W(smum)e(thvj +v) = ¢(§,§)e(23,~,u7¢ + thvj +v)
j=1 i=1 j=1

where ¢(s,t) is the exponential of a second degree polynomial in the variables
83, t5, 1 <4< m, 1 < j < n. The required result is immediate from Proposition
20.2. ]

For any set S C ¥ recall (from Corollary 19.5) that €(S) denotes the linear

manifold generated by {e(u)|u € S}. When S = ¥ and there is no confusion we
write € = €(%).

Proposition 20.4: For each u in %€ let p(u) be the observable defined by (20.10).
Then the following holds:

i) € C D(p(u)p(uz) pluy)) for all n and wuy, u, ,upn € I

(ii) € is a core for p(u) for any u in ¥;

(i) [p(w). p(v)]e(w) = {2iIm{u,v) }e(w). (20.12)
Proof: (i) is immediate from Proposition 20.3 by putting ¢; = ¢, = =0,
applying Stone’s Theorem (Theorem 13.1) and differentiating successively with
respect to Sm, Sm 1, , 81 at the origin. To prove (ii) first observe that for any real
s # 0, p(su) = sp(u) and hence we may assume without loss of generality that

lu|| = 1. Let #y = Cu, ¥, = ¥ . By Proposition 19.6 T5(%) = Ts(%,) ®
Ts(¥;) and for any v € ¥

e(v) =e((u,v)u)@e(v (u,v)u),
W (tu)e(v) = e 3t Huv) (g + tu)
= {Wo(tu)e((u,v)u)} @ e(v  (u,v)u)

where W, indicates Weyl operator in I';(#). The totality of exponential vectors
implies that
W (tu) = Wy(tu) @ 1,

1 denoting the identity operator in I's(%;). Thus
p(u) = po(u) & 1

where po(u) is the Stone generator of {Wy(tu)|t € R} in T's(#). In other words
it suffices to prove (ii) when dim 3 = 1 or # = C. Let U denote multipliction by
e in C. Then D(U)Wy(u)[(U) ' = Woy(e®u) and T(U)e(v) = e(e?v). Thus
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D(U)po(u)T(U) ' = po(e*®u). Hence it is enough to prove (ii) when 3 = C and
u = 1. Write py = po(1). We have

r,(C)=CasCs
where any element 1 can be expressed as
¥=(20.21, .z ) % €C Y |z <o (20.13)

J
Let ¢ € D(po) be such that (1), pp)) is orthogonal to every vector (e(z), poe(x)),
z € Rin T4(C) & T'4(C). Then

(¥, e(z)) + (pot, poe(z)) = 0.
By (i), e(z) € D(p%) and hence

(¥, (1 +pg)e(z)) =0 for all z € R, (20.14)
where )
T z"
e(z)=(Lz,—(=, ,—F—, ).
ST T
Since by definition
2 d’
poe(z) = @W(t)e(m)\tzo
d2
= W@ ;t ¢ ($+t)t 0,

(20.13) and (20.14) yield

o o o0 1)
2)2 Zn In + 22 nzﬂ In Zn(niznmn 2 = O (2015)
n:O\/m n:lm \/m

Putting

(20.15) becomes

or 1
f(z) = (ae”™ + Be *)e2”
where a, 3 are scalars. This shows that

_ 05+( l)n/ﬁ n
Zn = TH&%— 1)

where £ is a standard normal random variable. Now (20.13) implies

Z'a+ B (ke 1 1) < oo (20.16)
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Let n = 2k. Then
F(¢+ 1)* >Ee* =135 2k 1.
By Stirling’s formula
([E£2k>2 _c

= —ask — o0

2k VE

where ¢ > 0 is a constant and = denotes asymptotic equality. Thus

—{E(E+ 1)}
:Z::’) 2%! -

and (20.16) is possible only if a + 3 = 0. Now consider n = 2k + 1. Then
E(¢+ 1) > 2k + DEE* =135 2k +1)

and

{E(§+1)%H132
2k + 1!

(135 2k 1)
2k!

> (2k+1) =cvkask — 0o

for some ¢ > 0. Thus (20.16) is possible only if @ (B = 0. In other words
a = = 0 and hence f(z) = 0. Thus ¢ = 0 or G(po) N {(e(z),poe(z))|x €
R} = 0,G(po) denoting the graph of py. This proves (ii).

To prove (iii) we observe that for any u, v, w;, w, in ¥

(p(u)e(w), p(v)e(ws)) =

(W(su)e(wr), W(tv)e(ws))|s=io

0s0t
2 1 |
= 6(2875 exp{ 532Hu”2 5252”’0”2 s(@ ) (20.17)

t{v, wy) + (wy + su, ws + tv) }s—1—o
= {(u,v) + ((w,w2)  i1,9)({w,v) @, wy))}erv2),

Interchanging % and v in this equation, using (i) of the proposition and the totality
of exponential vectors we obtain

{p(u)p(v)  p(v)p(u)fe(ws) = ((w,v) (v, u))e(wz).

Corollary 20.5: Let S C % be any dense set. Then p(u) is essentially selfadjoint
in the domain €(S).
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Proof: For any v, w in ¥ define
B(v,w) = |le(v) e(w)|]* + [p(u)(e(v) e(w)]?
= [le(v) e(w)|

2

W (su)(e(v)  e(w), W(tu)(e(w) e(w))lamiy

Then B(v,w) is a continuous function of v and w. Thus any element of the form
(e(w),p(u)e(w)) in G(p(u)) can be approximated by a sequence of the form
{(e(vn),p(w)e(vy,))} when v, € S. The rest is immediate from (ii) in Proposition
20.4. [ |

+

Corollary 20.6: The linear manifold of all finite particle vectors in I'g() is a
core for every observable p(u), u € .

Proof: This follows easily from Proposition 20.3, 20.4. ]

Proposition 20.7: For any observable H in # let A(H) denote its differential
second quantization in I's(#). Then the following holds;

() €(D(H)) C D(A(H));

(i) €(D(H?)) is a core for \(H);

(iii) For any two bounded observables H;, H, in # and any v in #
i[AN(H,), \(Hy)]e(v) = A(i[Hy, Hp))e(v).

itH
itH

U 1s
u) is

Proof: Let v € D(H). Stone’s Theorem implies that the map ¢ — e
differentiable. By Proposition 20.2 the map ¢t — e “*(Hle(u) = e(e
differentiable. Hence e(u) € D(A(H)). This proves (i).

If v € D(H?) then t — e "Hy is twice differentiable and Proposition 20.2
implies that t — e “He(y) is a twice differentiable map and hence e(v) €
D(X(H)?). Now we proceed as in the proof of (i) in Proposition 20.4. Let ¢ €
D(A(H)) be such that (9, \(H)®) is orthogonal to (e(v), A(H )e(v)) for all v €
D(H?). Then

(.e(v)) + (A(H)p, A(H)e(v)) = 0.
Since e(v) € D(A(H)?) we have
(¥, {1+ X(H)*}e(v)) = 0 for all v € D(H?). (20.18)

Let %, denote the n-particle subspace in I's(%) and let E,, be the projection
on %,. Then A(H) = D, oAn(H) where X\, (H) is the generator of the n-fold
tensor product e “H @ @ e "H restricted to %,. Since e(tv) = @ t" ﬁ/@%
we obtain by changing v to tv in (20.18)

(Bn,(14+ A (H) Y =0, n=12, ,veDH?.
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A polarisation argument yields

(Enth, {1+ M\ (H) ) Epuy @ @0,) =0
! " ! " (20.19)
for all v; € D(Hz), 1<j<n.

where E,, denotes the symmetrization projection. Since the linear manifold gen-
erated by {Env; @ @ vylv; € D(H?),1 < j < n}is a core for 1 + A, (H)?,
(20.19) implies

(Epth, {1 + My (H)*}€) = 0 for all € € D(A\,(H)?).

Since 1+ A, (H)? has a bounded inverse (thanks to the spectral theorem) its range
is #,,. Thus E~n1/) = 0 for all n. In other words

G(A(H)) N {(e(v). \(H)e(v))lv € D(H?)}* = 0.

This proves (ii).

To prove (iii) we first observe by using (i)

(e(u), A\(H)e(v)) = i%@(w,e(e ))li=o
_ % explu,e )|y (20.20)

= (u, Ho)el®")

for any observable H in # and v € D(H). If H, H, are bounded observables
the map (s,t) — e #Hie #Hz2y js analytic for every v € 9 and, in particular, by
Proposition 20.2 the map (s,t) — e(e **Hie #Hz2y) is differentiable and

62

0s0t

A H)AH)e(v) = isHi o itH

e(e V)|s=t=0-

Thus for any u,v € %,

(elw) ACHONHL)e(v) = 5

= {(u, HiHyv) + (u, Hyv){u, Hyv) } exp{u, v).

z'sHlu e itH2v>
9

exp(e ls—t—0

Now the totality of exponential vectors and (20.20) imply (iii). |

Proposition 20.8: Let H be an observable in % and u,v € D(H?). Then

ilp(u), A(H)le(v) = p(iHu)e(v).
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Proof: Let u,v,w € D(H?), Uy = e "*. Then the %-valued functions

D(U)W (su)e(w) = e 25 1ul® stww) o, (su +w)),  (20.21)
W (su)T(U, "e(w) =e 27 llull® sWeww) (7, Yy + su), (20.22)
(U)W (su)T(U, "e(w) = W (sUu)e(w)

e %SZHUHZ s(Ut“’"’)e(w + SUf,w) (2023)

are twice differentiable in (s,t). Hence by Stone’s Theorem and (20.23) we have

H? 1
5195 € (V). TUIW (st)D (U, Me(w))]s=t=o (20.24)

= {(v, iHu) ( iHu,w)}e"".

On the other hand the left hand side of the above equation can be written as

2
6zat<F(Uf De(v), W (su)D(U; He(w))ls=i=o
(;95 (iA(H)e(v), W(su)e(w)) + {e(v), W(su)ir(H)e(w)) }s=o (20.25)

= (e(v), {p(w)A(H)  A(H)p(u)}e(w)).

Furthermore, for any u, v, w in #

(e(w), plu)e(w)) = i 3 {e(v), W (tw)e(w)) =0

d
= Z% CXP{ t2|‘u||2 t<u,w> + <’U,’lU + tu)}‘tzo (2026)

=i({(v,u) (u,w))exp{v,w).

Equating the right hand side expressions in (20.24) and (20.25) and using (20.26)
we obtain

ilp(u), \(H)le(w) = p(iHu)e(w). [ |

Proposition 20.9: Let 7' be any bounded operator in I's(¥) such that TW (u) =
W (u)T for all w in #. Then T is a scalar multiple of the identity.

Proof: Without loss of generality we assume that % = ¢>. The same proof will
go through when dim # < oo. Consider the unitary isomorphism U : T'4() —
L?(P) discussed in Example 19.8 where P is the probability measure of an in-
dependent and identically distributed sequence of standard Guassian random vari-
ables £ = (&1,&, ). Then

[Ue(2)](&) = expz 2i&; %ij>
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Elementary computation shows that the Weyl operators obey the following rela-
tions thanks to the totality of exponential vectors in I'y(¥) and the set

{exp Zajfj\g €} in L*(P) :
J
for any square summable real sequence a

OW( iU ) =e 2" p(g) (20.27)
{UW( %Q)U 1f}(§) —e %”Q”z %Z] a7£7f(§+g) (20.28)
for all f € L?*(P). Let UTU ' = S. Then S commutes with UW( ia)U !

and UW( %g)U ! for all real square summable sequences a. Equation (20.27)

implies that S commutes with the operator of multiplication of ¢({) for every
bounded random variable ¢(£). In particular, for any indicator random variable
I we have

Slg = SIgl = IgS1.
If S1 = 9 then we conclude that (Sf)(£) = ¥(£)f(€) for every f in L*(P). Now

using the commutativity of S with the operators defined by (20.28) we conclude
that

Y(E+a)f(E+a) =) f(+a)ae €

for each real square summable sequence a and f in L?(P). Thus

Y(E+a) =) ae

for each g of the form (aj,a2, ,a,,0,0, ),a; € R. This means that ¥(§) is
independent of £;,&, &, for each n. An application of Kolmogorov’s 0-1 law
shows that 9 is a constant. |

Suppose {T,|a € J} is a family of bounded operators in a Hilbert space
3¢, which is closed under the adjoint operation *. Such a family is said to be
irreducible if for any bounded operator S the identity ST, = T, S for all @ € J
implies that S is a scalar multiple of the identity. For such an irreducible family
the only closed subspaces invariant under all the T}, are either {0} or (. Indeed,
if P is an orthogonal projection on such an invariant subspace then PT, = T, P
for all a. In this sense the family of Weyl operators {W (u)|u € ¥} is irreducible
in T's(#) according to Proposition 20.9. We now summarise our conclusions in
the form of a theorem.

Theorem 20.10: Let ¥ be any complex separable Hilbert space and let I's(%) be
the boson Fock space over ¥. Let W(u,U), (u,U) € E(%) be the Weyl operator
defined by (20.2). The mapping (u,U) — W(w,U) is a strongly continuous,
irreducible and unitary projective representation of the group E(J€). For any u in
#C and any observable H on # there exist observables p(u) and A(H) satisfying

W (tu) = W(tu,1) = e ")
F(e z'tH) — W(O,e itH) —e itA(H)
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for all ¢ in R. The observables p(u) and A(H) obey the following commutation
relations:

1)  [p(u),p(v)]e(w) = 2i Im{u, v)e(w) for all u,v,w in ¥,

(i) i[p(u), A\(H)]e(v) = p(iHu)e(v) for all u,v € D(H?),

(iii) for any two bounded observables H;, H, in ¥ and v € ¥
i), A(Ho)Je(v) = AG[Hy, Ho))e(v).

Proof: This is contained in Proposition 20.4, 20.7-20.9. ]

We shall now introduce a family of operators in terms of which computations
involving the Weyl operators or, equivalently, the operators p(u) and A(H ) become
considerably simplified. We write

a(w) = p(iu).a(u) = 3 (a(w) + ip(w).al(w) = (aw) ip(w)) (20.29)

for any » in ¥. For any bounded operator H in ¥ we write

MH) = A( (H+H*))+z)\( (H H*),M(H) = X\(H"). (20.30)

Proposition 20.11: Let T be any operator of the form T' = T\T, T, where
T; = p(u;) or A\(H;) for some u; € ¥ or some bounded observable H; in J¢. Then
the linear manifold € generated by all the exponential vectors in T's(J) satisfies
the relation € C D(T).

Proof: The proof is analogous to those of (i) and (iii) in Proposition 20.4, 20.7
and we leave it to the reader. [ |

Proposition 20.12: Let a(u),af(u), \(H), \T(H) be defined as in (20.29), (20.30)

for u € #, H € B(%). For any operator of the form T'= T\T, T, where each

T; is one of the operators a(u;),at(u;), A\(H;),u; € ¥, H; € B(J), 1 < j < mn,

n = 1,2, , the relation € C D(T) holds. Furthermore, for any v, ¢, %, € €

the following relations hold:

1)  a(w)e(v) = (u,v)e(v);

(i) (a'(w)r, ) = (1, a(u)ia);

(i) (ATCH)1, %) = (31, ACH)¥ha);

(iv) The restrictions of a(u) and a'(u) to € are respectively antilinear and linear
in the variable . The restriction of A(H) to € is linear in the variable H;

[a(w). a(v)]y = [a’(u).a'(v)]y =0,

la(u).a’ (v)]9 = (u.v)9,
[A(HL), A(H2)9 = A([H), H2)])Y,
[a(u), \(H)|$ = a(H u)y,
[a’(w). MH)]Y = o' (Hu)p.



20 The Weyl Representation 145

Proof: From (20.29) and (20.26) we have
(e(w),a(u)e(v)) = (u,v){e(w),e(v)) for all w in ¥.

Since exponential vectors are total in T's(F) we obtain (i). For the remaining parts
we may assume without loss of generality that v, 9,9, are exponential vectors.
Since € C D(p(u)) for any u in ¥ and p(u) is selfadjoint we have

(! (we(w), e(v)) = (F( p(iu) ip(u))e(w),e(v))

= (e(w), 5 pliw) + ip(u))e(v)

= (e(w),a(u)e(v)).

This proves (ii). When H = H*, A(H) = A\(H) and (iii) is trivial. Now (iii) is
immediate from (20.30). The antilinearity of a(u) in the variable u follows from
(i). The linearity of af(u) in u follows from (i) and (ii). When H is selfadjoint

{e(u), A(H)e(v)) = i(e(u), %6(6 "Hv)i-o)

itH

d
= i— exp(u, v)

dt
= (u, Hv) exp(u, v).

Thus the linearity of A\(H ) in H follows from (20.30). This proves (iv). (v) follows
from Theorem 20.10 and definitions (20.29), (20.30). |

Proposition 20.13: The operators a'(u),u € % and A\(H), H € B(%) obey the
following relations:

O (e(v), \(H)e(w)) = (v, Hw)e");

(i) (al(ur)e(v),al(u2)e(w)) = {{ur, w)(v,u2) + (uy, uz)}e**

(iii) (af(u)e(v), \(H)e(w)) = {{u, w) (v, Hw) + (u, Hw)}e'"");

(iv) (A(Hp)e(v), \(Ha)e(w)) = {(Hiv, w)(v, Hyw) + (Hyv, Hyw)}el*v).

Proof: (i) already occurs in the proof of Proposition 20.12. (ii) follows from
(i), (i) and the second commutation relation in (v) of Proposition 20.12. (iii)
follows from the fourth commutation relation of (v) and (i) in Proposition 20.12
and property (i) of the present proposition. (iv) results from

(H)e(w). M(H)e(w) = 5

when Hi, H, are selfadjoint and the general case from (20.30). |

exp(e iSH‘v,e itHzU))‘s:t:O

We now make a notational remark in the context of Dirac’s bra and ket
symbols. Write

a(u) = a((ul), a'(u) = al(u)).
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Then we have the suggestive relations:
a({ul)e(v)

[a((u]).a’(|v))]
la((u]), A(H)] = a({u|H) = a((H"ul),

A(H),a' ()] = a' (H|u)) = a(|Hu))
in the domain €. The remaining relations in Proposition 20.12 and 20.13 also

acquire a natural significance especially in the context of the quantum stochastic
calculus that will be developed later.

Proposition 20.14: The operators a(u),a’(u),u € % and \(H),H € B(%)

satisfy the following relations:

(i) af(we(v) = Le(v+ tu)li—o;

(ii) the linear manifold of all finite particle vectors is contained in the domains
of a(u),a’(u) and A(H). Furthermore

= (u,v)e(v),
=

U, v),

a(w)e(0) = 0,a(w)v®" = vnlu,v)v®" ifn > 1 (20.31)
n
al(wr® =(n+1) D v cuer® (20.32)
r=0
n 1
AHW® =Y v" o Hvao™ " L. (20.33)
r=0

Proof: (i) follows from the two relations
(at(w)e(v).e(w)) = {e(v).a(w)e(w)) = (u,w)e"™,

d d
(e + tu) i, e(w) = SeHE g = (u,w)er)

and the totality of exponential vectors. The first part of (ii) is an easy conse-
quence of Stone’s Theorem and Proposition 20.2. By (i) in Proposition 20.12
a(u)e(tv) = t{u,v)e(tv) for all £ € C. Identifying coefficients of {” on both

o0 (s1)+tu)®n

sides of this equation we obtain (20.31). Expanding e(sv+tu) as @@, T
differentiating at ¢ = 0 and using (i) we obtain (20.32). When H is selfadjoint

e(e HHy) = ¢ MW Hlg(y) = EB;‘;O%. Change v to sv and identify
the coefficients of s™t°. Then we get (20.33). When H is not selfadjoint (20.33)

follows from (20.30). |

Proposition 20.15: In the domain € the Weyl operator W(u,U) admits the
factorisation: ]

W(u,U)=c¢ %H“”zeaT(u)F(U)e a(U
for all w € ¥, U € U(F).

u) (20.34)
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Proof: By (i) in Proposition 20.12 we have
e WU l“)e(v) —e U l“’”>e(v) =e <“’U”>e(v).
By (20.2) and (20.4)
r(U)e «U l")e(v) = e (WUVe(Uy).

By (i) in Proposition 20.14 and (20.2) we get
eaT(")F(U)e aU l")e(v) =e WUe(Up 4 u)
= e%”“”zW(u, U)e(v). [ |

Proposition 20.14 shows that a((u#)e(0) = 0 and a(u) transforms an n-
particle vector into an (n  1)-particle vector whereas af(u) sends an n-particle
vector into an (n + 1)-particle vector. A(H ) leaves the n-particle subspace invari-
ant. In view of these properties we call a(u) the annihilation operator associated
with u and a'(u) the creation operator associated with u. A\(H) is called the con-
servation operator associated with H. The quantum stochastic calculus that we
shall develop in the sequel will depend heavily on the properties of these operators
described in Proposition 20.12-20.15.

Exercise 20.16: (i) Let G be a connected Lie group with Lie algebra 4. Suppose
g — U, is a unitary representation of G in 9. For any X € 9 let 7(X) denote
the Stone generator of {Uepix |t € R}. Let

D = {v € ¥|the map g — U,v from G into 9 is infinitely differentiable}.

Then
iA(T (X)), A(m(Y))]e(v) = Aw([X,Y]))e(v)

forallve D, X,Y € 4.
(ii) Let a : 9 — ¥ be a linear map satisfying
7(X)a(Y) 7(Y)a(X)=1ia([X,Y])forall X,Y € 4. (20.35)
Define
®(X) =d'(a(X)) a(a(X)) X(n(X)).
Then
[@(X), (V)] = o([X,Y]) 2ilm{a(X),a(Y))
in the domain €(D).

(iii) If w € D then a(X) = 7(X)u satisfies (20.35). If ¥(X) = &(X)
i(u, (X )u) then

[W(X), ¥(Y)] = ¥([X,Y]) for all X,Y €.
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Exercise 20.17: Let h = @,—,hy be a direct sum of Hilbert spaces {h;} and let
D = {u|u € h,u = ®puy, ur = 0 for all but a finite number of &'s}.
Suppose T is an operator on h with domain D such that T|,, is bounded for

every k and T'(hi) C ;- hj where nj, — oc as k — oc. Then T is closable.

In particular, a(u) and a'(u) restricted to the domain of finite particle vectors are
closable and af(u) C a(u)*.

Exercise 20.18: (a) Let {¢;]j = 1,2, , } be an orthonormal basis in J€. Define
on the domain T'9(9¢) of all finite particle vectors the operators a; and a_;r- as the
restrictions of a(e;) and a'(e;) respectively for each j = 1,2, . Let

1 . 1
g =2 (a;+af).pj= 142 3(a; a;).

Then g;, p; are essentially selfadjoint in T'9(9¢). Furthermore

i

[a;.ar] = [al.al] =0, [a;.a]] = 8z

a5, qr] = [pj,pe] =0, [qj,pr] = 104

(b) When % = C.e¥ = @, ¢ = f;. j = 1,2, then {®,fi.fo. }isan
orthonormal basis for T'y(C). If a; = a, a}L = a' then the matrices of a and a'

are respectively

0O 1 0 0 0
0 0 V2 0 o0
L_| 0 0 o0 V3 0
0O 0 0 0 0 vn
0O 0 0 0
1 0 0 0
0 vV2 0 0
add=10 0 V3 0
0 0 0 vn

where f; is considered as a column vector with 1 in the j-th position and 0
elsewhere and fy = ®. This may be expressed in Dirac’s notation as

a=Y Vilti )(flat =D Vilf sl
j=1 j=1

The operator ata = N is called the number operator because the j-th par-
ticle vector with 1 in the j-th position and O elsewhere is an eigenvector for the
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eigenvalue j, fo denoting ®. If L denotes the coisometry Z;’il\ fi 1){fj] we can

express
a=VN+1L, o' = L*VN + 1

on the domain of finite particle vectors. In the pure state ® the observable %(L+L*)
has standard Wigner distribution whereas the closure of a+a* has standard normal
distribution. (See Exercise 4.5, 6.3.)

Exercise 20.19: Let H be a selfadjoint operator in € with a complete orthonormal
eigenbasis {e;|j = 1,2, } satisfying He; = Aje; for each j. Then its differential
second quantization A(H) in T'g(#) has the orthonormal eigenbasis

V172
e I T A PEU S EA R SR

(20.36)
(expressed in the notation of Proposition 19.3) with corresponding eigenvalues

{riA + + 71 Ax }. In the linear manifold generated by the set (20.36) A\(H)

coincides with the (formal) sum j )\ja;r-aj where a;, a;r. are as in Exercise 20.18.

Exercise 20.20: (a) There exists a unique unitary isomorphism U : T'4(C) —
L?(R) satisfying
1 z? 2?

{Ue(z)}(z) = (2m) *exp <Z 2T + ?) for all z € C;

(b) Let Dg,8 > 0 denote the unitary dilation operator L?(R) defined by
(Dof)(z) = 0'7f(62), feL*(R)

and let Vy = DyU. Then the image under Vj of the domain of all finite particle
vectors in I'g(C) is the linear manifold

Mg = {P(z)e %gzmz\P a polynomial in the real variable z}.
Ifg=2 2(a+a’),p= 2 2i(a a') where a,a' are as in Exercise 20.18 (b)
then for any f in Jly the following holds:
0 (Vog¥, 'f)(2) =2 263 f(2);
i) (VopVy 'f)(@)= 2 26 'f'(2);
(iii) for 8 = V2¢

1

(Vmlala+ 5V L@ = 31"@)+ 3¢5 f (@)

(c) The functions
Uie) = (2m) () 1H(V2em)e . j=0.12, .
where {H;} is the sequence of Hermitian polynomials as defined by (19.7) satisfy

1 1 1 .
§¢§"<$) + 502372%‘(93) =c(j+ E)wj(a:), j=0,1,2,

(Hint: Use the properties of the number operator ata defined in Exercise
20.18 (b).)
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() UT( i)U "= Dy,F where I'( i) is the second quantization of multiplication
by inT4(C) and [ is the unitary Fourier transform defined by (12.8);

(e) FDy = Dy 1F, Dy, Dy, = Dy,4, and the Stone generator of the unitary group
{D.:|t € R} is the closure of %U(qp +pq)U ', q,p being as in (b) (i) and (ii).

Exercise 20.21: Let the Hilbert space # be a direct sum: # = #; & ;. In the
factorisation T'x(9€) = T'5(9(;) @ T's(¥,) determined by Proposition 19.6 the Weyl
operators W (u,U) and the observables p(u), \(H) defined by (20.2), (20.10) and
(20.11) satisfy the following:
@) W(’Uq & ur, Uy & Uz) = W(ul,Ul) ® W(UQ,Uz) for all u; € %j, Uj €
0“(%]'), ] = 1,2;
(i) plur ® uz)e(vr & v2) = {p(ur)e(vi)} @ e(v2) + e(vi) @ {p(uz)e(v2)} for
all uj,v; € #;, 5 =1,2;
(iii) for any two observables H; in ¥;, j = 1,2
A(Hy & Ha)e(vr & vz) = {A(Hi)e(v1)} @ e(v2) + e(v1) @ {A(Ha)e(v2)}

for all v; € ¥#;, j = 1,2,

Exercise 20.22: (i) Let 6(#) C B(F) be the set of all contraction operators.
Then 6(9€) is a *-weakly closed convex set. In particular, €(¥) is strongly closed.
Under the strong topology “€(¥) is a multiplicative topological semigroup. If
T € €(%) and T leaves a subspace ¥, invariant then Ty, is a contraction.
Direct sums and tensor products of contractions are also contractions.

(ii) For any T' € (%) the operator 'y, (T') in the free Fock space I ¢ (%)
is defined by

I, =1aTeT e &T% 6

Write
[y(T) =T (T)

v, La(T) = T g (T)|r, c30)

where T's(#) and T, (%) are respectively the boson and fermion Fock spaces over
#. Then the maps T' — L', (T"), T's(T"), T'x(T') are strongly continuous *-unital ho-
momorphisms from the topological semigroup 6(J() into 6(T ¢, (%)), €(T's(%)),
@G(T,(#)) respectively. These are called second quantization homomorphisms.
Second quantization homomorphisms are positivity-preserving.

(iii) If T is a trace class operator in JC such that || T'||; < 1 then I'z,.(T') is also
a trace class operator and [Ty (T)|ly = (1 ||T|l;) L uTyp(T)=(1 «T) "

(iv) Let T be a positive operator of finite trace with eigenvalues {);[j =
1,2, } inclusive of multiplicity and sup,|A;| < 1. Then

uTy(T) =T(1 X)) 1 ol (T) = T(1+ X)).

In particular, {trI's(T)} 'T's(T) and {tr[,(T)} 'T',(T) are states in I';(%) and
[, () respectively.
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(v) Let dim¥ < oo and let p be any positive operator in ¥ such
that ||p|| < 1. Then for any observable X in %, det(1  pe™) (1  p) and
det(1 + pe®™)(1 4 p) ! are characteristic functions of probability distributions.

(Hint: Use Proposition 19.3 for computing traces.)
Exercise 20.23: [83] Let (S, %, i) and ur be as in Example 19.12. Write do for

pr(do). Then for any f € L?>(ur x pr X X pr), where the product is n-fold,
the following holds:

/ flor, 00,  Lop)doy  doy :/ Z flon,  ,on)do
(S)" T(S) giUosU Uop=0

where U signifies disjoint union. (This is known as the sum-integral formula.)
Under the unitary isomorphism U : T'(L*(p)) — L*(ur) for any f € U(€),
u € L*(p)

(Uat(u)U 'f)(o Zu f(a\s)

seo

(Ua(w)U 'f)(0) = / u(s)f(o U{s})du(s)
Js
and for any real valued % measurable function ¢ on S

(UT (YU 'f)(0) expzZqﬁ for all f € L*(pr)
sea
where €’ denotes the unitary operator of multiplication by e*® in L?(p).
Exercise 20.24: [136] For any u € ¥ there exists a unique bounded operator
£(u) in the free Fock space It (%) satisfying the relations:
Lu)® =0L(v)v @ Quv,=(u,v)1,® @vyforal n>1, v €#

(where 1, @ @ v, = ® when n = 1). The adjoint £*(u) of £(u) satisfies the
relations:

Cu)® =ul(u)v @ Qup=uv® Quv,forall n>1, v; €.
If T' is a bounded operator in ¥ then there exists a unique bounded operator A\o(T")
in Ty (%) satisfying
(TP =0, Tve @v,=(Tv)Red @uv,foral n>1, v; €.
The operators £(u), £*(u) and Ao(T") satisfy the following:

i) L(u)*(v) = (u,v);

() [le(w)]l = e (u)ll = [lull;

(iii) £(w) is antilinear in 4 whereas £*(w) is linear in u;
(V) £w)Ao(T) = 6(T*u). Mo(T)" (u) = £ (Tuw);

) A(T)" = Xo(T™), [[M(T)] = IT;
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(vi) Ao is a *-(non-unital) homomorphism from %B(¥) into B(T ¢, (%));

(vii) If £(u)®p = O for all u € 3¢ then 9 is a scalar multiple of the vacuum vector
®. If B € B(#) and B commutes with £(u) for all » then B® = b for
some scalar b. If, in addition, B commutes with £*(u) for all u then B = b.
In other words the family {£(u),£*(u)|u € ¥} is irreducible.

(It is instructive to compare the properties of £(u), £*(u) and Ao(T") in T' ¢, (J€) with

the properties of a(u),a’(u) and A(T') in T(%). The operators £(u) and £*(u) are

respectively called the free annihilation and creation operators associated with u.

Xo(T) is called the free conservation operator associated with T'. 1t is appropriate

to call A(T') the boson conservation operator associated with T).

Exercise 20.25: [116] Consider the unitary isomorphism V : T4, (L*(Ry)) —
L?(pr) where p is Lebesgue measure in Ry and yp and V are as in Exercise
19.15. For any 0 € ['(Ry), s € Ry define 0 + s = {t+ s|t € o} if ¢ # () and
=Qifo=0;,0 s={t s|teo}ifo#0 andif every element in o exceeds
s. Denote by min ¢ the smallest element in o. Then

@ (VewV 'f)(o) = [ u(s)f((0 + ) U {s})ds;

() (V& (u)V 'f)(0) = w(mino) f(¢\{mine} mino)if ¢ # () and = 0 if
o=10;

(iii) For any bounded measurable function ¢ on R

(VXo()V 'f(o) = ¢(mino)f(o)if o # 0,
=0 if o=10,

where, on the left hand side, ¢ denotes the operator of multiplication by ¢.
(Compare (i), (ii) and (iii) with the properties of a(u),a’(u) and A\(¢) in
Exercise 20.23 after noting that ['(e’?) = e#A(¢)),

Notes

For an extensive discussion of second quantization, CCR and CAR, see Cook
[26], Garding and Wightman [45], [46], Segal [120], [121], Berezin [19], Bratteli
and Robinson [23]. Exercise 20.23 is from Maassen [83]. Exercise 20.24 [136] is
the starting point of a free Fock space stochastic calculus developed by Speicher
[126,127]. Exercise 20.25 is from Parthasarathy and Sinha [116].

21 Weyl Representation and infinitely divisible distributions

Using the Weyl operators defined by (20.2) we constructed the observables
{p(uw)] w € ¥}, {\(H)|H an observable in ¥} in T'y(J) through (20.10) and
(20.11). We shall now analyse their probability distributions in every pure state of
the form

Yw)=e 11"Pe(v), e (21.1)

Any state of the form (21.1) is called a coherent state (associated with v). Such
an analysis together with the factorisability property indicated in Exercise 20.21
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shows how one can realise every infinitely divisible probability distribution as the
distribution of an observable in I'y(¥) in the vacuum state. It may be recalled
that a probability distribution g on the real line (or R™) is called infinitely divis-
ible if for every positive integer k there exists a probability distribution py such
that 1 = ¥, the k-fold convolution of . The investigation of such distribu-
tions in the present context leads us to the construction of stochastic processes
with independent increments as linear combinations of creation, conservation and
annihilation operators in T's(%).

Proposition 21.1: Let S C J€ be a completely real subspace such that ¥ =
S +1S = {u+ivju € S,v € S}. Then the following holds:

(i) {p(u)lu € S} and {g(u) = p(iuv)|u € S} are two commuting families of
observables with € as a common core in I's(¥);

@) [g(u),p(v)]y = 2i(u,v)y for all w,v € S, ¢ € ¢;

(iii) For any v € ¥, uy, ,u, € S the joint distribution of p(u;), ,p(un)
in the coherent state 9 (v) is Gaussian with mean vector 2(Im(v, ),
Im(v, up), , Im(v, u,)) and covariance matrix (((us, u;))), 1 <4, j < n.
In the same state the joint distribution of ¢(u1), ,q(u,) is Gaussian with
mean vector 2(Re(u, u1), , Re{v, u,,)) and the same covariance matrix.

Proof: For any u,v € S, Im(u,v) = 0 and (20.3) and (20.4) imply
W(w)W(v) =W(u+wv)=W(v)W(u),
W (i)W (i) = W (i(u + v)) = W (i0)W¥ (iu).

Now (20.10) implies that {p(u)|u € S} and {g(u)|u € S} are commuting families
of observables. That € is a core for each p(u) and g(w) is just (i) in Proposition
20.4. This proves (i). Now (iii) in Proposition 20.4 implies that for u,v € S

[q(uw), p(v)]9p = [p(in), p(v)]®
= 2iIm(iu,v) = 2i(u, v)9, P € €.
This proves (ii).
For any u,v € 9 we have from (21.1), (20.2) and (20.4)

(Y(0). W(u)p(v)) = exp([v]? %IIUH2 (u,v) + (v, u +v))

. 1
= exp(2i Im{v, u) EHqu)
Thus for any u; € S, t; € R, 1 < j <n and v € ¥ we have
(B(v),e TP e i)y g)) = ((v), WD tjug)(v))
J

1 (21.2)
= CXp{ZiZt]‘ Im(’u,uﬁ Ezt,,jtj (u7,u])}
i.J

J
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and
(Y(v),e Matw) g HnaCunlyy(y)) = (h(v), W( D itju;)(v))
J

(21.3)
= exp{ 22';15]- Re(v, u;) %%:titj (wi, uj)}
Equations (21.2) and (21.3) express the characteristic functions of the joint distri-
butions of p(u;), ,p(un) and g(wi), ,q(u,) respectively in the pure state
¥(v). u
In Proposition 21.1, S is a real Hilbert space and we have p(au + fv)y =
ap(u)y + Bp(v)y, alau + fo)y = aq(u)yp + fa(v)y for Y € €, a.f € R,
u,v € S. In view of Property (iii) in Proposition 21.1, p() and ¢( ) may be
looked upon as classical Gaussian random fields over the real Hilbert space S in
each coherent state.

Example 21.2: Let S C 9 be a completely real subspace and let {U;|t € R} be
a one parameter unitary group in ¥ leaving S invariant. Consider X; = p(Uzu)
where v € S is fixed. Then {X;|t € R} is a commuting family of observables
whose distribution in the vacuum state yields a stationary Gaussian stochastic
process with mean O and spectral distribution (u,£(E)u) = u(E), E C R being
a Borel set where Uy = [e “*¢(dz), t € R. As a special case we may consider
# = L*(R), S = the subspace of all real valued functions in R, (U;f)(z) =
f(z t), f € %. In this case the spectral density function is |4|> where 4 is the
Fourier transform of u.

Example 21.3: Let S C ¥ be a completely real subspace and let £ be a spectral
measure on the real line for which S is invariant. For any fixed S let X; =
p(&(( oo, tlu), F(t) = (u,&(( oo,t])u). Then {X;|t € R} is a commuting family
of observables (with common core €) whose distribution in the vacuum state is
a Gaussian process with independent increments, mean 0 and cov(X:, X;) =
F(t A s),t A s being the minimum of ¢ and s.

One may interpret ¢ as a time observable in J€. This example is meaningful
when £ is a spectral measure in any interval of the real line. When ¢ is a spectral
measure in the unit interval and (u,&([0,¢])u) = ¢ for all 0 < ¢ < 1 then the
distribution of {X;|0 <t < 1} is the same as that of standard Brownian motion.

Proposition 21.4: Let H be an observable in # with spectral resolution H =
Jr z&(dz) and let pu,(E) = (v,£(E)v), E C R being a Borel set. The character-
istic function of the distribution of A(H) in the coherent state 9 (v) is equal to

exp(v, (e 1)v) and the corresponding distribution v is given by
o] 1 - 1 ,n
v=e {(50—|—,u1,+5,uv ot } (21.4)

where g is the Dirac measure at the origin and %™ denotes n-fold convolution.
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Proof: From (21.1), (20.4) and (20.11) we have
($(v),e P EDyp(v)) = (P(v),T(e “)p(v))
=exp{ ||’ + (v,e "u)}.

This proves the first part. On the other hand the last expression is equal to
exp [(e " 1)p,(dz) which implies (21.4). [ |

Example 21.5: Let (2, %) be any measurable space and let 7 be an 2-valued
observable in ¥. For any E € &, n(E) is a projection in ¥ and X (E) = A(n(E))
is an observable in I'y(¥). { X (E)|E € &} is a commuting family of observables
and by Proposition 20.7 has a common core €. For any sequence {E;} of disjoint
sets from &

X(UiBj)p =Y X(Ej)y, ¢ € €.
i

In any coherent state ¥(v), for any E € &, X(E) has Poisson distribution with
mean (v, 7n(E)v) and for any finite sequence E;, 1 < j < n of disjoint sets from
%, the joint distribution of X(E;), 1 < j < n is the product of its marginal
distributions. In short, we have realised a Poisson point process over ({2, %) with
intensity measure (v,7( )v) in terms of observables in the quantum probability
space (T'y(36), (T (36)), ().

Proposition 21.6: For any u € #( and any observable H in # let
MH,u)=W( w)A(H)W (u). (21.5)

The distribution of the observable A\(H, ) in the vacuum state is also the distri-
bution of A\(H) in the coherent state 1(u). A(H,u) is essentially selfadjoint on
the linear manifold generated by {e(v + u)|v € D(H?)}. When H is a bounded
observable, € is a core for A\(H,u) for every u and

MH, u)le = A(H) + a(Hu) + a' (Hu) + (u, Hu)l|e.

Proof: The first part is immediate from the identity
(. W( w)e™ W (1)®) = (p(u),e™Mep(u)).

The second part follows from Proposition 20.7 and also implies that € is a core
for A(H,u) when H is bounded. For any % in € we have from Theorem 20.10
and (20.29)

W( u>/\(H>W(u)1/) _ eip(1t)>\(H>e ip(u),w
=MH)y p(iHu) + (u, Hu)y
= {\H) + a(Hu) + a' (Hu) + (u, Hu) }1.

In order to combine observables of the form A(H,u) for varying H,u the
next proposition is very useful.
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Proposition 21.7: Let X; be an observable in the Hilbert space ¥(;,j = 1,2,
and let ¢; € ¥;,||¢;]| = 1 for each j. Suppose # = @;°,%; is the countable
tensor product with respect to the stabilising sequence {¢;}. Let

pi(t) = (pj.e “Xig;), =12,

In order that there may exist a one parameter unitary group {U;|t € R} in 3¢
satisfying the relation

oo n oo
: itX;, ‘
Ut®uj = nILrI;C®e "iuy @ ® on (21.6)
j=1 Jj=1 j=n+1
for every sequence {u;} where u; € J(; for each j and u; = ¢; for all but a
finite number of j's, it is necessary and sufficient that the infinite product p(t) =
13721 pj (t) is defined as a continuous function of ¢ in some open interval containing

Proof: First we prove sufficiency. Let P C ¥ denote the set of all product vectors
of the form ®;’°:1uj, uj € ¥;, u; = ¢; for all but a finite number of j’s. Choose
any 9 = ®]f°ilu]- in P and let u; = ¢; for all j > jo. For m,n > jo, we have

n ) o m ) o0
1Qe “ruje @ ¢ Qe "uje Q ¢l
j=1 j=1

j=n+1 j=m+1 (21.7)
=21 Jlu;[P{1 ReTIj_,, 4 p5(4)}

provided n > m. Each p;(?) is the characteristic function of a probability distri-
bution £; on the real line and by hypothesis p(t) is the characteristic function of
the weakly convergent product y = f * fto%, ,* denoting convolution. If {¢;}
is a sequence of independent random variables where (; has distribution p; then
> j (; converges in distribution and hence converges almost surely (see Theorem

5.3.4 [24]). Thus limm,n—»ocz‘?:m+1<j = 0 almost surely and

lim T3, . p(t) = 1 for all £.

m,n— oo

Thus the right hand side of (21.7) converges to 0 as m,n — oo. In other words
the limit on the right hand side of (21.6) exists and U; defined on P by (21.6)
is an isometry. By Proposition 7.2, U; extends uniquely to an isometry on .
Denote Uy Q);~ uj = Q;= e "Xiu; where @7 u; € P. Itis clear that for any
fixed ¢ the range of Uy includes all vectors of the form ¢ @ X) HX; Uuj,
YeH @ @ 3,. Choose

Y= Q@ QUQ 1@ Q@n,n>k
where u; € ¥€;. Then

oC
j:n+le

. 'tX
Jnine @ ¢ Wgmme cuo @ o

j=n+1 j=k+1
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This shows that R(Uy;) = % and Uy is unitary for each £. By definition {U;/t € R}
is a unitary group. The strong continuity of the map ¢ — Uy is easily established.
This proves sufficiency.

Necessity is immediate from the relation

®¢]’Ut®¢] 152 pj(2). u

We shall denote the unitary group {Ut} defined by Proposition 21.7 by
Ut — ® e ’ith.
j=1

It may be noted that ®?‘;1¢j need not be in the domain of the Stone generator
X of U; since ¢; need not be in the domain of Xj. It is far from clear from this
analysis how a core for X can be constructed from the domains of the individual
operators Xj;.

Proposition 21.8: Let H; be an observable in Jf; with spectral resolution

Hj = /.’Efj(d.’r), j: 1,2, R
JR

and let u; € J; for each j be such that
WE) = (u;,&(B)u;), B €Ty
=1
is a o-finite measure satisfying the condition

2
x
—d . 21.8
| Tnte) < o (218)
Let X; be the observable in I'y(J(;) defined by
Xj = MHj.ug)  {uj, Hj(1+ H}) ') (21.9)

where A(Hj,u;) is given by (21.5). Denote by ®; the vacuum vector in T'y(¢;)
for each j. Then there exists an observable X in the Hilbert space

L (P ;) = Qra(
j=1 j=1

defined with respect to the stabilising sequence {®;} such that the following
conditions are fulfilled:

(1) e itX _ ®;C:16 ith;
(i) If ® = ;2 ®; denotes the vacuum vector in T's(P;Z,%;) then
it

@ 8 —exp [(e 1+ o)
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(iii) the distribution of the observable X in the vacuum state ¢ is infinitely
divisible and has characteristic function

exp / et 1 .
R

1+ 22

Proof: By Proposition 21.4, 21.6 and (21.9) we have
. , itz
<¢j,€ ZtX>7(I)j> = exp/(e 4T 14 m)dﬂq(ﬂ?)
where 1;(E) = (u;, & (E)u;). Since p(E) = 3, p;(E) the integrability condi-
tion on g implies that
itz

115 T
1422

e Wag) —ew [(e 1 14 1 duta)

is a continuous function of ¢. By Proposition 21.7 the existence of the observable
X satisfying (i) and (ii) follows. (iii) is immediate from (ii). |

Corollary 21.9: Let X, be the observable in I's(¥) defined by
Xo =m + p(u)

for some vector ug € o and real scalar m. If X is the observable defined
by Proposition 21.8 and Y is the Stone generator of e #Xo @ e #X then the
distribution of ¥ in the vacuum state of I's(D;Z,%;) has characteristic function

exp{imt  38°||uo|* + fp(e™® 1 {&r)dp(z)}.

Proof: Immediate. |

Corollary 21.10: Let ¥;, Hj,u;, j = 1,2, , b be as in Proposition 21.8 and
let ¥y, up, m be as in Corollary 21.9. Define

§=0
uj(t) = uj; @ Iy, j=0,1,2,

Hj(t)=Hj 2" ([0,¢]), j=12

where ¢X denotes the canonical spectral measure in L?(R, ) with respect to the
Lebesgue measure. Let

Xj(t) = MHj(t),uj(t)  (uj(t), Hy(O)[1 + Hj(t)’] 'uj(t)

for j = 1,2, . Then there exists a commuting family of observables {Y(¢),¢ >
0} in[y(¥ @ L*(R,)) = &;—ol's(9€;) satisfying the following:

() e Y1) = iamty dop(uy(t)) g ;e W Xi(t) forall a € R, t > 0;
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(i) If ®" denotes the vacuum vector in I's(% @ L*(R,)) then
<q)/’ H]r],:le ian(tj)eij(tj 1)¢/> _

n
, 1
exp{Y (t; t; 1) iagm §||U0||za§
j=1

+ e ™ 1 )
forall 0 =ty < t; < <tp,ap, ,anp €R, n=1,2,

(iii) In the vacuum state ®’ the observables {Y (¢)|t > 0} form a classical stochas-
tic process with stationary independent increments where Y (¢) has charac-
teristic function expt{iam  j|uol*a® + [y(e™® 1 {2 )du(x)} as a
function of a for each ¢ > 0.

Proof: The existence of Y (¢) satisfying (i) is immediate from the fact that { H;(¢)}
and {u (%)} satisfy the conditions of Proposition 21.8. (ii) is proved by straight-
forward calculations and (iii) is immediate from (ii). That Y (s) and Y (¢) commute
for all s and ¢ follows from (20.3). |

Exercise 21.11: In Corollary 21.9 put

o0 [e o}

it H

¥ =P, H=1aPH;, U, =e "7,
j=0 j=1

—mo@@ Ty ),
tx

itH ; -
Vi =W(v(t),e " )exp| i /(smtm W)du(z)]
Then v(t) € ¥ for each ¢ and
v(t+s) =v(t) + Upo(s) for all 5,1 € R.

The map ¢t — V; is strongly continuous and {V;|t € R} is a one parameter unitary
group in I'4(%€) and

1, ) it it
@.vio) = el 5wl [ 1+ )l

Exercise 21.12: Let u be a o-finite measure in R™ satisfying

R~ 1+|.’13‘2 e < 00

Put % = L?(u),

W@ = @ 0@ ={ |

L e itz 1
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for each ¢ € R", where C is any » x n matrix with complex entries. Then
{Ui|t € R} is an n-parameter unitary group, v(¢) € € and

v(t+s) = v(t) + Upo(s) for all 5, € R™.
It
Jdp(z)]
then {V;|t € R"} is an n-parameter unitary group in I'y(J() and
it
1+

t x
Vi=W t7U ) int - =
L= WoUenl i [ itz i

3

S)dpu(z)| -

(21.10)
Thus {V;} determines an R™-valued observable in I's(9€) whose distribution in the
vacuum state @ is the infinitely divisible distribution with characteristic function
given by (21.10).

@.vi#) =exp | Jucoplett+ [ e ve 1

s

Exercise 21.13: Let G be any group and let ¢ — U, be any homomorphism from
G into the unitary group U(J€) of a Hilbert space ¥. Suppose g — v(g) is a map
from G into J¢ satisfying

v(gh) = v(g) + Uyv(h) for g,h € G. (21.11)
Let
Vo =W(v(9),Uy), g€@G.

Then .
V, Vi = e 1@ Uav(t)y for all g, h € G.

In other words g — Vj} is a projective unitary representation of G with multiplier
a(g.h) = exp] iIm(v(g),U,v(h))] = expilm(v(g '),v(h)). (See [135].) The
function a(g, h) = (v(g '),v(h)) satisfies the identity

a(g1,92) + (9192, 93) = @(g1,9293) + (g2, 93) (21.12)

for all g1, ¢», g3 € G. Equations (21.11) and (21.12) are known as first and second
order cocycle identities respectively. If there exists a real valued function 3(g),
g € G such that

Im(v(g '), v(h)) = B(gh) P(g) B(h) forall g,h

then the correspondence g — ¢%#(9)V, is a homomorphism from G into U(T'(%)).
In such a case

(@,ePDV,8) = exp |if(g) EHW(Q)H2

is an infinitely divisible positive definite function on the group G in the sense that
exp(it B(g) 3t|v(g)|?) is positive definite in G for each ¢ > 0. Conversely,
every infinitely divisible positive definite function has this form. The example in
Exercise 21.12 is a special case when G = R".
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Exercise 21.14: [100] Let ¢ be any real Lie algebra and let X — 7(X) be a
representation of G in RB(H) so that 7 : G — RB(H) is a linear map satisfying
[7(X),n(Y)] = n([X,Y]) for all X,Y in 4. Suppose a,f3 : 4 — € are linear
maps satisfying
(X)a(Y) 7w(Y)a(X) = o([X,Y]),

m(X)"B(Y) w(Y)B(X)=p([Y,X])
for all X,Y. In I'y(¥) define the operators

®(X) = a'(a(X)) + A((X)) + a(B(X))
with domain €. Then

[@(X), (V)] = o([X,Y]) + (B(X), a(Y))  {B(Y), (X))

for all X,Y in 4.

If n(X)* = #n(X), o(X) = 7(X)u, f(X) = «aX) and ¥(X) =
®(X) + (u, m(X)u) then 1¥(X) is essentially selfadjoint on € and [¥(X),
U(Y)] = %([X,Y]). Furthermore

(€(0),exp B(X)e(0)) = explu, (™) 1)),
~ denoting closure. (See also Exercise 20.16.)

Exercise 21.15: Let § : Fr, — P () be an R -valued observable in J¢ satisfying
the condition £({t}) = O for every ¢ > 0. Define

Xi =T( &([0,2]) +&((t,00))), ¢ =0.
Then {X;|t > 0} is a commuting family of selfadjoint operators satisfying the
following:
@) th =1 for every t, Xo = 1;
(i) Forany u in # and 0 < t; < £, < < t2n+1 < 00

<¢(u)’Xt1Xt2 Xthw(u)> = H] 0 (t2]+1) (t2j+2) !
where a(t) = exp 2(u, £([0,%])u);

(iii) Kolmogorov’s Consistency Theorem implies that, in the coherent state ¥ (u),
the distribution of the observables {X;|t > 0} is the same as that of a
Markov chain {z((¢)|t > 0} with initial value z(0) = 1, state space {1, 1}
and transition probability matrix

H&U_<§u+a@ma>p i1 a@mu>w>'

(1 as)alt) 1) 5

Notes

The decisive role of the Weyl representation in the geometric approach to infinitely
divisble distributions can be traced to Streater [132], Araki [9], Parthasarathy and
Schmidt [98, 99]. For recent developments on infinitely divisible completely pos-
itive maps on groups, see Holevo [55], [56], Fannes and Quaegebeur [38], [39].
Exercise 21.14 is adapted from Parthasarathy and Schmidt [100]. For an introduc-
tion to the theory of infinitely divisible distributions in classical probability, see
Gnedenko and Kolmogorov [49].
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22 The symplectic group of 7€ and Shale’s Theorem
Let ¢ be a complex separable Hilbert space and let S : % — ¥ be any real linear
bijective map satisfying the following conditions: (i) S and S ' are continuous;
(i) Im{Swu, Sv) = Im(u,v) for all u,v € . Then S is called a symplectic auto-
morphism of 3. All such symplectic automorphisms constitute a group ¥(¥) under
multiplication. Every unitary operator in ¥ is also a symplectic automorphism of
#. Thus U(F) is a subgroup of F(I). For any Weyl operator W (u) = W(u, 1)
define
Ws(u) = W(Su). (22.1)

By (20.5) we have

Ws(u)Ws(v) = e {0 We(u 4 v). (22.2)

In other words the correspondence u — Wg(u) is another projective unitary
representation of the additive group ¥ with multiplier o (u, v) = exp( 4 Im(u,v)).
Proposition 20.9 implies that this representation is even irreducible. The question
arises whether Wy is a new representation or there exists a unitary operator I'(.S)
in T'4() such that

D(S)YW(u)T(S) ' = Wg(u) for all u € . (22.3)

When S € U(F) its second quantization satisfies (22.3). We shall now investigate
how far we can deviate from a unitary operator within the symplectic group ¥(()
but preserving (22.3).

Let 3, C € be a completely real subspace such that 3¢ = {u + iv|u,v €
Ho} = Ho+1id. For any S € F(H) define operators S;; in the real Hilbert space
¥y for 1 < 4,5 < 2 by putting

S(u+z’v) = S1u + 18U + Spv + 1S»nv (22.4)

Express any vector in %y ¢ €y as a column (:f), u,v € ¥y and define
U S S\ (u
S = . 22.5
(o) = (30 32) C) (223
Im(u; 4 v, uy + iv2) = (up, v2) (v, u2)

=) o) ()

for all uj,v; € ¥y, 1 <1, j <2.1In ¥, ® ¥y introduce the operator J by

)=(%)

The fact that S preserves the imaginary part of scalar product in # can be expressed

in terms of Sy in ¥y & ¥, by
Uy Uz
,J
<<vl) (1)2))

(on)o5 ()

We have
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for all uj,v; € ¥y, j = 1,2, ie,,
SodSo=J. (22.6)

Conversely, if Sy is any bounded operator with a bounded inverse in %y & ¥,
defined by operators S;;, 1 <4, j < 2 in ¥, through (22.5) and if (22.6) holds
then the map S defined by (22.4) in ¥ is a symplectic automorphism of .

Proposition 22.1: Let 7, C % be any completely real subspace of ¥ such
that # = Hy + iHy. Then every symplectic automorphism S of # admits a
factorisation S = U;TU, where Uy, U, are unitary operators in # and T is a
symplectic automorphism of the form

T(u+iv) = Au+iA v, u,v € ¥,

A being a positive bounded operator with a bounded inverse in the real Hilbert
space €.

Proof: Define the operator Sy in #y & ¢y through (22.4) and (22.5) so that (22.6)
holds. Let Sy = UypH be the polar decomposition of .Sy so that Uy is unitary and
Hy is a bounded positive operator with a bounded inverse in %y & #,. Then (22.6)
can be expressed as

JUHy = UpH, 'J = UpJJ 'H,'J

where JUy and UyJ are unitary and Hy and J 1HO 'J are positive. Thus the
uniqueness of polar decomposition implies

JUy =UyJ, Hy=J 'H,'J. (22.7)

In particular, there exist symplectic automorphisms U and H of ¥ such that Uy
is unitary and H is positive in #y & #,. Furthermore U is a unitary operator in
#€. The second relation in (22.7) implies that Hy and H,, ! are unitarily equivalent
through J. Let ¢ denote the spectral measure of Hy in (0,00) so that Hy =
J z&(dz). Let Ry, R», R3 be the ranges of the spectral projections £((0, 1)), £({1})
and &£((1, 00)) respectively. Then Ry & R, & R3 = #y & #y. The second relation
in (22.7) implies that J maps R; onto R3, R; onto R; and R, onto itself. Since

((“) J(“)) — 0 for all u,v € %,
v v

we can and do select an orthonormal basis of the form {(7;]7), J (ZJJ) li =1, 2,

, } for the subspace R;. Let R, and R;; be the closed subspaces spanned by
{(Zj) l7=1,2, }and {J(ZZ) |7 =1,2, }respectively so that Ry = Ry & Ro.
Write M, =R, © Ry, M> = Ry ¢ Rj3. Then #y ¢ #y = M, & M,,J maps M,
onto M, and vice versa. Furthermore H, leaves M, and M, invariant. Choose
orthonormal bases {wi,w,, } and {e;, e;, } in My and ¥, respectively.

Define a unitary operator Vj in ¥y & ¥, by putting

; 0
VE)’U)]' = ( ((;]>,W)ij = <e_>, j: 1,2,
J
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Then Vp commutes with J and VoH,V ! leaves the subspaces ¥ & {0} and
{0} @ 9, invariant. Thus VoHoV, ' has the form (g AO 1> where A is a
bounded positive operator with bounded inverse in #,. Hence

A 0
30=U0V01<0 A 1>V°‘

If U and V are the unitary operators in # which determine the unitary operators
Uy, Vp in #Hy & H respectively and T is the symplectic automorphism for which

Ty = <‘3 A01> then S = U,TU, where U; = UV L, U, =V. u

Proposition 22.2: For any u, v, w in ¥

() ()2 oo

(e(v).e T e(w)) = (14 [ull) *expf(v.w) + =, By

Proof: The left hand side of (22.8) can be expressed as

\/E/ e(v),e ””p(“)e(w»e dz = \/_/ W (zu)e(w))e 7 g
= E /Rexp{ %(1 + ||uP)z? + 2((v,u)  (u,w)) + (u,w)}dz.

Now (22.8) follows by a straightforward evaluation of Gaussian integrals. [ ]
Corollary 22.3: Let u;,uo, , U, be mutually orthogonal vectors in . Then
(e(0). 17 79 e(w)) =

2 (22.9)

) i " ((v,ug)  (ug,w))
A A O R W o v

Proof: Denote by P the projection on the subspace spanned by {u;, ,un}.
By Proposition 19.6 T';(#) can be identified with the tensor product

(T (Cuy)} QT un}h)
j=1

so that

= {® HUJ’HZ Y} @e((1  P)v)forallv € K.
uj

By Exercise 20.21

m7_je r(u) ®e (43" @ 1.
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Then the left hand side of (22.9) is equal to

el P)w)Hn < <<U],1)) )6 %p(uj)26<<uj’w>

g2 [l >
Now the corollary is immediate from Proposition 22.2. [ ]

Proposition 22.4: Let {u,} be a sequence of mutually orthogonal vectors in J€
such that lim,, .o ||%y||*> = A. Then

w.lim TT7_ e wh(u)" — o M/2forall ¢ > 0. (22.10)

n— 00

Proof: For any v,w € # we have from (22.9)

(e(v), I11_je #P e(w)) = (e(v), I1_je PV %)e(w))
1) ’U,] u], >)2 (2211)
2(1+ Luy]?)

t t n
— {H?ZI(I + E|\u]||2> 2} exp{ (v, w) + EZ
j=1

By hypothesis
) t
i T (1 + EHusz) =M.

Since {u;} are mutually orthogonal lim,_.. (v, u,) = 0 for every v. Hence the
right hand side of (22.11) converges to exp{ 1At + (v,w)} as n — oco. Since
exponential vectors are total in T's(%) and exp 1p(u)? is a contraction operator
for every u in € we obtain (22.10). [ |

Proposition 22.5: Let 3, C ¥ be a completely real subspace such that ¥ =
Ho + 1 and let A be a bounded positive operator in €y with a bounded inverse.
Suppose there exists a unitary operator T' in T's(#) satisfying the relations

TW(u)l' ' = W(Au) for all u € H,. (22.12)

Then every point A # 1 in the spectrum of A is an isolated eigenvalue of finite
multiplicity.

Proof: By hypothesis the spectrum of A is a closed bounded set contained in
the open interval (0,00). If A # 1 is an isolated eigenvalue of infinite multiplic-
ity then there exists an orthonormal sequence {un} such that Au, = Au, and
||Au,||> = A> for n = 1,2, . If XA # 1 is a limit point in the spectrum of A
then there exist sequences {Ay}, {eén} of positive numbers such that A, is in the
spectrum of A, \,, converges monotonically to A, &, — 0 as n — oo and the in-
tervals (A; €j,Aj+¢5),j =1,2, aredisjoint. If A = [ z&(dx) is the spectral
resolution of A we can choose a unit vector u; in the range of £((A; €5, A;j+€;))
for each j. This shows that if the proposition is not true we can construct an or-
thonormal sequence {uy} such that {Aw,} is an orthogonal sequence of vectors
and

lim (| Ay ||> = N2 (22.13)
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From (22.12) we get
D7 e &P0)T L= Q7 e sp(An)’, (22.14)

By Proposition 22.4 and (22.13) the left hand side of (22.14) converges weakly to
e 2t whereas the right hand side converges weakly to e 12Xt for each ¢ > 0 and
A # 1. This is a contradiction. ]

Proposition 22.6: Let dim < oo, # = €y + i, where ¥, is a completely
real subspace and let G denote the general linear group of all linear invertible
transformations of ¥. For any C' € G let S denote the symplectic automorphism
of ¥ defined by Sc(u +iv) = Cu +iC* "v for all u,v in #o. Then there exists
a unitary representation C — V¢ of G in T'(%() satisfying

(i) VeW (u)V,. ' = W(Scu) for all C € G,u € %; (22.15)

1
(i) (9, Ved) = |det 5(C + C* DI (22.16)
where ® is the vacuum state.

Proof: Let dim # = n. Choose and fix an orthonormal basis {ey, €2, ,€n} in
¥o. Consider the unitary isomorphism U : T's(#) — L?(R™) satisfying

(Ue(u)|(z) = (2m) %expz{ P ey Slepuy) (2217)

for all u in 9€. Then (20.27) and (20.28) in the proof of Proposition 20.9 imply

[UW (U 'fl(z) = fz 2w, (22.18)
[UW(iu)U ' fl(z) = e 2 () (22.19)
for any u € %o, f € L*(R") and uw = ({(e1,u), ,(ey,u)). Define the operators

Lc in L*(R™) by
(Lef)(z) = |detC| *f(C 'z).C € G, f € L}(R"). (22.20)

Put Ve =U 'LoU. Then C — Ve is a unitary representation of G and (22.17)-
(22.20) imply that for any » in ¥,

VeW (u)V,. ' = W(Cu), VeW (iu)Vy. ' = W(C* 'u).
Thus for any u in # we obtain (22.15). From (22.17) and (22.20) we have

(8, Vo®) = (Ue(0), LeUe(0)
=|detC| (27) %/Rn{exp %@,(C* C '+ 1)z)}dz

1 |
:|det§(C+C’* )| 2. [ |
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We shall now try to extend Proposition 22.6 to the infinite dimensional
case. Choose # = > = Ca Cea and denote by J€; the subspace of all
sequences whose coordinates vanish from the k + 1-th stage. We have T'5(9€) =
Ds(Hy,) @Ts(;h) =T5(C) @ T4(C) @  where the countable tensor product is
with respect to the stabilising sequence of vacuum vectors. For any A > 0 let V,
be the unitary operator in I's(C) defined by Proposition 22.6 so that

WW(2)V, ' =Wz +ix 'y),z =z + iy, (22.21)
1
(B, V) = (’\ +2A ). (22.22)

With these notations we have the following proposition.

Proposition 22.7: Let {\,} be a sequence of scalars such that A, > 0 for each
n and lim,,_.. An, = 1. Let

Ip=Vy @V, ® @V, @ 1[n+l (22.23)

where 1, is the identity operator in I's (%, ). Then there exists a sequence {cy, }
of scalars such that ¢, I';, converges strongly to a unitary operator I" as n — oc if
and only if ¢, — casm — oo, [e| = Land 37;(};  1)> < 0.

Proof: First we prove necessity. In the course of the proof we shall view (u)
for any u in ¥}, as an element of T's(%(),) as well as T'4(%). Then

Top(u) =[Va, @ oWl @R WmIedteda
j=k+1

for any u in #y,n > k where ® denotes the vacuum in I';(C). In particular,
ITnt(u)]] = ||¥(u)]| = 1. Since ¢, Ty, converges to a unitary operator it follows
that |¢,| — 1 as m — oo. From (22.22) and (22.23) we have for u € ¥,

(@@d® .TY(u)= limc(@@®e Tpip(u)

N4 (2224
)\j+/\j)2 (22.24)

k .
= (29,1, ® @ V)‘k1/)(u))nhlgocnH;?:,H_1 ( 5

The totality of all vectors of the form {¢(u)|lu € Hy, k = 1,2, } in T4(%)
implies that the left hand side of (22.24) is not equal to 0 for some u in ¥, for
some k. This can happen only if ¢, — ¢ as n — oo, |¢| = 1 and

2 /
;{1 (W)l 2} < o0 (22.25)

which is equivalent to 3 _;(; 1)? < oo since A, — 1 as m — oc. This proves
necessity.
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Conversely, let (22.25) hold. Then for any n > m > k, we have
[Vae @@ @V3, 0000 ®®
Vv, @0 oW, 0ledede |?

e
—2(1 M, (P

1
2

which converges to 0 as m,n — oc. Thus for any fixed & and any u in ¥

i Typ(u) = [V, @ Vi, © o Vag]e @ Ve

j=k+1
exists. Furthermore |[T'y(u)|| = ||¥(w)|| = 1. Thus T' extends to an isometry on
I's(%). By the same argument, for any u € ¥},
n
dim [V, v @V, p(u)] @ QR dedede  =T'y)
— o0 1 3 j

j=k+1

exists and T extends to an isometry on I'y(9€). Clearly T/ = I'* and T is a unitary

operator. |

Proposition 22.8: Let 3 = h @ k be the tensor product of two Hilbert spaces

h, k. Suppose A is a bounded operator in 9 satisfying the relation
A(B®1)=(B®1)Afor all B € RB(h),

1 being the identity in k. Then there exists a C € B(k) such that A = 1 & C

where 1 denotes the identity in h.

Proof: Choose and fix a unit vector ug in h. For any v in k£ we have
{(1 Juo){uo|) @ 1} Aug @ v = A(1  |ug){uo|)uo @ v = 0.
Thus Auy @ v € R(|ug){uo| @ 1). In other words there exists a ' in k£ such that
Auy®v = uo@v’. The correspondence v — v’ yields a linear operator C € B (k)
such that Auy @ v = up @ Cv. Let now u be any element in h. Choose an operator
B € %(h) such that Bug = u. Then
Au@v=AB @ Huy@v=(B& 1)uy®@ Cv=u® Cv.
ie, A=1®C. ]
Proposition 22.9: (von Neumann’s Double Commutant Theorem [133]): For any

von Neumann algebra N' C B(H) let N' = {A|A € B(H), AB = BA for every
B € N}. Then N’ is also a von Neumann algebra and N/ = N

Proof: We omit the proof and refer to [133]. |

Proposition 22.10: Let %€ be any Hilbert space. Then the smallest weakly closed
algebra containing {W(u)|u € 3} is B(T(I)).
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Proof: Since W (u)* = W( w) it follows that the smallest weakly closed algebra
N containing {W(u)|u € ¥} is closed under * and hence a von Neumann algebra.
By Proposition 20.9 N/ = C and N = B(T's(#)). An application of Proposition
22.9 completes the proof. [ ]

Theorem 22.11: (Shale’s Theorem [123]): Let 3 = ¥y + i3, where ¥, is a
completely real subspace. For any symplectic automorphism S of ¥ let .Sy be
the operator in ¥y & ¥ defined by (22.4) and (22.5). Then there exists a unitary
operator T'(S) in T'y(#) such that

D(S)W (u)['(S) ' = W(Su) for all u € % (22.26)

if and only if S;Sy 1 is a Hilbert-Schmidt operator in ¥y & €. In such a case
T'(S) is determined uniquely up to a scalar multiple of modulus unity.

Proof: Let S be any symplectic automorphism of . By Proposition 22.1 we can
express

S=U,TU,,T(u+1iv) = Au+iA Yo, u,v e ¥, (22.27)
where A is a bounded positive operator with positive inverse in #y and Uy, U, €
A(JC). If T(Uj;) is the second quantization of U; we have

D(U)W (w)T(U;) ' = W(Uju),u € ¥, j=1,2.
Thus a unitary operator I'(S) satisfying (22.16) exists if and only if a unitary
operator I'(T') satisfying
D(T)W (u)T(T) ' = W(Tu),u € % (22.28)
exists when T is of the form described in (22.27). Suppose dim ¥ < oo. Then
the condition that S;Sy 1 is Hilbert-Schmidt is superfluous. Put T'(T") = Vy4

where Vy is determined by Proposition 22.6. Then (22.28) obtains and the proof
is complete in this case.

Let now dim ¢ = oo. First we prove sufficiency. The condition that S;.Sp 1
is Hilbert-Schmidt implies that A> 1 and A 2> 1 are Hilbert-Schmidt in .
Hence there exists an orthonormal basis {e; } in ¥, such that Ae; = Aje;, A; > 0
for each j and > (A; 1)? < oc. Now identify ¥ with real £2 via the basis
{e;}, use Proposition 22.7 and define

I'(T) = slim T,
n—oo
where T',, is defined by (22.23). Then T'(T') satisfies (22.28) and the proof of

sufficiency is complete.

To prove necessity suppose that a unitary ['(T') satisfying (22.28) exists.
Then I(T)W (u)[(T) ' = W(Au) for all u in 3. By Proposition 22.5 there
exists an orthonormal basis {e;} in 9y such that Ae; = Aje;, A; > 0 for each j
and lim; .o A; = 1. Once again identify 9 with £? via the basis {e;} and define
the unitary operators I',, by (22.23). Then

DoW(u),! = W(Tu) for all uwe ¥#,, n=1.2,
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This together with (22.28) implies that
L, 'T(T)W(u) = W(u)D,'T(T) for all u € %,

By Proposition 22.10, the von Neumann algebra generated by {W(u)|u € ¥, }
consists of all operators of the form B @ 1 where B € B(T's(9,)), 1 denotes
the identity operator in T's(%;+) and ['s(9) = ['s(9,) @ [s(3¢;;). By Proposition
22.8 there exists a unitary operator I}, in (%, ) such that

O(T)=V\&Vy,& &V, oI,
for every n. Let ®/, denote the vacuum vector in T'y(%:) and let
Py = 1@ |,) (P
where 1 is the identity in T's(%€,, ). Then for any v € #; and n > k

n
PuT(T)e(u) = co[Va, © @ Vye(w)]o Q) Meodode
J=k+1
where
e = (®],T,,®,).

Since limy, oo PpoT'(T)e(u) = T(T)e(u) for every u € Hy, k = 1,2, ,cp,Ty
converges strongly to a unitary operator where Iy, is defined by (22.23). By Propo-
sition 22.7, ¢, — cas m — 00, |¢[ = L and >, (}; 1)? < oc. This implies that
SySo 1 is Hilbert-Schmidt.

We now turn to the uniqueness of T'(.S) in (22.26). Suppose there is another
unitary operator I'(S) satisfying (22.26) when T'(S) is replaced by I''(.S). Then
I'(S)T(S) ! commutes with all the operators W (u), u € 9. By Proposition 20.9
there exists a scalar A of modulus unity such that I'(.S) = AT(S). [ |

Let %y C % be a completely real subspace such that # = ¥, + ¢3€y. Define
Fo(3) = {S|S € F(¥),S5So 1 is Hilbert-Schmidt in ¥y & 3o}

where () is the group of all symplectic automorphisms of ¥ and Sy is defined
by (22.4) and (22.5). For each S € J(9€) select a unitary operator I'(.S) according
to Shale’s Theorem so that

T(S)W (u)['(S) ' = W(Su) for all u € . (22.29)
Then
F(S])F(SQ) = G(S],Sz)r(slsz) for all 5,5, € yo(%), (2230)

where (S, S>) is a scalar of modulus unity depending on Si,.S,. It is not clear
whether one can choose I'(S) in such a way that ¢(S),5;) = 1. If dim ¥ < co
it is clear from Proposition 22.6 that the answer is in the affirmative.
Define
IFo(#) = {(u, S)|u € #,5 € Fo(%)}.
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Under the multiplication

(w1, S1)(u2, S2) = (u) + S1u2,5152)
IFo(¥) is a group. If W (u,S) = W(u)['(S) where T'( ) satisfies (22.29) and
(22.30) then (u, S) — W(u,S) is a projective unitary representation of $Fo(¥).
It is natural to raise the question of an appropriate topology for $¥y(#) and
explore the continuity of the map (u,S) — W(u,S).

Exercise 22.12: Let 3¢ = C" = R" 4+ iR", G = GL(n,R) the general linear
group of all real non-singular matrices of order n and let ey, e;, ,en be the
canonical basis of R™. Write

1 . .
Dj =p(§€j),qj =p( iej), 1<j<n

where p(u) is defined by (20.10). Suppose C — V¢ is the unitary representation

of G in T'x(#) described in the proof of Proposition 22.6. For any real n x n

matrix L = ((¢;;)) define the observable X, as the Stone generator of the one

parameter unitary group {Vexps|t € R}. Then the following holds:

(i) the family {g;,p;]j = 1,2, } obeys the canonical commutation relations
in the domain of finite particle vectors in T's(9();

(i) Xp is the closure of the essentially selfadjoint operator § 3 i Lij(aipj +
Diq;)+ Y, 2 jfij p;iq; on the domain of all finite particle vectors;

(iii) In the coherent state ¥(a + if),a, 5 € R™ the distribution of Xy, has the
characteristic function - -

¢é,g(t) =

1 ! ! !
|det§(etL +e %exp{a_’[(l +eM) (14 etFett) Y1 +et™) 2a

,6_/(1 etL)<1+etL’etL> 1(1 etL’)g
2ig/(1+ e™)(1 + e e'™) (1 e'™)B)
where the prime ' denotes transpose. In particular, the characteristic function
of X7, in the vacuum state is
1 !
O50(t) = |det S (e +e )| %
(iv) When L is symmetric
¢é,9(t) = | detsech tL|'?expa/(sech tL 1)a
is the characteristic function of an absolutely continuous, symmetric and
infinitely divisible distribution;
(v)  When L is skew symmetric
ell 4 o th ell 4 o tL
Bh (1) = expla(E— Do+ g (T

ig’(etL e tL)é}
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is the characteristic function of a discrete infinitely divisible distribution. For
suitable values of «, Q,L, X, has Poisson distribution.

. 0 1
(vi) Whenn—Z,L—<O 0>

t2

~—
=

is an infinitely divisible characteristic function. (It is not clear, in general,
when ¢£ﬁ is an infinitely divisible characteristic function.)

Exercise 22.13: Let S|, S, be bounded operators in a Hilbert space #€ and let J

be an antiunitary operator in %. Define the unitary operators {W (u)|u € ¥} in
Ls(9 @ ¥) = Ty () @ T'y(%) by

W(U) = W(Slu @ JSQU)
If S7S1 555, =1 then

W (u)W(v) = e MW (y 4+ v) for all u,v € %.
and

- 1
(P2 P, W(u)® @ d) = exp| §<u, (S7S1 + 55 82)u)]
where @ is the vacuum vector in T's(7).

Notes
The proof of Shale’s Theorem is adapted from Shale [123].

23 Creation, conservation and annihilation operators in T, ()

There does not seem to exist a natural analogue of the Weyl representation in the
fermion Fock space I',(#) even though the second quantization homomorphism
U — Ty,(U) from U(F) into W(T,(H)) is well-defined by Exercise 20.22. We
shall drop the suffix a from T';,(U) when there is no confusion. The projective
unitary representation v — W (u) of the additive group 9¢ in T'y(¥) is described
equivalently through the family {p(u)|u € #} of its Stone generators obeying the
commutation relations [p(u), p(v)] = 2i Im(u, v). These can as well be described
by the creation and annihilation operators a'(u), a(u),u € % which obey the com-
mutation relations of Proposition 20.14, aT(u) maps %#®" into #®""' , whereas
a(u) maps #®" into #S" " for each m. We shall now introduce analogues of
at(u) and a(u) by exploiting the multiplication A (defined by Proposition 19.2)
for increasing the rank of antisymmetric tensors.
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Proposition 23.1: For any u in %€ let M, (u) : #@" — %@ denote the linear
map defined by

My(u)vy Ava A Avp =uAUv A Ay
for all v; in %€, 1 < j < n. Then the adjoint My (u)* of M, (u) is defined by

1 n—+1

My(uw)vy A AUpgp = nrl (17 YNu,v)v A ADA Avpy
j=1

where the hat” over v; indicates its omission.

Proof: For any u;, 1 < j <n+ 1 we have from (17.10) and Proposition 19.2

(U1 A ANUpp1, W AUIA Avp) =

(uy,u) (uy,v1) (w1, vn)
1 (12, ) (uz,v1) (u2,2)
n+ 1!
(Unt1,u)  (Uni1,v1) (Un+1,0n)
(wy,v1) (w1, vp)
1 R ; (uj 1,v1) (¥ 1,vn)
. 1 Nug,u) |7 00 7o
(n+1>’jz;:< P ) {wjt1,vn)
<un+1svl> <’an+1,’Un>
1 n+l1 ]
:n+1z< 1)] 1<uj,u><u1/\ /\12]/\ /\'U,n+1,7)1/\ /\Un>-
j=1

Proposition 23.2: For every u in J define the linear operators a(u) and af(u)
on the domain of all finite particle vectors in I', (%) by putting

a(u)® = 0,a(u)/yer = VM, (u),
at(u)® = u,at (u)|yger = Vn+ IM,(u), n=1,2,
where M, (u) and M, (u)* are as in Proposition 23.1. Then
{a(w)al (v) + a' (v)a(u) } = (u, v}y

for every finite particle vector 9 in 'y (%).



174 Chapter II: Observables and States in Tensor Products of Hilbert Spaces

Proof: By definitions and Proposition 23.1
af(yw A Awp =Vt ToAw A Awy,

a(u)a' (W)ywy A Awn = (wv)wr A Aw (23.1)

—|—Z Hu,wj)v Nwy A Ay A Awy,

o=

n
Z 7 Nu,wj)wr A A A A wy,
=1

a(v)wi A Awp, =n

at(v)a(uw)w, A )7 Yu,wj)v Awg A Ay A A wn.

_7:1
(23.2)
Adding (23.1) and (23.2) we obtain the required result. |

Proposition 23.3: In the fermion Fock space T',(9() there exists a unique family
{a(u),at(u)|lu € ¥} of bounded operators satisfying the following conditions:

() a(u)® =0,at(u)® = u, ® being the vacuum and u a 1-particle vector;

() a(w)miA Avp=mn %Z?:]( D7 Yu,v))oiA ADGA - Avp,al(u)v A
Avy = (n4+D2unv A Awvy, for all vy e#H,1<j<nn=12 ;

(i) a'(u) = a(u)* for all u in 9.

Proof: First define a(u) and af(u) on the dense linear manifold T9 (%) of all

finite particle vectors in T'y(#) through Proposition 23.2. By Proposition 23.1,

a(u) and a'(u) are adjoint to each other on I')(%). From Proposition 23.2 we
have for any ¢ € T9 (%)

la(uw)p)* + [lat(w)pl* = (¥, a' (w)a(u) + a(u)a’ (u)yp)
= [lull*[lw]*.
In particular,

la(u)pll < llull 1], af () a(%0).

Hence we can and do extend a(u) and a'(u) uniquely to bounded operators on
['4(%) and denote them by the same symbols so that |la(u)|| < ||lul],|lat(u)| <
||]]. The rest is immediate. [ |

Proposition 23.4: The operators a(u) and a'(u) defined by Proposition 25.3
satisfy the following:
M a(u )a(v) +a(v)a(u) = 0, al(u)al(v) + a'(v)al (u) = 0,
a(w)at(v) + at(v)a(u) = (u,v) for all u,v € ¥;
(ii) For any U € U(H) its second quantization T'(U) in T', (%) satisfies
L(U)a(uw)L(U) ' = a(Uu) for all u € ¥;



23 Creation, conservation and annihilation operators in T, (%) 175

(iii) The set {®,al(u1) af(uy)®lu; € #,1<j<nmn=12 }istotal in
To(%);

(iv) If T € B(To(%)), Ta(u) = a(u)T, Ta'(u) = a’(u)T for all u in ¥ then
T is a scalar multiple of the identity.

Proof: By (i) and (ii) in Proposition 23.3 the vectors {a'(u)at(v)+a'(v)a!(u)} ®
and {a'(u)a’(v) + at(v)at(u)}wi A Aw, are respectively scalar multiples of
uAv+vAuand (u Av+vAu)ANw; A Awy, which vanish. The density
of finite particle vectors and the boundedness of the operators a'(wu) imply the
second relation in (i). The first relation in (i) follows from the second by taking
adjoints. The third relation in (i) follows from Proposition 23.2. Since T'(U)® = &
and T(U)vy; A Avy, =Uv A AUw, for U in U(H) we obtain (ii) from
Proposition 23.3. (iii) is just a restatement of the fact that finite particle vectors
are dense in T',(%C). We now prove (iv). For any u, , Uy in ¥ we have

(@) a'(u,)®,T®) = (at(ua)  al(un)®,a(u)T®)
= (a'(u2) a'(u,)®,Ta(u;)®) = 0.

In other words T'® is orthogonal to every n-particle vector for n > 1. Hence there
exists a scalar A such that T® = A®. Now

Ta'(uy)  al(un)® =at(u) o (u,)T®
=Xal(u) af(u,)®

and (iv) follows from (iii). ]

The operators a'(u), a(u) defined by Proposition 23.3 are respectively called
the fermion creation and annihilation operators associated with u. The relations (i)
in Proposition 23.4 are called the canonical anticommutation relations or CAR. It
is instructive to compare CCR, CAR and the relations satisfied by the free creation
and annihilation operators described in Exercise 20.24 and explore the connections
between them. (See Example 25.18, Exercise 25.35.)

Exercise 23.5: Suppose b(u),b!(u),u € 9 are bounded operators in a Hilbert
space # such that bf(u) = b(u)* and the map u — bf(u) is linear. Let the
following conditions be fulfilled.

@ b(u)b(v) + b(v)b(u) =0,
(i) There exists a unit vector ® € # such that b(u)® = 0 for all and the set
{@,01(uy) bt (up)®lu; € 9,1 <j<nmn=1,2, }is total in %.

Then there exists a unitary isomorphism V' : H — [, (%) such that V@ =
®, Vbt(uy) b (un)® = af(ur) al(up)® for all u; € %, 1 < j < n,
n=12, and Vb(u)V !'=a(u) for all w € ¥. (Hint: Use Proposition 7.2.)
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Exercise 23.6: Let p(u) = i{at(u) a(uw)},q(u) = a(u) + a’(u) in T, (%).
Then p(u) and g(u) are selfadjoint operators satisfying the relations:

p(u)p(v) + p(v)p(u) = 2Re(u, v),
q(u)q(v) +q(v )q(u)'_'21{e<u v),
p(u)q(v) + q(v)p(u) = 2Im{u, v),
I(i)g(u)D(i) ' = p(u) for all u,v € %.
In particular, p(u)> = g(u)?> = ||u/|*>. In the vacuum state as well as any pure

n-particle state of the form ||u; A Awug| '(u1 A Auy,) the observables g(u)
and p(u) assume the values +||u|| with equal probability.

Exercise 23.7: Let U; € U(¥), 0 # uy € K for each £ € R be such that
U? =1, UU; =UU, for all s,t

and

Ut if s > 1.
Then (us,us us) = 0 and ||u|| is a non-decreasing function of ¢. Define
Xy = il(Up)p(us)
where p(u) is as in Exercise 23.6. Then {X;| ¢ € R} is a commuting family of
observables satisfying the relations:

X7 = [l

Uy = {ut ug if s <,

<¢’Xt1Xt2 thnq>> = ||ut|||2Hut3H2 ||ut2n 1 :

(0, X4, Xy, X4, 9)=0
forall t; < t, < <twmt1,n =012,
The distribution of the family {|lus|| 'X:|t € R} in the vacuum state ® is the
same as that of a Markov process {z:|t € R} with state space {1, 1}, P(z; =
1) = P(z; = 1) =1 for all ¢ and the transition probability matrix
B o e T (717
Pt =5 (1 el 0 1 ekl ) o<t
We can realise the process {z:| t € R} as
o { 1 if y; is even,
= 1 if y; is odd

where {y|t € R} is a Poisson process with 99 = 0 or 1 with probability 1 each
and y; ys has Poisson distribution with mean log ||u;|| log ||us|| for all s < ¢.
(Compare with Exercise 21.15.)

As a special case one has the following example: Choose £ : Fr, — P (%),
an R, valued observable satisfying the condition £({¢}) = O for every t. Let u €

J¢ be such that u; = £([0,¢]u) # O for each ¢. Define Uy =  £([0,%]) + £((£, oc)).
Then the required conditions of the exercise are fulfilled.

>
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Example 23.8: Let X be any set and let K(z,y), ,y € X be a positive
definite kernel with K (z,x) = 1 for all z. Using Proposition 15.4 choose a map
v : X — 9 when € is a Hilbert space and K (z,y) = (v(z),v(y)) for all z,y.
Choose S; = p(v(z)) where p(v) is as in Exercise 23.6. Since v () is a unit vector
Si = 1 and hence S; is a spin observable, i.e., S; assumes only the values +1. In
the vacuum state ® of ', (%), S, assumes the values £1 with equal probability
and the covariance between S, and S, is K(z,y). Thus an arbitrary correlation
kernel K (z,y) in any set X can be realised as the correlation kernel of a family
of spin observables. See Section 5, Proposition 5.3, 5.5.

Exercise 23.9: Suppose m(u), m'(u), u € ¥ are bounded operators in a Hilbert

space 9 such that m'(u) = m(u)* and the following conditions are fulfilled:

(i) The map u — m'(u) is linear;

(i) m(u)ymt(v) = (u,v) for all u,v € ¥;

(iii) There exists a unit vector ® € 9 such that m(u)® = 0 for all u and the set
{®,mt(uy)  mi(up)®lu; € #,1<j<nmn=12}is total in ¥.
Then there exists a unitary isomorphism V : % — T'4,(9) such that V& =

®,Vmt(u))  mi(up)® = £°(u1)  £*(up,)® for all u; € ¥, 1 < j < n,

n=1,2, where I'y, (%) and £*( ) are as in Exercise 20.24.

Notes
This is a small part of the theory of second quantization and the literature cited at
the end of Section 20 covers it.
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