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In these lengthy notes I want to cover in excruciating detail some points
relating to the Stone - van Neumann theorem, the Malsov index, and the meta-



plectic group. In this introduction I will give a sketchy survey of what this is
all about, so you don’t lose sight of the forest for the trees. The section we will
really need for applications is the section on the Maslov index.

Let V be a symplectic vector space, h the associated Heisenberg algebra, and
N the corresponding Heisenberg group. Let 7 be any irreducible representation
satisfying 7(exptE) = €2 ]. By the Stone - von Neumann theorem we know
that 7 is unique up to a unitary equivalence. Any M € Sp(V) acts as an
automorphism of h, hence as an automporphism of N preserving the center,
which we will continue to denote by M. Hence 1), defined by

v (n) = 7(Mn)

is another irreducible representation of N satisfying the same condition on the
center. Hence there is a unitary map Uj; detemined up to multiplication by a
scalar of absolute value 1 such that

T]V[(’n) = UMT((Z) 1;11.

Then it follows that
UJ\/[1 UM2 = C(Ml, MQ)UM1M2.

In other words the map M +— U, is what is known as a projective representation
of the group Sp(V) with cocycle c¢. By general principles of group theory, this
implies that this corresponds to an honest unitary representation of the universal
cover of Sp(V). In fact it is a representation of the double cover, and you
have enough information to prove this fact. Indeed, if you take the 7 to be
Schrodinger realization p that we constructed in class, and use the operators U
you developped in the homework, you can check that if U corresponds to the
matrix M (remember that this was two to one) then

Up(a)U™! = p(Ma).

Indeed, you only have to verify this for the operators Uy and Vp since they
generate, and this is a direct verification.

We will spend a lot of time in these notes giving another verification of this
fact and identifying the cocycle as being related to the square root of a certain
determinant - the need to pass to the double cover coming from the two choices
in the sign of the square root.

We will also give many other realizations of 7. Instead of constructing 7 from
a real Lagrangian subspace, we will use certain complex Lagrangian subspaces.
They have the advantage that they possess a unique “vacuum state”. What
I mean is this. Suppose we look for an element in the representation space
(say in the Schrodinger realization - remember that all are equivalent) which is
annhilated by all the 7(Q;). If these are realized by
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then the (one dimensional space of) constants are the only guys annihilated
by all the ;. They do not lie in the Hilbert space. Similarly, as the P; are
realized as multiplication by 27x; and only elements annihilated by all these
are (multiples of) the delta function which again does not belong to the Hilbert
space. But suppose we consider the element annihilated by the Q; — ¢P;. This
will be (all multiples of) a Gaussian, which does belong to the Hilbert space.
So by passing from real to certain complex Lagrangian subspaces, we get a
canonical line lying in the Stone von Neumann representation.

We will begin by studying the space of “positive complex Lagrangian sub-
spaces”, and see that they form a natural generalization to 2n dimensions of
the unit disk in the complex plane. We will associate to each such point in the
“generalized unit disk” a tiny subspace of a certain huge Hilbert space, which
will be the realization corresponding to this point of the Stone - von Neumann
reprsentation. Each of these subspaces has a unique line of “vacuum vectors”,
and no two of these lines are orthogonal in the huge Hilbert space. Given any
three non-orthogonal lines in a Hilbert space there is an associated invariant:

arg (vi,v2)(ve,vs3)(v3,v1), 0Fv; €4, i=1,2,3.

(The left hand side does not depend on the choice of the v;.) In fact, although
we will not prove it, this number is essentially e** where A is the area of the

triangle spanned by the three points in the hyperbolic geometry of the unit
disk.)

1 Complexifying a symplectic vector space.

Let V be a symplectic vector space over R with symplectic form (, ). We let
V€ := V ®gr C denote the complexification of V, so elements of V€ can be
written as

z=x+1y, z,yeV

and then we defined 7 as
Zi=x —1y.

A subspace U of V€ is called totally complex if
UnuU = {0}

and totally real if U = U.
The symplectic form extends by complex bilinearity to give a complex sym-
plectic form on V°:

(@ +iy,u+iv) == (z,u) — (y,v) +il(z,v) + (y,u)].
Then H : V€ x V€ — C defined by

H(z,w) :=i(z,w)



is complex linear in z and complex antilinear in w and satisfies
H(w,z) = H(z,w).

It is a Hermitian form which is non-singular, but is not positive definite, since
H(z,x)=0if x € V is real.

A (complex) subspace L C VC is called Lagrangian if it is maximal isotropic.
If L is Lagrangian so is L. So if L is Lagrangian and totally complex, then L
and L are non-singularly paired by ( , ), and hence the restriction of H to L is
non-degenerate. We say that L is positive definite if the restriction of H to
L is positive definite, and let D denote the set of positive definite Lagrangian
subspaces of V€. We will find that each element of D gives rise to a complex
structure and a positive definite Hermitian form on our original real symplectic
space, V. We will also find that if we fix an element, Ly € D, then D “looks
like” an n-dimensional generalization of the unit disk in that the symplectic
group of V acts on D as “fractional linear transformations”.

2 The space of totally complex Lagrangians.
Let L be a totally complex Lagrangian subspace of V€. In particular,
LNV ={0} and LnNiV ={0}.

As a real vector space, dim L = 2n = dim V and as a real vector space VC =
V @iV. Hence we can regard L as the graph of a bijective real linear map from
V to iV, or what is the same thing, as the graph of a bijective real linear map
from V to V. In other words, there exists a bijective real linear map J : V — V
such that L consists of all elements of the form

r+iJr, xeV.
The fact that L is Lagrangian says that
(x+iJe,y+iJy) =0, Vx,yeV.
The real part of this equation says
(Jz, Jy) = (z,y) Vr,yeV (1)

ie. J € Sp(V) is a symplectic transformation. The imaginary part of this
equation says that J is skew adjoint relative to ( , ):

(Ja,y) + (z, Jy) = 0. (2)

Another way of saying this is that J € sp(V'), the Lie algebra of the symplectic
group. Setting y = Ju in this equation gives

(z, J?u) = —(Jz, Ju) = —(z,u)



by (1). Hence
(J*u+u,2) =0 VYereV

which implies that
J? = —id. (3)

Thus J defines a complex structure on V.

Conversely, suppose that J € End(V) satisfies (1) and (2) (and hence also
(3)). In particular J is bijective so that L := {x + iJx} is totally complex and
is Lagrangian. We have proved:

Proposition 1 The space of totally complex Lagrangian subspaces of VC is in
one to one correspondence with the set of J € End(V') which satisfy (1) and (2).

Notice that any two of the three conditions (1), (2), and (3) imply the third.
Suppose that we are given a totally complex Lagrangian subspace L C VC,
or what amounts to the same thing its corresponding J. The map o = «af :
V — VC defined by
a(v) :=v —iJv

satisfies
a(Jv) = Jv + v =i(v —iJv) = ia(v).

In other words a : V — VC is complex linear relative to the complex structure
on V given by .J and the complex structure on V€ given by multiplication by i:

aJ =ia.

Furthermore B
a(V)=L.

Similarly, the map @ defined by
a(v) :=alv) =v+iJv

is complex antilinear and maps V onto L.

Since @ is antilinear, it is convenient to consider the pull back via @ of the
complex conjugate of H to V. Actually, for matters of convenience, we throw
in a factor of one half and define

(w,v)r = =5 (a(u), a(v)). (4)
From the definition of a we get
(u,v) = —%(u —iJu,v +1iJv)
= (u,Jv) —i(u,v)
so an alternative expression for ( , ) is

(u,v)p = (u, Jv) — i(u,v). (5)



The first expression shows that (u, v)y, is linear in u and antilinear in v, relative
to the complex structure given by J on V. Either expression shows that

(v,u)r, = (u,v)p,

so (,)r defines a Hermitian form on V relative to this complex structure. The
non-degeneracy of H when restricted to L implies that the Hermitian form (, ),
is non-degenerate, and L will be positive definite if and only if ( , )z is. So to
parameterize the positive Lagrangian subspaces we must determine when (, )
is positive definite.

If we start with a complex structure, J, on V' and a non-degenerate Hermitian
form, (, ) relative to J, then the definition of a Hermitian form demands that
(Ju, Jv) = (u,v) for all u,v € V. In particular, this must also hold for the
imaginary part of {(, ). Soif Im (, ) = —(, ) then J satisfies (1). We can thus
state

Proposition 2 The set of totally complexr Lagrangian subspaces is in one to
one correspondence with the set of complex structures and Hermitian forms on
V' which satisfy

Im<»>:_(’)'

The corresponding Lagrangian subspace is totally positive if and only if the Her-
mitian form is positive definite.

Finally, let us construct a positive definite Hermitian form satisfying the condi-
tions of the proposition. We know that we can find a basis

el?"'ae’n7f17"'7fn

of V such that
and
(e fj) = i
Define J relative to this basis by
Jei = fi, Jfi=—e;.
Clearly J? = —id and
(Jei,Jej) = (Jfl,ij) = 0, (Jei,ij) = *(fi,ej) = (ej,fi) = 6”

Hence J satisfies (3) and (1) and so defines a totally complex Lagrangian sub-
space. From the definition (5) we see that the e; are an orthonormal basis for
the corresponding Hermitian form which is therefore positive definite.



3 Parameterizing the positive Lagrangians.

Let D denote the set of positive Lagrangian subspaces of V€ and let D denote
the set of positive semi-definite Lagrangian subspaces, i.e. those for which the
restriction of the Hermitian form H is positive semi-definite. At the extreme,
the real Lagrangian subspaces belong to D since H(z,w) = i(z,w) = i(z,w) = 0
when z, w being to a real Lagrangian subspace, so the restriction of H to a real
Lagrangian subspace is identically zero.

Let us fix one positive Lagrangian subspace, Ly (for example the one con-
structed at the end of the preceding section). We denote all the corresponding
objects with a subscript zero, for example «yg, Jo, {, )o. The space L is negative
definite. Hence o -

LNnLy,={0} VL e D.
Both Lo and Lg are complex subspaces of V€ and
VE = Lyo L.
Hence we can think of any L € D as being the graph of a complex linear map
Then the composite

T(L) = ag'S(Lyag: V 2% Ly M Ty “ v

is an antilinear map of V' — V relative to the complex structure induced by Ly,
ie. g
for T =T(L). By definition,

L ={aox +a¢Tz,} xzeV. (6)
For any x,y € V we have
(aox+aoTz, agy+agTy) = (apTx, aqy)+ (o, apTy) = 2i [(Tx,y)o — (Ty, x)o) -

Thus L is Lagrangian if and only if 7' is symmetric with respect to the form
{(, )o, i.e. satisfies
(Tz,y)o = (Ty,x)o Ya,y V.

If this holds, it certainly holds when we take real parts, i.e.

Re (Tx,y)o = Re (Ty,x)o. (7)
Conversely, if this holds, then, since T is antilinear, we have
Im <T"E, y>0 = —Re ’L<T£L', y>0

= —Re (JoTz,y)o
= Re (TJoz,y)o
Re (T'y, Joz)o
—Re (JoTy, x)o
= Im (T'y,z)o



SO
(Tz,y)o = (T'y, )o.

We have thus proved

Proposition 3 The set of all Lagrangian subspaces of VC which satisfy L N
Lo = {0} is in one to one correspondence with the set of all antilinear maps,
T :V — V which are self-adjoint relative to the symmetric form Re( ,), i.e.
which satisfy (7).

Let us now examine which of these is positive. The requirement is that
i(z,2) = —i(z, 2)
be positive for all non-zero z € L. Writing z = &gz + apZ'x This becomes
—i(apr + @Tz, agr + pTx) > 0.

Since Lo and Lg are Lagrangian, we have
—%(aoz + agTz, apx + agTx)y = (x,2)o — (Tx, Tx)o.

Thus

Proposition 4 The space D is in one to one correspondence with the set of all
antilinear maps T : V' — V which satisfy (7) and

(T, Tx)o < (x,x)9, Vr#0eW. (8)

The set D is in one to one correspondence with the set of all antilinear maps
T :V — V which satisfy (7) and

(Tx,Tx)o < {(z,z)0, Vr#0eV. (9)

The set of antilinear T satisfying (7) is clearly a real vector space. Further-
more, if T satisfies (7) and is antilinear with respect to Jy, then

(JoTz,y)o = —(Tz, Joy)o
= _<TJ0y7 $>0
= <J0Ty7 .’E>0.
Thus JoT also satisfies (7) (and is anti-linear). In other words, the map

T — JoT

is a real linear transformation of the space of all such T unto itself, and the
square of this map is the map T +— —T. We have put a complex structure on
this space. In particular, we have made D into a complex manifold.



Finally, let us determine the complex structure J; and the Hermitian form
(, )1 associated to L € D in terms of T = T(L). Let us substitute the
definitions

ap(z) = x—idox

ap(z) — z+idox
into (6). We see that L consists of all
z+iJor+ T —iJogTe = (I +T)x +i(I+T)Jox

where I is the identity transformation of V. In view of (8) the map I + T is
invertible. So if we write (I + T)x = y, we see that L consists of all

y+i(I+T)Jo(I+T) 'y, yeV.

Thus

Jo=T+T)J(I+T) ' =J(I-T)I+T)" (10)
Thus

Re (u,v), = (u, Jpv) = (u, Jo(I = T)(I +T)71).
Hence

(u,v)p, = (u, (I = T)(I +T) ). (11)

4 The action of Sp(V) on D.

The symplectic group of V' (all real linear transformations which preserve the
symplectic form) is denoted by Sp(V). It is is clear that Sp(V') acts transitively
on D, and that the subgroup fixing Ly is the unitary group U(V) = Uy(V)
consisting of all unitary transformations relative to the complex structure Jy
and the Hermitian form (, )o. In this section we want to describe this action
in terms of the T parameterization of D given in the preceding section, and in
terms of a corresponding parameterization of Sp(V). The end result will be a
description of this action as “fractional linear transformations” of T', similar to
the action of Si(2,R) on the unit disk.

First some preliminaries. For any linear transformation, g of V, let ¢! denote
its transpose with respect to the symmetric form Re (, )o. Since the symplectic
form is given in terms of this symmetric form by

( ) ) = Re <J0'>'>0;
we see that g is symplectic if and only if
9Jog" = Jo.

For any invertible g, define



Thus the condition that an invertible transformation be symplectic is
g9Jo = Jog".

If g is symplectic, then a = a(g) and b = b(g) defined by

(9— g%

| =

1
a(g) = 5(g+¢°), blg) =
have the properties
a is Jo linear, b is Jy anti-linear,

abt =ba’, atb=10'a

and
aa’ —bb" = (a —b)(a" +b') = aa’ — bb" = 1.

(12)

(13)

(14)

Clearly we can recover g from a and b as ¢ = a+b and g* as a —b. Furthermore
any real linear transformation is uniquely the sum of a complex linear and
complex anti-linear transformation, so g = a + b together with (12) determine
a and b. Starting with (a,b) satisfying (12)-(14) and defining g = a + b, we
see from (14) that g' and hence g is invertible and then that it is symplectic.
Thus we have established a one to one correspondence between the elements of
the symplectic group and pairs (a,b) satisfying (12)-(14). If g1 = a1 + b; and

g2 = as + by then

9192 = (a1az + biba) + (a1by + braz)

is the decomposition of g;g» into complex linear and antilinear parts. In short,

we may identify g € Sp(V') with the “matrix”

(b )

where (a,b) satisfy (12)-(14) and then multiplication becomes identified with

matrix multiplication.
Now let L € D so that, by (6)

ag + Oé()T(L) :V — L.

Hence
go[ag+ aoT(L)] and ag + apT(gL)

are both bijective real linear maps of V' — gL. Thus the map

v (go a4+ aoT(L)]) " [ao + aT(gL)]v == u

is an automorphism of V. We can write the relation between v and v as

glag + aoT(L)]u = [ag + T (gL)]v.

10



Since ag = I + iJy the real and imaginary parts of this equation become
g +T(L)u = (I+T(gL))v
gJoI —=T(L))u = Jo(I —T(gL))v.
Using ¢g.Jo = Jog* we can rewrite this pair of equations as
gI+T(L)lu = [I+T(gL)v
FlI-T(D)u = [I-T(gL)].
Adding and subtracting these equations gives
v = [bT(L)+au
T(gL)v = [aT(L)+bu

where a = a(g),b = b(g) as above. In particular the operator aT(L) + b is
invertible and
T(gL) = (aT(L) + b)(bT(L) +a)~". (15)

Informally, we can think of this as saying that the transformation on D corre-

sponding to
[ a b
9=\ b a

is the “fractional linear transformation”

al +b
— .
bT' + a

T

5 The cocycle.

Let B(g, L) denote the “denominator” occurring in (15). That is, define
B(g,L) :=bT + a. (16)

Since a is Jy linear, and b and T are both Jy anti-linear, we see that B is Jy
linear. For g1, g2 € Sp(V) we have

B(g192, L) = (a1bz +braz)T + araz + biby

b1(aoT + ba) + a1(b2T + as)

by (CLQT + bQ)(bQT + ag)il(sz + CLQ) + al(bQT + ag)
B(g1,92L)B(g2, L).

So B satisfies the cocycle condition

B(g192,L) = B(g1,92L)B(g2, L). (17)

Since B is complex linear (relative to Jy) we may compute its determinant as a
complex matrix (so as an n x n matrix if V' is 2n dimensional). Define

X :Sp(V)x D — R/21Z

11



by
eix(giL) _ detc B(g, L)

|detc B(g, L)|
In other words,
x(g,L) := arg detcB(g, L). (18)
Then we have
x(g192: L) = x(g1, 92L) + x(g2, L) (19)

6 Action on pairs of positive Lagrangians.

Let L1, Lo € D with the corresponding 77,75 in terms of our parameterization.
Since T} and T are anti-linear,

A(Ll, L2) =1 T1T2 (20)
is linear. We claim that
A(gL1,9Ls) = (B(g, L1)*) " A(L1, L2) B(g, La) ™" (21)
For this observe that 7' = TT and similarly for g7 so
A(gL1,gLy) = I —(aT) +b)(bTy +a) ' (aTy +b)(bTs +a) ™!
= I —[(aTy +b)(bTy + )| (aTy + b) (0T + a)~*
I — (bTy + a)~ Y (aTy + b)(aTy + b)(bTy +a) !
(le + a)_” [(le + a)T(ng + a) — (aT1 + b)T(aTg + b)} (bTQ + a)_l
(OTy + a) M [(T1b" + a") (BT + a) — (Tha' + 1) (aTz +b)] (bT5 +a) ™"
= B(g,L1) [l - T'T»]B(g, L>) ™"

Now for a complex linear map M, (such as B~!) its adjoint, MT with respect
to the symmetric form Re(, )o is the same as its adjoint, M* with respect to
(', Yo. This proves (21).

In particular, if we define

s(L1, L) := argdetc A(T,Ty) (22)
we get
s(gL1,9L2) = s(L1, L) + x(g, L1) — x(g, L2). (23)
7 The Fock representations.

Let N = N(V) be the Heisenberg group, and let F = F(N(V)) be the space
of smooth functions on N. The group N(V) acts on itself by right or left
multiplication, and we get corresponding actions on F given by

[£(a)f](n) == f(a™"'n)

12



and
[R(a) fl(n) == f(na).

We will use the corresponding lower case letter to denote the action of the Lie
algebra, so for X in the Heisenberg algebra,

LX) 7)) o= & F((exp—1X)m) g

and p
[P(X) ) = S (nexptX)jemo.
Let H denote the Hilbert space completion of the space of all f € F which
satisfy ‘
f(n(exptE)) = e7>™" f(n) (24)
and

/V | fPdv < o0. (25)

This last equation is to be understood as follows: In view of (24), the function
| f| depends only on N/RE and hence, by the diffeomorphism v — expwv can
be considered as a function on V. We demand that this function be square
integrable relative to Lebesgue measure. We fix a choice of Lebesgue measure
(which is determined up to positive scalar multiple) and this makes H into a
Hilbert space. For each L € D, let Hy denote the Hilbert space completion of
those elements of F which satisfy (24), (25) and also

r(X)f =0, VX € L. (26)

We have thus attached a Hilbert space, Hy to each L € D and all of these
Hilbert spaces are subspaces of the large Hilbert space, H. Since right and left
translations in any group commute, each of the spaces Hj, is invariant under
the action £ of N and hence give rise to a representation of N. We shall soon
see that these representations are irreducible.

If Ly, Ly € D, the scalar product in ‘H induces a pairing

HLl ><'HL2 — C

between Hy, and Hy,: sending a pair consisting of f; € Hr, and fo € Hp, into

(hfoe= | HFada,
\%
This pairing induces a map
P2 OIl : HLl i HL2

where
IL . HL — H

13



is injection as a subspace and
Pr:H—Hg
is orthogonal projection onto the subspace and where we have written
L =15, Py=PF,.

We will find that for any L1, Ls € D, the spaces Hy, and Hy, are not orthog-
onal, so P, o I; # 0. Once we have proved that the representations on the Hp,
are irreducible, this implies that we can find a positive scalar ¢ = ¢15 such that

IQl = CPQ 011, 121 ZHLl — HL2

is a canonical unitary intertwining operator between these two irreducible rep-
resentations of N.

We now turn to the proof that the representation of N on each Hy, is irre-
ducible. By the Stone-von Neumann theorem, we know that each such rep-
resentation is a multiple of the unique irreducible representation for which
plexptE) = €™ id. We must prove that this multiple is one. For this, it
suffices to prove that there is (up to scalar multiple), a unique “vacuum state”,
by which we mean the following: Fix some Ly € D which we then use to pa-
rameterize D as in the preceding sections. For any representation, o, satisfying
the Stone -von Neumann condition (and hence a multiple of the unique irre-
ducible satisfying this condition) let us define a “vacuum vector” to be one
which satisfies

F(X)f =0 VX € L. (27)

It will be enough for us to prove that the set of vacuum vectors in Hy, is a
one dimensional subspace: for this implies that the unique irreducible, Hy,
satisfying the Stone - von Neumann condition contains non-zero vacuum vectors,
and hence that the dimension of the space of vacuum vectors in any multiple,
Hy ® H, is at least equal to dim Hj.

Let NC denote the complex simply connected Lie group obtained by expo-
nentiating the complexification of the Heisenberg algebra h(V'). Thus N embeds
as a subgroup of N€.

In the group N it makes sense to talk of exp X, X € L or X € Ly.

We have the direct sum decomposition

Ve =LoL,.

Let p;, and p; denote the corresponding projections according to this direct
sum decomposition, both being complex linear maps. Let e denote the identity
element of N€ (and of N).

Lemma 1 There exists a unique function defined on NC such that

L g1) =1,

14



2. ¢((exp X)u) = ¢p(u) VX € Ly, u € N€,
3. ¢p(uexpY) = ¢(u) VY € L, u€ NC,
4. d(u(exptE)) = e ?"t¢p(u) VteR, ue NC.
The function ¢ is holomorphic on N€ and is given by
o ((expv)expzE) = emi(Pov.pLY)—2miz,

Proof . Writing v = pr,v + pjv we obtain

. Lo
expv = (exppyv)(expprv)(exp *g(POU,PL"U)E)

from the multiplication law in N€. The formula for ¢ then follows from our
requirements. By inspection, this formula shows that ¢ is holomorphic. ~QED
We now come to the main theorem of this section:

Theorem 1 For any L € D there is a unique f = fr € F which satisfies (24),
(26), such that f(e) =1 and

UX)f=0 VX € L. (28)

In fact, this function fr,, which by (24) is determined by its value on V' is given

by
fr(expv) = e~z U=Tv0)0 (29)

where T = T(L). In particular, this function belongs to H and hence to Hy,
and is, up to scalar multiple, the unique vacuum wvector in Hy so that Hy is
irreducible.

Proof. Let us first observe that the restriction of the function ¢ to the real
subgroup N C N€ satisfies all the conditions of the theorem. Indeed, the map

X — ¢(u(exp X)), X eV®

is holomorphic and hence

4 p(ulexpit X))o = i -5 (ulexptX))

dt Xp [t=0 = dt Xp [t=0-
Hence, for u € N,Y € L

d
r(¥)e(n) = — d(n(exptY))j=o =0

by property 3) of ¢, verifying (26). A similar argument applied to left multipli-

cation (and using property 2)) verifies (28). Condition (24) is property 4) and

¢(e) =1 is property 1) of ¢.
To verify that the restriction of ¢ to N is given by (29) we note that

L= (ag+aT)V, Ly=aV

15



and agv = v — iJyv so every v € V can be written as

1 1 1
v= §(ao +ap)v = §(a_0+ aoT)v + an(f —T)v

so the restrictions of p;, and p§ to V C VC are given by
1, L1
pr(v) = §(a0 + aoT)v, pyv = 5@([ —Tw).

Hence

—%(va,p(’jv) = —é(oTov,ao(I —Tw) = —i(v, (I —T)v)o.
Now to the uniqueness: Suppose that g were some other function satisfying the
conditions. Then h := g/f is well defined since f is everywhere positive, and h
satisfies h(ning) = h(ngni),¥ni,ne € N since h(nexptE) = h(n). Thus h is
really a function on the commutative group obtained from N by quotienting out
its center, and on a commutative group right and left multiplication coincide. So
the operators £(X) and r(X) coincide. Since L and Ly span all of V¢ it follows
from (26) and (28) that ¢(X)h = 0 for all X € V, hence that h is a constant,
equal to one by our normalization. The rest of the theorem now follows. QED

8 Creation and annihilation operators.
Suppose we take L = Lo so T'= 0. Let us write f; instead of fr, so
folexpv) = e~z {v)o,

Similarly, let us write Hg instead of Hr,. We write the most general element
f€Hp as
fexpw) = g(v) fo(expv).

Since g is expressed as the quotient of two functions satisfying (24) it is a
function on the Abelian group, V as we pointed out in the preceding section.
The condition that

r(X)f=0VXelL

translates into the condition that g be holomorphic as a function of v when we
use the complex structure determined by Jy on V. We now compute the action
of (X) for X € Ly and for X € L. For X = X; +iXy € Lo, X1,X5 €V we
have

[60) f)(expv)

— %[em‘(tXl,v)f((exp 'U) (eXp(—tXl) + iem‘t(Xz,v)f((eXp v)(exp —th))ht:O
mi(X,v) f(expv) + (X)) f(expv)

= 7wi(X,v)f(expv)
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so £(X) acts on g by

UX): g—mi(X,)g X € L. (30)
On the other hand, since /(X)fy =0, VX € Lo, we get

{(X): g~ —Dxg XE€L,. (31)

In short, we have identified Hy with the space of holomorphic functions on
V' which have finite norm relative to the scalar product

V

The action of X € Lo is given by the “creation operator” (30) and the action
of X € Ly is given by the annihilation operator (31).

9 The pairing.

Let Ly, Ly € D. We will show that Pyol; # 0 by showing that the corresponding
vacuum vectors f; = fr, and fa» = fr, have non-zero scalar product. Indeed

Y(Th, 1) :=/ f1ﬁdv=/ e~ T {(v:0) o+ F[(Tiv,v)o+(v,Tov)o] 7y,
v v

This expression is holomorphic as a function of 77 and anti-holomorphic as a
function of T5. We claim that

Y(Ty, T)?* = Kdete(I — Ty Ty) ! (32)

where K > 0 is a positive constant (independent of T} and T5). Notice that the
function
(T1,Ts) — detc(I — T1Ts)

is also holomorphic as a function of 77 and anti-holomorphic as a function of
T5 since we must move the Jy past the T if we multiply 75 on the left by Jy
before computing the determinant. If we have two functions, ¥, and s which
are both holomorphic as functions of 77 and anti-holomorphic as functions of
T5, then 1 (T, T) = 1o(T,T) for all T implies that ¢ (11, T2) = 12(T1,Ts) for
all Ty and Ty. Applied to both sides of (32), we need only prove (32) when
Ty = T, = T, and the exponent in the exponential in the integral defining ¢
becomes

—7Re (I —Tv,v)o.

The operator I — T is a symmetric operator with respect to the orthogonal
form Re (, )o with strictly positive eigenvalues. Hence it has a unique positive
symmetric square root, and we have

¢(T,T):/ Re (-} ot koo g,
1%

17



Setting v = (I — T)%w we obtain, by change of variables,

d(T,T) =det(I — T)_% / e~ T{wwo gy
1%
and the integral occurring on the right of this equation is strictly positive, and
is independent of 77 and T5. We take it as our K. The determinant that occurs
on the right is a real determinant, of a 2n x 2n matrix. So to complete the proof
of (32) it is enough to show that

detr(I —T) = detc(I — T?). (33)

Since T is symmetric relative to our orthogonal form it is diagonizable. If e
is an eigenvector of T with eigenvalue, u, so Te = ue, then f = Jye satisfies
Tf =TJdye = —JogTe = —uf. The space spanned by e and f is a complex
one dimensional subspace on which is an eigenspace for the complex linear
transformation 72 has eigenvalue p2. So decomposing V into a direct sum of
the two dimensional real subspaces (which one dimensional complex subspaces)
we see that

detc(I —T7%) = [0 = #*) = ] (0 = (1 + p) = detr (I - T)
n>0 pu>0

which is what was to be proved.
In particular, we see that ¢¥(T1,T3) # 0, and that

2arg Y(Ty,Ty) = —argdetc(I — T1Ts) = —s(L1, Lo) (34)

in the terminology of (20) and (22).

10 Intertwinings.

Since the spaces Hy, and Hy, are not orthogonal for any L;, Ly € D, there
exists a unique positive constant cs; such that

121 = 621P2 011 . HLl — HL2

is a unitary intertwining operator. We have seen that Iy fi = B(21)fy where
((21) is a complex number whose argument is the same as the argument of
¥ (Ty,Ts) and so satisfies (34). Suppose that we have three elements, L1, Ly, L3 €
D. Then

Lislzalsy - He, — Hr,

is a unitary intertwining operator, and hence, by Schur’s lemma, is some multiple
of the identity:
Lizlzola = p(1,2,3)1

where p is a complex number of absolute value one. We then have

—2arg 1(1,2,3) = s(1,2) + s(2,3) + s(3,1). (35)

18



(What we have done, can be expressed in terms of the lines of vacuum states
of each representation states as follows: Given three non-perpendicular lines,
l1,02,05 in a Hilbert space H, we get an invariant

arg (vy,v2)(ve,vs)(vs,v1), 0F#wv; €4 i=1,2,3.

That is, the answer does not depend on the choice of the vectors v;.)

11 The metaplectic representation.

The group Sp(V) acts as automorphisms of N, preserving the center. Hence it
acts on the space H. We denote this action by C. So

[C(9)fl(n) == f(g"n).

Since
1

g~ (mi(gn2)) = (97 'm) (g~ gna) = (g~ "na)na,
if r(X)f =0, then 7(¢X)[C(g)f] = 0. In other words,
C(g) : Hr :— Hgr-
This map intertwines the representation
a— Lr(a)
of N on Hj, and the representation

a— L(ga)

of N on
Hyr-

Indeed, for g € Sp(V) and a,n € N we have

[C(9)L(@)C(g™)fl(n) = [Clg)
= [Cl9)
= [Cl9)

= f(
= [£(ga) fl(n).

We also have the intertwining operator
In g1 : Hgr — Hp.
We can compose them, and so define

pr(g) =154 0C(g): Hr — Hp.
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The map

pL(9)
intertwines the irreducible representations of the Heisenberg group:
pr(9)Lr(a)pr(g™") = Lr(ga). (36)

Since both representations are irreducible, this equation determines R up to
multiplication by a scalar factor of absolute value one. We thus get a projec-
tive representation of Sp(G). To determine the multiplier, observe that Sp(V)
invariance implies that

C(g)IL1L2 = nggLQC(g)

SO
pr(91)pr(92) = 1r0,4,0C(91)1L,g,.C(g2)
= IL751L191L,9192LC(9192)
= w(L,0192L, 91 L)I1 g, 9,1.C(9192)
SO

pr(9192) = c(91,92)pL(91)pL(g2) where c(g1,92) = u(L, 1L, g1g2L).  (37)
We now apply (35), (23) and (19) to obtain

(L,g1L) + s(g1 L, g192L) + 5(g192L, L)

(L, g1L) 4 x(91, L) — x(91, 92L) + 5(L, g2 L) + 5(g192L, L)
= [s(L,g1L) + x(g1, L)] + [s(L, g2 L) + x(g2, L)]

—[s(L, g192L) + x(9192, L)]-

—2arg u(L,g1L,92L) = s

- S

So let us define }
sp(g) = elsEgb)+x(a. L],

['hen (01)51(9)
S S

0(91792)2 \91)sL(g2 .

51(9192)

Define the group G, to consist of all pairs (g,u) where g € Sp(V) and wu is a
complex number with |u| = 1 satisfying

u® = s(g)

-1
Define the multiplication law

(91,u)(g2,u) = (9192, uruac(gr, g2) ")

which is well defined. So G, is a double cover of Sp(V') due to the ambiguity
in the choice of square root defining u. Define

pr(g,u) = upr(g).

Then pr, is an ordinary representation of Gp..
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12 Extensions to the boundary.

We now want to describe how to extend the preceding results so as to include
positive semidefinite Lagrangian subspaces, i.e. elements of D. So let L € D
and define

A=LNV

so that B
AN =LnL.

The extreme case, of most interest to us, will be where L is real, ie. L = L
and A is a real Lagrangian subspace of V. The other extreme, where A = 0,
corresponds to points of D. In all cases X is a real isotropic subspace of V. Let

m=A®RE,

so that m is an abelian subalgebra of the Heisenberg algebra, and we let M
denote the corresponding subgroup of N. The corresponding quotient, N/M
is diffeomorphic to V/A and the left invariant measures on N/M correspond to
Lebesgue measures on V/A. We pick one of them. We now consider the set of
(say smooth) functions on N which satisfy

f(n-(exp(v+tE)) =e 2™ f(n) Yoe \teR (38)
and

LLW”“<” (39)

We let H(\) denote the Hilbert space completion of this space relative to the
L? norm.
For L € D, where A = {0} independently of L we have

H({0}) = H,

the large Hilbert space that we were working with before. But on the boundary,
the “large” Hilbert space will depend on L. At the extreme of real L, the spaces
H(A) are all different. We still have the action

[L(a)f](n) = f(a™"n)

giving a representation of N on H(A) which satisfies the Stone-von Neumann
condition, and hence is some multiple of the basic irreducible representation.
We have the corresponding infinitesimal action

(£ 7)) = & F(exp ~m)jeo

on the smooth elements of H(\), for X in the Lie algebra of the Heisenberg
group, and similarly the infinitesimal right action r(X).
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Finally, as before, we define
Hr C H(AN)

to be the subspace which is the closure of the space of C* elements in H(\)
which satisfy (26). For real Lagrangian L this is no supplementary condition at
all, so Hr = H(N).

Inside of H(A) and H;, we define the subspace of C* vectors, denoted by
H>*(A) and H$° to be the completion relative to the Frechet norms

fe [ (Xy) - - 200 (X g g0) [P de
V/LOV
where X7,...,X5,41 ranges over a basis of the Heisenberg algebra and J =
(J1,---,J2nt+1) are non-negative integers. We denote these semi-norms by by

Il |7 and set
Hlm =Y~ W llrs 1= 1+ -+ Gonsr.

1JI<m

For example, in the case of a totally real Lagrangian subspace, the space of
C*> vectors of H(A\) = Hr can be identified with the Schwartz space in the
Schrodinger realization, while for the case of a totally positive L, the the
space H?° can be identified with holomorphic functions such that zP97f/0z1
are square integrable with respect to a Gaussian measure, as we have seen.

Let Ly, Ly € D, and write H,; for Hr, etc. as usual. Let

A2 =Li1NLynNV

and My, the subgroup of N whose Lie algebra is A\j2 + RE. Thus N/M, is dif-
feomorphic to V/A15 and invariant measures on N/Miy correspond to Lebesgue
measures on V/A15. We choose one of them. We now try to define the sesquilin-
ear pairing

(91, 92)12 = / g1g2dv. (40)
V/A12

We will show that that this is well defined for g; € H®. We use a series of
lemmas:

Lemma 2 Let L € D and suppose that f € C*(N) satisfies
r(X)f=0, vXelL

and
f(n(exptE)) = e ?™ f(n) Vn € N.

Then
[(Y)fl(expv) = i(Y,v)f(expv) Yve VY € L. (41)
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Indeed, write Y = wy 4+ iwo, w; € V. Then

d ; d » d
(¥ ) fl(expv) = | 17 ((exp o) exptwn)e™ ) 40 [f ((expu)(exptuwg)e™ =) )] 42|
dt dt dt] o
In carrying out the differentiation, use r(Y)f = 0 so that only the exponen-
tial term contributes. QED
Recall that for any L, the kernel of the restriction of the Hermitian form
H(z,w) =i(z,w) to L is A©. Using this fact, we will prove

Lemma 3 Let L1, Ly € D with
dim )\12 = j, dim )\1 =Dp.

Then there exists Darbouz basis Py,...,Pn,Q1,...,Qn of V and an integer k
with 1 < j <k < s such that

1. )\12:RP1@"'@RP]‘
2. RPj;1©- - ©RP, ©RPy41 @ ---RP; is a complement to Az in Aq,

3. CQ+1B - PQr®C(Prt1 +iQrt1) ® -+ - B C(Ps +1Qs) is a subspace
0f>\2.

Proof. In case s = j properties 2) and 3) disappear and the assertion is merely
that Ay = Aq2 is an isotropic subspace of V' for which 1) is obvious. So we
proceed by induction on s —j. If s > j, choose Ps to be any element of A\; which
does not belong to Aj2. Let p denote the projection of V€ =V @iV on to V
along iV.Then p(Ls) = A\s-. We consider two cases:

If p~1(P,) N Ly = {0}, then P, is not perpendicular to A, so we can find a
Qs € A2 such that (Ps, Q) = 1.

Otherwise, we can find @, such that P; +iQs € Lo, and the positivity of Lo
implies that 0 < i(Ps +iQs, Ps — iQs) = 2(Ps, Q5).

In either case, the plane spanned by P;, @, is symplectic, and we can pass
from V to V', the orthogonal complement of this plane, and consider L) :=
L; N V’C. For the corresponding \’s we have s’ — j' = s —j — 1. QED

Lemma 4 There exists a positive continuous function ¢, defined on V such

that the map

g1 = ——

b1

18 a continuous map of
L2(V/A1) — L*(V/A12)

while the map
g2 — 9192

18 a continuous map of
HE — L2(V/X9).
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Proof. Choose a basis as in the preceding lemma and write the most general
element of V as v =Y ;P + > Q. Also set z; = zj +iy;. If g1 € L*(V/\)
then g; does not depend on on z1,...,xs. The map

g1
L+ [zjpa]) - (T4 |2s])

g1 —
(

introduces the necessary damping factor to guarantee that the image has a
convergent square integral, i.e.lies in L%(V/\12). So we set

S

¢1 o= [0+ [a)).

Jj+1

Since £(Q)g2 = —ix,rg2, j <1 < k and (P, +iQ,)g2 = zrgo for k < r < s,
we see that the product of g» € H5® by any monomial in the variable z;, ...,z
will still be in L2(V/X2).  QED

Now for g1 € H$®, g2 € H;" the map

¢2|91\

1 —

b1

is a continuous map of H$® — L2(V A12) and similarly with 1 and 2 interchanged.

Since
_ P2lg1]  ¢nlgel

l9152] = o1 ®2

we see that the sesquilinear form (40) is bicontinuous on H® x HS°.

It is non-zero, and hence, since both H; and Hs are copies of the irreducible
Stone von-Neumann representation, we may multiply by a positive constant so
as to get a canonical unitary intertwining operator

I21 . H1 — HQ
such that for all g1 € HI®, g2 € HS® we have

(12191, 92)2 = (91, 92)12-

In the case of totally real Lagrangian subspaces I5; is given by a partial Fourier
transform.

If Ly, Lo, L3 are three elements of D we once again get a scalar of absolute
value one defined by

I3y 0133015 = p(Ly, Lo, L3)I.

Our purpose in the next section will be to compute (L1, Lo, L) for the
case of totally real Lagrangian subspaces in terms of the Maslov index.The
main result will be (50).
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13 The Maslov index.

Let ¢4, {5, {3 be three Lagrangian subspaces of a symplectic vector space, V. On
the 3n dimensional space
by ® Ll @ L3

define the quadratic form
Q(x) = Qra3(x) := (21, x2) + (z2, x3) + (x3,21), for x =1 © o 3. (42)
Define the Maslov index
7(l1, b2, £3) = sign Q123. (43)

Interchanging x; and x5 in this definitions changes the sign of the first term
and interchanges the last two terms with a change of sign. Similarly when we
interchange xo and x3. Hence

T(l2, 01,03) = —7 (1,42, l3), T(l1,0l3,02) = —7(l1,02,(3) (44)
and hence
T(la, 03, 01) = 7(L1, L2, €3). (45)

Also, it is clearly a symplectic invariant:
7(gl1, gl2, gls) = 7(l1, 02, ¢3), Vg € Sp(V). (46)
We claim that for any four Lagrangian subspaces we have
T(b1,la,03) = T(1, b2, ls) + T(lo, U3, Ls) + T(l3, 01, Ly). (47)
To prove this, we first prove the following lemma:

Lemma 5 Letfy and {3 be transverse Lagrangian subspaces, so that V. = {1®/l3.
Let p13 and p31 denote the projections onto {1 and {3 respectively, corresponding
to this direct sum decomposition. Let S denote the quadratic form on ly given

by
S(x) := (p13x,pa1x), x € Lo,

Then
7(l1,02,03) = sign S.

Proof of lemma. Write

Q(z1 + 22 + x3) x1,x2) + (w2, 23) + (23,21)
x1,p31%2) + (P13x2, x3) + (23, 21)
P13T2,P3122) + (T1 — P13T2, T3 — p3122)

1322, P3122) + (Y1, Y3)

~ o~~~

where
Y1 = T1 — P31x2, Y3 := T3 —p31$2)-

25



The map
(x1 + 22 +23) = y1 + 22 + Y3

is an isomorphism of ¢ @ £ ® ¢3 onto itself. The quadratic form

Y1 Dys — (y1,y3)

is totally split, hence has signature zero. Thus sign S = sign Q. QED

Proof of (47). Let us first assume that ¢4 is transversal to ¢1, {2 and ¢5. Then
7(01,02,¢4) is equal to the signature of the quadratic form (pi4zs,psixs) =
(p14,x2,22) on £2. So the right hand sided of (47) is the signature of the
quadratic form Q" on ¢ ® {5 @ £3 given by

Q' (y1,v2,y3) = (Pray2, y2) + (P24y3,Y3) + (P3ay1, Y1)

Notice that p;apjay:; = y; and hence if we set

1
Y1 = B (x1 — praza + praxs)
1
Y2 = B (2 — p2ax3 + P2sxy)
1
Ys = B (x3 — p3ax1 + P3ax2)
then
1 = Y1+ Praye
T2 = Y2+ DP2uys
T3 = Y3+ P31y1-

We will show that the under the map xz — y the form @Q’ pulls back to Q. We
have

(w1, 22) = (P1ay2,y2) + (Y1, y2) + (Y1, P24Y3) + (P1aY2, P24Y3)-

We must add this expression to its two cyclic permutations. Applying that
permutation (1,2,3) +— (2,3,1) to the third term above, and the permutation
(1,2,3) — (1,3,2) to the fourth term, it is enough for us to show that

(y1,92) + (Y2, p3ay1) + (P3ay1, p1ay2) = 0.
Write yo = p14y2 + pa1y2. The above expression becomes

(Y1, pa1y2) + (Pary2, p3ay1) = (Y1, Parye) + (Pary2, y1) = 0.

This proves (47) in the case that £4 is transversal to the other three Lagrangian
subspaces. To prove the general case, choose a Lagrangian space {5 transverse
to all four, and let us write (ijk) for 7(¢;,¢;, ;). We have

(123) = (125) 4 (235) + (315)
(124) = (125) 4 (245) + (415)
(234) = (235) + (345) + (425)
(314) = (315) 4 (145) + (435).



The sum of the right hand sides of the last three equations is equal to the right
hand side of the first equation, proving (47) in general. QED

For any isotropic subspace, U C V, the symplectic form on V induces a
symplectic form on U+ /U (which we will continue to denote by (, ).) If W is
also a subspace of V' then

Uc(WnUYH+U=W+U)nU*+ cU*

satisfies
WU .= [(WnUH) +Ur =Wt +U)nU .

Then
W9t = ((WnUH) +U1) =wWhu.

In particular, if £ C V is a Lagrangian subspace, so is £V.
Proposition 5 If
U C (61 n 82) + (62 n 63) + (63 n 61) = 6123

then
(01, o, 03) = T(£Y, 05 £Y). (48)

Proof. Notice that ¢13 is isotropic. So if U C f123 then #1535 C €f‘23 Cc Ut and
hence each of the subspaces £1 N {a, €5 N ¥3, 5N ¢y is contained in UL, If

U= Uiy +usz +uz €U
with the obvious notation, then
Uz = U — Up —uUz1 € U + 41 Nly + 03N 4y :U-l-glﬂUL :Eilj

So every u € (U can be written as the sum of an element of /Y N ¢! and an
element of £V N ¢2. In symbols,

V= (Y ney) 4+ (Y ney).

Also
07 = (07 ney) + (6 neg).

We apply to these equations the following lemma:
Lemma 6 If 1,0, 05 are three Lagrangian subspaces satisfying
{=0Nl1+L4N4y

then
T(él,f, Eg) = 0
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Assuming the truth of the lemma for the moment, we conclude that
(01,47 bg) = 7(01, 4], £5) = 0.
If we apply (47) to £1, 203" we conclude that
(01,02, 03) = T(¢7 £, L3).

Then applying the same method to fo and ¢Y, (s, ¢3 we may replace fo by £
and then finally /3 by £Y.

We must still prove the lemma. Notice that if /; and ¢ are transversal, this
follows from Lemma 5. In general, choose Y7 C /N /¢y, Yo C £ N ¥y such that
{=Y®Ys. Write x € {1 ¥y D ¥ as

T=x1+ Y1 +FYy2+ T2, 1 € L1,22 € lo,y1 € Y1,y € Yo

Then
Qz) = (z1,y2) + (y1,22) + (22, 21) = (22 — Y2, 71 — Y1).
So @ is the pullback of the quadratic form

Q(Uh u2) = (u27 ul)

on {1 @ {5 via the map = — x1 — y; ® 2 — y2. But the quadratic form Q has
signature zero. Indeed, the kernel of Q is ¢15 = ¢1 Nl and Q is the pullback
of the corresponding form on (¢1/¢12) & (€2/¢12) which is split, since ¢ /¢12 and
l3N {15 are transverse Lagrangian subspaces of /15 /f15. This completes the proof
of the lemma and hence of (48). QED

Notice that each of the spaces /¢ /U is a Lagrangian subspace of U+ /U, and
that U @ U @ U lies in the kernel of the quadratic form Q on ¢{ @ (5 @ (5.
Hence (48) implies

7(61,62,63):T(Zl/U,EQ/U/Eg/U) (49)

where the right hand side is computed in the symplectic vector space U+ /U.
In particular, if we take U = £1 N ¥y + €5 N 43 + £3 N ¥¢1 we can reduce the
computation of the Maslov index to the transversal case.

14 Intertwinings and the Maslov index.

Let ¢1,/05, ¢35 be three real Lagrangian subspaces, and H;, Ho, Hs the corre-

sponding models of the unique irreducible given by the Stone von Neumann

theorem. Let N; :=exp(¢; + R),i = 1,2,3. The function o; defined on N; by
oj(exp(v + tE)) = ™

is a character on N; and the space H; is the induced representation space from
this character. The canonical intertwining operator I; : H; — H}, is given on
functions by

tdli) = [ gl
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where the invariant measures are chosen so as to make this unitary. (In terms
or an adjusted basis, this amounts to a partial Fourier transform.) The complex
scalar p(1,2,3) of absolute value one is defined by

Liz oIy 0l = p(1,2,3)1.

The main formula of this section is

p=e

=

7 (50)
where
n= N(la 273)7 T = T(]-a 2, 3) = 7_(5178283)'

We first prove this formula when dim V' = 2. In case all three Lagrangian
subspaces coincide, the Maslov index vanishes, and all three I;; are the identity.
In case £1 = {3 # {5, say, then the Maslov index still vanishes, I5; is the Fourier
transform, I3 = I 1}1 and I3; is the identity, and again the formula holds. So
we need only check the formula (for two dimensional V') when the Lagrangian
subspaces are pairwise transverse. We may then choose a symplectic basis so
that ¢4 = RP, 5 = RQ and ¢35 = R(P £ Q). It is enough to examine the
case l3 = R(P + @), the other case being similar (alternatively reducing to
it by interchange of Lagrangian subspaces). Since 7(¢1,¢3,¢1) = 1, we have
7(1,2,3) = —1 and we must prove

I3 0133 01y :e%ja (51)

In doing this computation, we regard ¢ as a complementary subspace to {7,
while we regard ¢; as a complementary subspace to ¢ and f3. This means that
we get identifications Ry, Re, R3 of H;, i = 1,2,3 with L?(R) by

[R1¢](z) = ¢(exp 2@Q)

while
[Rjd)}(x) = ¢(6Xp ZL’P), .7 = 233

Let us write
Fj:=Rjoljol; "

By definition,

16| (exp 2P) = / $(exp 2P exp EQ)dE.

N2/(N1F1N2)
We identify No/(N7 N N2) with ¢5 and use
p(expzPexp Q) = p(exp xPexp £Q exp(—xP) exp xP) = e~ ™% p(exp ziQ).

Thus, writing f = R1¢,

Fn f)(z) = / 7 £(£)de.
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In other words, Fy5 = F, the Fourier transform.
Next let us compute F35: We have

Ts26)(expaP) = / 6 ((expaP)(expE(P + Q) de

and
2

(expP)(expE(P + Q) = (expla + &) P)(expEQ) (exp— 5 )

(Faaf](& /fx+s”*%

Replace £ by £ — x in this integral gives

[Faaf](x) = e””"2 /f(ﬁ)e“ée*%”gdg,

In other words,
.2 .2
Fio = eTiT” i

)

where, in this equation, we have used the symbol e™” to denote the operation
of multiplication by the function emiv”
Finally,

L36)(exp Q) = / 6 ((exp Q) (exp £P)) d

and

22
(exp2Q)(expEP) = (exp(§ — 2)P)(expz(P + Q)) exp(—2€ + - )E

SO

Fiaflw) = [ £ - et mdg = e [ pe)eminca

where we made the change of variable £ — £+ in passing from the first integral
to the second. So
Fiz=e™ F L,

To summarize:
For = F. Fao — ‘n'i:BQF Tiz? Fio — ‘n'imQF—l
21 =4, I'zz=¢ € , f13 =¢€ .
So to prove (51) we must prove

i ;2
F32 o F21 =ed Fe ™", (52)

_1
2

We first do a Gaussian integral: For Im z > 0, let (f) denote that determi-
nation of the square root which takes the value 1 at z = 7. We claim that

1
/6727ria:§e7riz£2d€ _ (f) T2 67"71@:2 .
1
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Indeed, both sides are holomorphic in z and z for Imz > 0, so it is enough to
prove the formula for z = iy, y > 0, = = iu,u real. The left hand side then

becomes
/6271"(156771':[}62 dé-

Making the change of variables £ — yA_l/ 2¢ and completing the square proves
the formula. Now for any f € L?, let f = Ff denote its Fourier transform. For
Im z > 0, we may apply the Plancherel formula to conclude that

[feae = [ por (7o) dg - (5" [ e

1

be the preceding result. Both sides are continuous in z up to the real axis, and
so we may pass to the limit z = 1 to conclude that

[HoeCa=c® [ reema

We have
(Fuz o Farf)(@) = [ a9
but X _
fl@+8) = [F(e ™" f(u)](x)

i

[F52 0 Foy f](z) = et /e—2wi€uf(u)e—7riu2du

which is exactly (52). We have now proved (50) when V' is two dimensional.
We prove (50) in general by induction on the dimension of V. If 41, {5, {5 are
pairwise transverse we can find a basis Py, ..., P, of {1, a dual basis Q1,...,Q»
of /5 such that P £ @1, ..., P, £ Q) is a basis of ¢3. Then the formula reduces
to the two dimensional case.
Next, we prove (50) in another special case:

Lemma 7 Suppose that £ =Nl + 0N ¥ly. Then
Ippo, = Top0 0 Ly, - (53)

Proof. Let Z; be a complementary subspace to £ N {1 N¥ly = £1 N Ly in £ N Ly
and let Z5 be a complementary subspace to £ N {5 in /5 so that

bo =Zs®lrly, (=271 DLNL.

We have

Ut o Iy 6)(g) = /@ gy e g )
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/ / @(gexp zexpy)dady
€Ll /(€2n€) Jyel/(£1NL)

/ d(gexp z2exp z1)
Zo JZ1

= / (;5(21 + Zg)dzleQ
Z1®Z2

= / ¢(g expu)du
62/(61062)

= [I£2[1 Qﬂ (g) QED

We were allowed to replace (exp z2)(exp z1) by exp(z1 + 22) since Z; + Zy C L.
Also Z1 & Z5 is a complement to 1 N {s in £s.

We now turn to the general case. Suppose that ¢1,¢s, 3 are not pairwise
transverse, for example that

U:= El ﬁ£2 7’5 {0},

so that
(01, bo, l3) = T (01, Lo, £5).

We have (5 = ((3NUL) +U C (b3 NEY) + €3Nty so 04,05, 05 satisfy the
conditions of the lemma as do /3, ¢Y, /3 hence

Ipge, = Izgzg ° Izgel
I, = Iglgg o Igggs, therefore
IE1Z3 °© I€2€3 ° ‘[42(1 = Iflfg © Ie:lgjfa ° I@gés o IZsZz © Ibfl

= Imgf °© Iegz2 0 Ipye, -

We may replace £3 by £5 in the proof of the formula. Now all three subspaces
lie in U+ which is a proper subspace of V. All three subspaces contain U,
and hence all the operators involve integrations over quotients spaces which
eliminate exp U. Hence both sides of (50) involve formulas which are the same
when we replace ¢; by £¥ /U, and this we know to be true by induction, since
U~ /U is a symplectic vector space of smaller dimension than V. QED

15 Lattices.

A discrete subgroup, r of a real vector space V is called a lattice if V/r is
compact. Then there exists a basis e1,...,eq of V such that r = Ze; - - - ®Zey.
If V' is symplectic, the dual lattice to r consists of all v € Vsuch that (v,u) €
Z, Yu € r. A lattice is self dual if r* = r. We let B := N/(expZE). So any
Stone von Neumann representation of N is in fact a representation of B. We
may identify B with V x R/Z with elements (v, e?™*) and multiplication law

(u,2) - (v, w) = (u+ v, zwe™ @),
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Let R be the image in B of R := exp(r + RE) in N. Then R is a maximal
commutative subgroup of B:

(u, z) - (v,w) = (v,w) - (u,w) & (u,v) € Z.

Let x be a character of R whose restriction to the set of all (0, 2) is given by
x(0, z) = z. We may consider x as a character of R satisfying x(exptE) = €27,
We may then form the induced representation of N (or of B) corresponding to
this character. This representation is by left translation on the space H,., (L?
completion of) space of all functions ¢ on N which satisfy

¢(ny) =x(7)"'¢(b) Yne N,y €R (54)

/ 162 < 0o,
N/R

(since N/R = V/r is compact, it has a canonical left invariant measure with
total volume equal to 1.)

Our goal is to show that the representation of NV on M, , is again a model of
the Stone von Neumann irreducible representation, and to study its intertwining
properties with the Schrodinger models. We first discuss the dependence on x.

and

Proposition 6 Let x and X' be two characters of R which satisfy
x(exptE) = x/'(exptE) = *™,

Then there exists an ng = expv € N such that

X'(7) = x(noyng ') Vv € R.

In particular, the representations of N by left translation on H,, and H, ., are
isomorphic.

Proof. x’/x is a character of the discrete commutative group r so there exists
some v € V such that

(X'/x)(exp B) = ™A yg e

If v = exp B and ng := exp v this becomes the equation in the proposition. If ¢
satisfies (54) relative to x’ then the function n — ¢(nng) satisfies

¢(nyno) = p(nnong yng) = ¢(nno)x(7)

and so satisfies (54) for x. Since right multiplication commutes with left multi-
plication, this induces an isomorphism of modules. QED
Next we need to describe bases adjusted to a self dual lattice:
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Lemma 8 Let r be a self dual lattice and m and isotropic subspace such that
rNm generates m as a subspace. Then there exists a Darboux basis

Plv"‘vpanla"'in

of V' such that
r=ZP & - - ®ZP, OZO1®---DZLQ,

and
m=RPL®---PRP,, k<n.

Proof. We will be interested in the case m = 0, but for the proof of the lemma,
we may assume that m # 0, for example by choosing m = R3, B € r. We
may also assume that the lemma is known for V' of smaller dimension, and will
proceed to prove the lemma by induction. Choose 0 # x; € ar N'm. Since 7 is
self dual, (z1,03) € Z for all 8 € r and hence there is an integer, N such that
(x1,7) = NZ. Then (1/N)x; € r*, and since r is self dual it actually belongs
to r. Solet Py := (1/N)xy € r. Then (Py,r) = Z, hence there is a Q; € r with
(P1,Q1) = 1. Decompose

V=RP,&RQ:®V;, Vy:=(RP,&RQ)" .
We will be done by induction if we prove
r=(ZPL®ZQ.) ®rnVy, m=RP ®mnNV.

Suppose § € r. Then (8,P1) = my, (8,Q1) = ny with my,n; € Z. Hence
B—n1P1+mi1Q1 € rNVy. Similarly, if v € m with (v,@Q1) = « then v —aP; €
m N Vy. The intersection r NV is a self dual lattice in V5 and m NV is an
isotropic subspace. QED

In particular, if r is a self-dual lattice we may choose a basis as in the lemma
and then define

(:=RP,&---®RP,, {'=RQ:®---®RQ,.
Then ¢ and ¢ are complementary Lagrangian subspaces with
r=rnlernt.
Every element of R can be written uniquely as
~v = (expu)(expv)(exptE), uernt, vernt

and then '
Xe, e (7) = e

defines a character on R which satisfies xp¢ (expv) =1, v € L.
So we start with the following data
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e ( a Lagrangian subspace,
e 7 a self dual lattice such that r N ¢ generates £ as a vector space,
e X a character of R such that y(exp3) =1, fernt.

We wish to define an intertwining operator
Tir iy - He = Hiy

by
Urngedl(n) = > x(expu)p(nexpu). (55)

wer/rne

Notice that this sum makes sense formally, since ¢ satisfies ¢(nexpy) = ¢(n), y €
£ and hence for y € rN{. Notice also that the right hand side formally belongs to
H,, and that the operator I, . intertwines the (left) action of N. We must
show that it is well defined, and that for an appropriate choice of invariant
measure defining H, it is unitary.

Let us choose a basis as in the lemma, and then a complementary Lagrangian
subspace ¢’ spanned by Q1,...,Q,. We then have an identification

Ry :Hy— L*(R",dy), [Re|(y) = dlexpy - Q).

We may choose the u-Q, u = (u,...,u,) € Z" as representatives of r/rN¢
SO
Hirpgedl(expe- Pty-Q)) = D é(exp(e- P+y-Q)expu- Q) x(expu-Q).
uezZn
We have

exp(e- P4y Q)exp(u- Q) = expl(y +u) - @) exp(e - P)exp(ze -y + ).

By definition ¢ € H; is invariant under right multiplication by elements of exp ¢
and so, if we write f = R¢ then

[Trgeo R fllexpa-P+y-Q) = > x(expu-Q)e™ ™ e~ f(y4u). (56)
uezZn

This series converges for f € S(R™), and we want to think of the left hand
side as a function on R?*"/Z?". The functions x + e~ 2% 4 € Z form an
orthonormal basis of L?(R"/Z", dz) and hence

el = /0 <yi < 1/0 <a; <1V fy+u)x(expu- Q)e ™ 2dy

:/ / 3 £y + w)x(expu - Qe Py
0<y;<1Jo<z;<1

u
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| Sl

<yi<l

3 / 1l )y
<y; <

uezZmn

[ 1Py
=l

We see that I, ), extends from the Schwartz functions to be an isometry.
We next construct the inverse operator

Lot + Hirny) = He

by
I a0 ®l(n) = Y ¥(nexpy)dy. (57)

£/rne

We will show that
Tirxe 0 Lyriy = 1d.

This will show that I, ¢ is surjective, hence that the representation of N on
H; is irreducible, and hence that I, ), is bijective. We have

L (r e © Loy )l (exp(z - P4y - Q))

S xlexpu- Qe = e, (o bl(exply - Q +u- Q))

u

D x(expu-Q)e T Ve miry / ¥ ((expy - Q)(expu - Q)(expw - P)) dw
w £/(rne)

Z X(expu . Q)e—wim~Ue—7rir~y / P ((expy . Q)(expw . P)(expu . Q)) e2miwu g,
u £/(rne)

S [ ey Qexpw- P) D

n/Zn

oIy Z /R ¥ ((expy - Q)(exp(w + ) - P)) dw.

n/Zn
The function w — a(w) := 9 ((expy - Q)(exp(w + z) - P)) is periodic, so we the

last sum and integral is just the sum of its Fourier coefficients which evaluates
to «(0). Thus the last expression becomes

e,ﬂ-m.yd) ((expy . Q)(expx . P)) = (exp(:z? -P+y- Q)) . QED
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