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EQUIVALENCE OF THE BROWNIAN AND ENERGY
REPRESENTATIONS

ABSTRACT. We consider two unitary representations of the infinite-
dimensional groups of smooth paths with values in a compact Lie
group. The first representation is induced by quasi-invariance of the
Wiener measure, and the second representation is the energy rep-
resentation. We define these representations and their basic prop-
erties, and then we prove that these representations are unitarily
equivalent.

§1. INTRODUCTION

The main subject of this paper is a study of two unitary representa-
tions of the group H (G) of smooth paths in a compact Lie group G. The
first representation is on the Hilbert space L2 (W (G), u), where W (Q)
is the Wiener space of continuous path in G and p is the corresponding
Wiener measure. This representation is induced by the quasi-invariance of
the Wiener measure p with respect to the left (right) multiplication on
W (G) by elements in H (G). The necessary preliminaries from stochastic
analysis are introduced in Section 2. We define the corresponding Brow-
nian representations in Section 4. One of the questions mentioned in the
previous works such as [1] is whether the constant function 1 is the cyclic
vector for these representations. This is what we prove in Section 3.

Another representation of the the group H (G) is the energy represen-
tation. The representation space in this case is L? (W (g),v), where g is
the Lie algebra of G, and v is the standard Gaussian measure on W (g).
Our main result in Section 5 is the (unitary) equivalence of the Brownian
and energy representations.
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These representations have been studied previously in a number of arti-
cles including [1-4,9,11,12,27,28]. We will not attempt to give a compre-
hensive review of the mathematical literature on the subject, but rather
explain the choice of this particular topic for this volume.

Acknowledgment. Even though M.I. had no publications in this field,
the combination of representation theory, stochastic analysis and von Neu-
mann algebras appealed to him. Moreover, he introduced MG to the latter
subject which resulted in [13].

§2. NOTATION

Let G be a compact connected Lie group, e € G denote the identity
of GG, g be its Lie algebra, and d = dimg g be the dimension of G and g.
Without loss of generality we may and do assume that G is a Lie subgroup
of GL,,(R). By identifying G with a matrix group, we are able to minimize
the differential geometric notation required of the reader. We assume that
the Lie algebra g of G is identified with the tangent space at e, and g is
equipped with an Adg-invariant inner product (-, ), which we could take
to be the negative of the Killing form if g is semi-simple. Associated to the
Adg-invariant inner product is the Laplace operator described below.

2.1. Heat kernels. This section reviews some basic facts about heat ker-
nels on unimodular Lie groups. Let dz denote a bi-invariant Haar measure
on GG which is unique up to normalization. For A € g, let Z(ﬁ) denote
the unique left (right) invariant vector field on G which agrees with A at
e € G. Let go C g be an orthonormal basis for g. The left and right invari-
ant Laplacian is then given A := 3 A2 and A’ := Y A2 respectively.
Ac€go A€go

Since G is unimodular, it is easy to check the formal adjoint, relative to
L% (G,dz), of A (A) is —A (—A). Hence, A/2 and A’/2 are symmetric
operators on the smooth functions with compact support on G. It is well
known, see for example Robinson [22, Theorem 2.1, p. 152], that A/2 and
A’ /2 are essentially self-adjoint and the closures of A/2 and A’/2 generate
strongly continuous, self-adjoint contraction semigroups /2 and et4'/2
on L? (G, dz). Let p, = e'®/25,, t > 0, be the fundamental solution, i.e.,

Opi /0t = %Apt with %irr(l)pt = 6,. (2.1)

For a proof of the following theorem see Robinson [22, Theorem 2.1, p.257].
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Theorem 2.1. Assuming the above notation, let p; denote the funda-
mental solution to the left heat equation (2.1). Then pi(z) = pi(z~1) for
all z € G and

¢ 1w) = [ ple W1tk = [ (N ).
G G
Example 2.2. In the case we take G to be g thought of as a Lie group

with its additive structure, we recover the standard convolution heat kernel
relative to the Lebesgue measure given by

1\ 42 1,
pe(z) = =— exp | —= |z|7 | .
27t 2t '8

2.2. Wiener Measures. The reader is referred to [24, p. 502], [20, The-
orem 1.4], [6,7] and perhaps also in [8] for more details on the summary
presented here.

Notation 2.3. Suppose 0 < T < oo. Let us introduce the Wiener and
Cameron-Martin (finite energy) spaces, and the corresponding probability
measures.

(1) Wiener space will refer to the continuous path space
W(G@) =W([0,T],G) ={y € C([0,T],G) : 70 = e},
where we equip W (G) with the uniform melric

doo (aaﬁ) = tg%(?)]("] d(ahﬁt) -

B

Here d is the left invariant metric on G associated to the left invari-
ant Riemannian metric on G induced from the Adg—invariant in-
ner product (-,-) on g. [In fact, these metrics are bi-invariant, i.e.,
both left and right invariant.] Let g, : W (G) — G (for 0 <t < T)
be the projection maps defined by

9¢ (v) ==, for ally € W (G).

We further make W (G) into a group using pointwise multiplication
by (hk), := hik; for all h,k € W (G)) and © : W (G) — W (G) be
the group inversion defined by

O(y) =" forally € W (G).
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(2) Given h e W (G), let

00 if h is not absolutely continuous,

2 _ )
1Pllz 7 = [ |n(s)" R/ (s)|?ds, if h is absolutely continuous.
0

Here | -| is the norm induced by the inner product {-,-) on the Lie
algebra g.

(3) The Cameron—Martin (finite energy) subgroup, H(G) CW(G),
is defined by

H(G)={heW(Q) : |hlgr < co}.
(4) The corresponding spaces of paths with values in the Lie algebra g

and starting at 0 are denoted by W (g), and H (g), and the Wiener
measure on W (g) is denoted by v.

Theorem 2.4 (Wiener measures). Let B be the Borel c—algebra on W (G).
There is a probability measure p on (W(G),B) uniquely determined by
specifying its finite dimensional distributions as follows. For all k € N,
partitions 0 = s < 51 < 82 < ... < sg—1 < sx =T of [0,T], and for all
bounded measurable functions f : G* — R

i=1

k
N(f(gsn' . 7gsk)) = /f(xh N 7xk) HpAsi (x;jlxt)dxl o 'dmk7 (22)
Gk

where xo 1= e, As; = s; — si—1, pi(x) is the convolution heat kernel de-
scribed in Theorem 2.1.

The process, {9t fogt<T, s @ G-valued Brownian motion with respect to
the filtered probability space (W (G),{B:}, B, ). In more detail, {g:}o<e<T
is a diffusion process on G with generator %A such that g9 = e a.s.
As usual, this process has the following martingale property: for all f €

(C>®(@)) the process

Ml = flg) ~ flon) -~ 5 [ Af(gar (23)

is a local martingale. In differential form this can be written as
m 1
& (9) 2 5 (AF) g)d. (24)

where da = db if a — b is a local martingale.
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Proof. Equation (2.3) is well known from the theory of Markov processes,
see [25]. Indeed, using the Markovian property of y one computes for s > ¢,
F a bounded B;-measurable function, and f € C* (G)

T (g)F) = (e T2 D) a0 )
= Su(e T OAN@)F) = u(5A1(9,)F).

Integrating the last expression from t to s shows that
t
1
p(Mf — MIF) = u({f(gt) — flgs) — / EAf(gr)dT}F) =0,
S

which shows that M/ is a martingale. (|

Remark 2.5. Note that the martingale property (2.2) can be extended
to vector-valued function. In particular, this applies to G-valued functions
since (G is assumed to be a matrix-valued Lie group.

2.3. Left and right Brownian motions.

Theorem 2.6 (Quadratic variations). If u and v are smooth functions on
G then

dfu(g0)]-dfv (9)] = dMdM;
= (Va(g)- Volg)dt = Y (Au) (g) Ao (g0) dt.

A€go
In particular,
dg: ® dgy = g1 ® g1 Cdt,

where C:= Y AQA.
A€go

Proof. On one hand,
m 1 1
dluv(g)] = §A (uv) (g) dt = 2 (Auv + uAv + 2Vu - Vv) (g¢) dt

while on the other by It6’s formula,
dlu(g)v(g)] =du(g)-v(g) +ulg) dv(g)+du(g)dv(g)

m 1
=3 (Auv + uAv) (gedt + dM“dM"
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Comparing these two equations shows
dMUdM" = (Vu - Vv) (g¢)dt

which gives the first result. More generally, suppose that v and v are vector
valued, then

Alu 0] (9) 2 S (ue v) (9) db

- % (Au ® v+u® Av+24u ® Zu) (g¢) dt
while on the other hand by Itd’s formula,
dlu(g)@v(g)] =d[ulg)®@v(g) +ulg) @dlv(g)] +du(g)] @dv(g)]
2%(Au®u+u®m) (g¢) dt +dM" @ dM"
Comparing these two equations shows

dM" ® dM? = Z (Zu ® ZU) (g¢) dt.
Aego

By Remark 2.5 we can take u (g) = ¢g and v (g) = ¢ to see that

dg: ® dg: = Z gA ® gAdt (2.5)
A€go

and dg = dM + gCdt, where C' = > A% O
A€go

Remark 2.7. Note that C' is independent of the choice of the orthonormal
basis of g as was pointed out in [14, Lemma 3.1].

Definition 2.8 (Left and right Brownian motions). The process {g: }o<;<7
is a semi-martingale and therefore we may define two g—valued processes
by
¢ ¢
Bl = /g;légT and Bft := /6979;1-

0 0
We refer to BL (B%) as the left (right) Brownian motion associated to
{gt}ogth The terminology will be justified by the next theorem.

t t
Theorem 2.9. Bl := [g7'6g, and Bf := [6g,9; " are standard g-va-
0 0

lued Brownian motions with covariances determined by (-,-)q.



BROWNIAN AND ENERGY REPRESENTATIONS OF PATH GROUPS 23

t
Proof. Let b, := Bl := fg_15gT temporarily. Then
0

r

_ _ 1 _
db=g 9=y 1dg+§d[g '1dg
1 1
=g YdM + §Cdt —3 dbg~tdg
— g LdM + %Cdt - %dbdb

but dbdb = (g_ldg) (g_ldg) = Cdt from (2.5). This shows db is a martin-
gale and that

dbodb= (9" ®g ") dg®dg
=(g'0g") D) gAwgAdt= ) A®Adt,
A€go A€go
and so by Lévy’s criterion b is a standard g-valued Brownian motion. We

now call b = BL. O

Theorem 2.10. Let o € H(G). The processes {BtL}0<t<T and { BF
are g-valued Brownian motions satisfying the following properties

(1) dBE = Ad,, dBEF = Ad,, 6B},
(2) dBf = Ad,-1dBf = Ad -1 0BfY,

t
(3) Bf (v7'g) = BF - OfAdg—l (bpp™1),

}ogth

t t
(4) Bf (99) = [Ady—1 dB + [~ dp
0 0
t t
(5) BE (p7'g) = — [ ¢ 00+ [ Ad,1 6BF
0 0
t
(6) Bf (90) = B{* + [ Ady (dpp~").
0
Proof. For (1)
6Bf' = 6919, " = g19; 019, ' = Ad,, 6B}
1
= Ad,, dBf + 5
1
= Ad,, dB} + 5 Adg adgprdBfF = Ad,, dBF,

(d[Ady,]) dBf
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where we have used the fact that dg = g6 BL implies 6 Ad, = Ad, ad;spr,
and adygrdBE = 0. For (2)

dBF = g, 6g; = g; " [5gtg;1] gr = Adgt—l §BE. (2.6)
Since 6g = §B®g implies that g~ = —g~10B*, and therefore § Ad,-1 =
—Ad,-1 adsgr, and so the It6 form of (2.6) is
B} = Ad,- dBF + 2 (d [Ad 7}) dBE
= Ad, 1 dBf" - 5 Adgfl adsprdBft = Ad, 1 dB".

The remaining items, (3-6), follow from simple computations in Ité’s cal-
culus

BE (¢7'g) =

o .

t
(') 6 (o tg) = /9’190 (= 'opp g+ ¢ 1og)
0

¢
BtL - /Adg—l (5@@71),
0

BE (gp) = (gcp)*15(g<p)=/<p’1g*1 (89 + gd)
0

Il
— O~

Ad,-1dB* + [ ¢ '50p,

o — .

(=}

t t
Bf (¢ 'g) =/5(<p*19) (p'g)" Z/(*w’léw’ngrsflég) g e
0

t t
:f/ *15cp+/Ad ~1 6B, and
0
—1,-1

(dgp +gdp) o™ g

oy

G

S
\

Oq
<:\N
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t
= Bf' + /Adg [6pp]. O
0

Before introducing It6 maps, recall some standard definitions.

Notation 2.11. Suppose (X, B, ) is a measurable space with a o-finite
Borel measure p, and R is a measurable bijection on X. Then the push-
forward of p is defined by

(Rept) (A) := (po R7Y) (A) = u (R7' (4)), A€ B.
If the pushforward measure Ry is equivalent to p, we will denote the

Radon—Nikodym deriwvative as usual by

dR.
dp
In particular, for any A € B(X) we have

(), z € X.

Jra@aru= [ 1ni @ du= [ 14 (@ @) dn

X X X

Notation 2.12. Let (X, Q1), (Y, Q2) be two measurable spaces, and let
I:X — Y be a measurable map. Then for any measurable function f :
Y — R we denote by

(" f) (z) == f (I (z))

the induced map on the set of measurable functions on X.

Proposition 2.13. The maps BY, BE : (W (G) ,p) — (W (g),v) are p-
a.e. defined maps such that Bly = v = BEu. In fact, these maps are
measure-preserving isomorphisms from (W (G), ) to (W (g),v) with the
inverse maps given by solving the SDEs

dw = wé B or dw = §BFw with wy = e
for w. Moreover, we have the identities
BYo©® = -B" q.e. and B*0c© = -B" a.e., (2.7)

where the inversion map © is defined in Notation 2.3.



26 S. ALBEVERIO, B. K. DRIVER, M. GORDINA, A. M. VERSHIK

Proof. Since
8g =6BFg = 69! = —g~16BF

and hence
Btoo=Blo @(g):/ (gfl)_1 sgt
0
= /g(—g_16BR):/—6BR:—BR.
0 0
Similarly one shows Bf 0 © = —B! a.e.

O

Note that the maps B* and B induce maps on measurable functions

from (W (G),p) to (W (g),v) as described in Notation 2.12.

2.4. Quasi-invariance. Our goal in this section is to understand the
quasi-invariance properties of y under left and right translations by ¢ €

H(G).
Theorem 2.14. For ¢ € H (G) let

T
T 5
Z7 () = exp —/<¢’¢—1,53L> _%/0 /0| dt
0

and

T
_ 1 /7 12
Zp () == exp /(so’so 1,5BR>*§/ '™t dt
o 0
then
Lawyr., (99) = Law, (9) = Lawzz., (97 '9) -

That is, for every bounded and measurable function F' on W (Q)

/F(gw)Zﬁ(w)du: / Fdy = / F (¢ tg) Zf () dp.

w(G) W(G) w(G)
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Proof. We will only prove the assertion involving the right translation
here as the second case is proved similarly. To simplify notation let b := B”|

t t
M; = f/<<p’<p‘1,5b> = */(@'tp‘ladw
0 0

and let Z solve

dZ = ZdM = —Z (@'~ ", db) with Zy =1, (2.8)

t t
1 5
Z; = exp (/(w’wl,éw - §/|<P’sol\zdt) = Z{ (¢).
0

0

ie.,

By (4) of Theorem 2.10

(9¢) " 0 (g9) = Ady-1 0b+ @~ dop.

So given a smooth function, f : G — R, we have by Itd’s lemma that

8 (f(99) = [ (g¢) (Ady-1 b+ o~ dp) , (2.9)
where for A, B € g

FoA=Af(9) =2

I"(9)A©B):= (ABf)(g)

f (getA) and
0

o ds

f (getAesB) .
0

T dt
Note that

f'(gp) Ady-16b = ' (90) Adyp-1 db + %d[f’ (99)] Ad,, 1 db
= f/ (g(p) Adw—l db + % [f” (gtp)] [Ad¢—1 db® Adwa db}
= f'(9p) Ady,-1 db + %Af (gip) dt.

Now we can use the fact that

/Ad¢_1 db (2.10)
0
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is a g-valued Brownian motion by Lévy’s criterion and due to the Ad-
invariance of the inner product on g. Then the It6 form of (2.9) is

d[f (gp)] = f' (9¢) Ady—1 db + [f’ (gp) "¢’ + %Af (ge) | dt.

So if we define

DN =

t
Ne= N/ = 1 (o) ~ 5 [ A (grer)ar,
0
then
AN = f'(g9¢) Ady-1 db + [ (9) ¢~ 'dt.

Observe that using the orthonormal basis go of the Lie algebra g we have

(using db®@db= S A® Adt) that
A€go

(Adg— db) (@'t db) = Y (Ady— A) (g™, A)dt
A€go
=Ad,—1 (¢ ") dt = o ¢dt.
Another application of 1t6’s lemma then implies
dINZ]=dNZ + NdZ + dNdZ
2 Z[f (gp) o' dt] — (f' (90) Ady-1 db) - Z ("', db)
=Z[f (gp) o' ¢'dt] = Z (f' (9¢) Ady-1 @'~ ") dt = 0,
where as in (2.4) we write dX Z dY if X and Y are two processes such that

Y — X is a martingale. The previous computations show N Z is martingale
and so

E[(N, — N,) FZ7] =0

for all bounded B;—measurable functions F'. Therefore {Ntf } . is a
0<t<

Z7 - p—martingale for all smooth f. Thus it follows from uniqueness to the
martingale problems that Lawz, ., (g¢) = Law, (g). O

Theorem 2.14 can be interpreted also using Notation 2.11. Namely, for
X =W (G) and a measurable bijection R on W (G) we have that for any
Borel measurable f on W (G)

Er.uf(9) =Eg,f(R(g))-
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Let Ly, R, be the left and right multiplication on W (G) defined by

Log:=¢'g,

R,g := gy, (2.11)
where ¢ € H (G), and g € W (@), together with their counterparts on
functions on W (G) denoted by L, and R, according to Notation 2.12.

In addition, taking inverses in (W (G),u) induces a map on the set of
measurable functions on (W (G) , ) by

JNH():=foO(MM)=Ff("). (2.12)

Note that by Proposition 2.13 the map J is a unitary involution on
L2 (W (), ).

Then Theorem 2.10 can be re-written as follows. For any ¢ € H (G)
and g € W (G) we have

B* (Lyg) = B (9) - /Adg—l (dpp™),
0

BY (R,g) = /gfldga + /Adw—l (6BY),
0 0

BR(L,g) = —/¢—1d<p+/AdWl (6B%),
0

0

(2.13)

B"(R,g) = B" (g) +/Adg (dpp™),
0

where we use dy to indicate that it is the usual differential since ¢ is
smooth.

Then the right Radon-Nikodym density ZF (¢) for R,.u with respect
to pisin L' (W(QG), p) is described in Theorem 2.14. Similarly the Wiener
measure f is quasi-invariant under the left multiplication by elements in
H(G), and the left Radon-Nikodym density for p is in L' (W(G), u) as

well.

Proposition 2.15. The left and right Radon-Nikodym densities for u sat-
isfy
R _ 77L _ oL
Zy=JZ,=2,00
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for u-almost every g. Here J is the map defined by (2.12).

Proof. First proof. By Proposition 2.13 p is invariant under the taking
group inverses, that is, for any bounded measurable f

/ g Vdp(g) = / f(@)du(g).
(@) )

w(a
Then
/f(gtp)du(g)Z / flg™ e)dulg) = / f((w‘lg_l)fl)du(g)
W(G) W(G) W(G)
= [ 1) Ziinte) [ £l0) ZEe dulo).0
W(G) W(G)

§3. CycLiciTy

Cyclicty is one of the basic properties of representations of H (G) we
consider later. Note that the main result of this section, Theorem 3.1,
follows from Corollary 14 in [17]. In that paper B. Hall and A. Sengupta
used the Segal-Bargmann transform to prove the cyclicity of 1, and also
that the Radon—Nikodym densities are coherent states as Theorem 10 in
[17] states. We give a more direct proof using the inverse It6 map BY and
ideas of L. Gross in [15].

Theorem 3.1 (Cyclicity of 1). Suppose that G is a compact connected
Lie group, then

1/2
Hg := Span{(Zf (g)) / ,p€H (G)}
is dense in L? (W (Q) , ).
Proof. Note that (B")" (Zf)l/2 is a function on W (g) since B is a mea-
sure space isomorphism, so we can reduce the problem to the Lie algebra

level. Namely, let 0 =g < t1 < ... <tp_1 <tn =T,& =0,&,...,&, € g.
We assume that

|&llt; —tj—1| =1, for any j =1,2,...,n, (3.1)
unless §; = 0. It is known that the linear span of multidimensional Hermite
polynomials in (&;,w(t;) — w(t;—1)) is dense in L* (W (g),v) (e.g. [21]).
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This means that it is enough to show that the linear span of cylinder Her-
mite polynomials is contained in the L (W (g) ,v)-closure of (B")" (Hg).

First we observe that M, and therefore (B%)" (H¢), contains all con-
stant functions. Let 0 = tg <t; < ... < tp_1 <t, =T,& =0,&,...,&, €
g. We define a function ¢ = ¢, ... ¢, (s) recursively for j = 1,2,...,n by

pt)=p(0)=e, p(s) =e T p(t; ), s€ltjr,t;).  (32)
Then

¢ (s)p(s)™h ==&, s € [tj1,t)),
therefore ¢ € H (G) and

(BY)" (2B)" (wy)
—Hexp< (€o(ty) — wity)) — LI 4 - ))

Suppose 1, ...,z, € R and define ¢z(s) = ©uer . ane.(8),
then ¢L(s)pz(s)™t = z;&;. Now let a function F on R" be defined as

F (&) := (BY)" (ZE)"* then
OF
oz, (0) = <£]7 w(t;) —w(tj-1)),
Note that for any & € R” we have F (#) € (BY)" (Hg). Therefore 97 - (0)

as well as all other partial derivatives of I at 0 are in (BL)" (Hg), the L2
closure of (BL)’F (Ha). Indeed, this follows from the simple observation
that F(0) =1 € (B*)" (Hg) and

OF F((0,...,z;,0,..,0)) — 1

_ (0) — hrn (( I 7mj7 9 9 )) )

(9xj z;—0 T
Now we would like to describe the functions we can get by taking partial
derivatives of F. First we observe that we can write F' as

H ajes—ba? o _ G wlty) —wti-1)) o gl —ti-a] 1
e 2 achn 2 ~ 2
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by assumption (3.1). Using [5, Lemma 1.3.2 (part (iii))] we can take partial
derivatives of F' of all orders to see that all multidimensional Hermite
polynomials in (&;,w(t;) — w(tj—1)) are in (BL)" (Hg). O

§4. BROWNIAN MEASURE REPRESENTATION

4.1. Definitions and notation. The unitary representations of H (G)
on the Hilbert space L? (W (G) , u) we define in this section are induced by
quasi-invariance of the Wiener measure p. Recall that L, and R, are left
and right multiplication on W (G) by elements H (G) as defined in (2.11),

i.e., R,y =g and L,y = ¢ 1.
Definition 4.1. Let W(G) and H(G) be as before.

(1) The right Brownian measure representation UF of H(G) on
L? (W(G), p) is defined as

(UEF) (9) == (2% (9))""” f (Rpg)

for any f € L* (W(G), ), ¢ € H(G), g € W(G);
(2) the left Brownian measure representation U on L2(W(G), )
is defined as

(VED) (@)= (2 (9)"" 1 (Log)
for any f € L?> (W(Q),u), p € H(G), g € W(G).

Recall that by Proposition 2.15 we have ZF = JZL, where J a unitary
involution on L? (W(G),n) defined by (2.12). In addition, the functions

(Zg)l/2 and (Z£)1/2 have the norm 1 in L? (W(G),u) for any ¢,1 €
H(G), which is a consequence of the next Proposition.

Proposition 4.2. For any ¢, € H (G)

(2B (25" =

( lellZrr + 1Y%,
exp [ —

T
8 )eXp i/“@_l@') (8), (v~ 19") (1)dt

Proof. This follows from Theorem 2.14. O
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Proposition 4.3. For any p,v € H (I,G) we have

Zf(-):Zf(-) if and only if ¢ = 1,
and similarly
Zﬁ(-):Zﬁ(-) if and only if ¢ =,

where 71 (¢) (-) and Z* (¢) (-) are viewed as random variables, and the
equalities hold for p-a.e. g,t € [0,T].

Proof. If
Zi() =25 (),
then for any ¢ € [0, 7],

E (25 ()|F) =E(Z] (-)|F)

t
[ et P =) s
0

Taking expectations of this equation then shows

and therefore
t

[ v~ e, aBE) -

0

l\DI»—A

¢
/ )P — [ ) ds for all t
0

l\DI»—A

and therefore |p~1¢|> = [1p~19’|? a.e. In particular, we then have

0= ( / W (s) — 0l (9) dB%ﬂ

¢
:/‘¢—1wl(s)_ —1 I | ds
0
from which it follows =1’ (t) — 1o/ (t) = 0 for any ¢ € [0,T]. Finally,
we see that for any ¢ € [0, 7]
(p™) () = ()= W (1) = P D) —pp WY () =0
and therefore ¢~ = e. O
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Proposition 4.4. For any ¢, 0,01, @n, ¥1,-,%n € H(G),
feLl?(W(G),p)

(VR UR) f9)= (28 ,)" @) f (Ror.,9),
(UG, Uw) (9) = (an o) @) L),
(Ul = B =Vl
U) ™ =) =U.

In particular, this implies that Uf,Ué’ are unitary operators on

L*(W(G), ).
Proof. For any f,h € L> (W(G), 1), ¢, 01,2 € H (G) we have
(VEULS) (9) = (ZE (9) 28, (991) " £ (g102)

1/2
= (Z}0,) " (9) F(9102)
by the properties of the Radon—Nikodym densities, and

(U )f, W 2wy = (FUSM L2ow(c)m)
— | 1@hlgo)hsa)dulo)

= / Flge Hhlg) (25)* (997125 . (g) du(g)

[ #6e™) (28) " mg)dnte) = (U 1) 2@

The case of U can be checked similarly. O
4.2. Properties of the Brownian representations.
Notation 4.5. We denote by

ME = (UE, o e H(@))"

ME = (UL, p € H(G))"

the von Neumann algebras generated by the operators Ug, Ué’ respectively.
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Theorem 4.6 collects some basic facts about the left and right Brownian
representations. Most of these properties are what one expects from the
classical case of regular representations of locally compact groups. But
some of the proofs are fundamentally different. For example, the fact that
the von Neumann algebras generated by the left and right representations
are commutants of each other has been originally proved by I. Segal in [23]
for the regular representation of a unimodular locally compact Lie group
with a bi-invariant Haar measure. One of the major facts he used was
existence of an approximating identity and the one-to-one correspondence
between unitary representation of the group G and the non-degenerate *-
representations of the group algebra L' (@) (e.g. [10, Section 3.2]). These
fundamental constructions are not available in our case. Theorem 4.6 does
not answer the question whether M% and M are commutants of each
other, which will be addressed in another article.

Theorem 4.6. (1) the unitary operators Uf and Ulf commute for
any o, € H(G), and so (MR)/ Cc M"Y and (ML)/ c ME,
The representations UY and U are unitarily equivalent, and the
intertwining operator is the unitary involution J defined by (2.12);
(2) Q = 1 is a separating cyclic vector of norm 1 for both M* and M*
in L (W(G),p). If G is abelian, then the corresponding von Neu-
mann algebra MT = M" is mazimal abelian in B (L* (W (G); p)).
(3) For any T € M* the map T — T1 is injective.
(4) The vacuum vector Q = 1 defines a faithful normal weight T on
MPE (and similarly on MF) by

7 (m) == (M, Q) g2 (w(c) ) = / m(L) (9 du(g)  (41)
w(G)

for any m € MFE. In addition, 7(I) is finite, and so T is a faithful
normal state.

Proof. 1. First we observe that U} and U} commute. Indeed, for any
¢, € H(G), f e L? (W (G),p) we have

LR _(du (v tg) . dp (Y~ g) . 4
(U U )(g)_< dp (g) ) (du(tblg)) f(v99)
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_(du (¥ "g9) P _
_<T(g)> F (™ gp) = (USUES) (9)-

To see that UX and U® are unitarily equivalent we use Proposition 2.15,
and the following simple observation. Using Notation 2.12 for the left and
right multiplication operators on W (G), we see that

JRy =Ly, .J.
Then by Proposition 2.15 for any f € L? (W (G) , u)

(JUEF) (9) = T (ZE (9) (R, +f) (9)) = Z5 (9) T (R, f (9))
=Z5(9) (L, Jf(9)) = (ULTS) (9).

2. Theorem 3.1 shows that 1 is cyclic for M®, and similarly one can
show that it is cyclic for MF.

Now suppose that G is abelian. It is clear that in this case M = M® =
MU is abelian, and therefore M’ = M which implies that it is maximal
abelian. Note that another explanation for M being maximal abelian is
that as we know it has a cyclic vector. Then by [19, Corollary 7.2.16] M
is maximal abelian as an abelian subalgebra with a cyclic vector.

3. This is a standard fact from the Tomita-Takesaki theory, but in this
case it is easy to verify and we include the argument for completeness. Let
T € MP be such that T1 = 0. Then T commutes with all operators in
M and therefore

L Ly _ —
Uy TU,1=T1 =0,

and so

TU;1=0
for all p € H (G). Since 1 is cyclic for both left and right representations,
we see that T' = 0.
4. The first part of this statement is a standard fact following from the
GNS construction (e.g. [26]). To see that 7 is a state, we note that the

identity operator I in M% can be represented as U, where e(t) = e for
t € [0,T]. Thus

(1) = T(UeR) =1



BROWNIAN AND ENERGY REPRESENTATIONS OF PATH GROUPS 37

The same holds for M*. O
Proposition 4.7 (7 is not a trace). For any ¢, € H' (Q),
RyTR RyTR
T (U Uy) =7 (USUY)
if and only if

T T
/<<p‘1<p',w’w‘1>ds = /<so'so‘1,w‘1w'>d5~ (42)
0 0
Proof. By definition of 7 and Propositions 4.2 and 4.4 we see that
R77R R *HWD”%[,T
T (Uw Uw) = E,Zy,(g) = ex — 5
2 2 7
- - 1
H‘PHH,Tg MJHHT epo/<Ad¢ ¢I¢_17¢I¢_1>dt
0
2 2 7
— - 1
ol VTt gy [t it
8 4
0
Applying this computation to T (Ung) completes the proof. (|

§5. ENERCGY REPRESENTATION

Let (H,W,T') be an abstract Wiener space, that is, H is a real separable
Hilbert space densely continuously embedded into a real separable Banach
space W, and I' is the Gaussian measure defined by the characteristic

functional
. 2
/e“"(m)df (z) = exp <—|¢|2H >
w

for any o € W* C H*. We will identify W* with a dense subspace of H
such that for any h € W* the linear functional (-, h) extends continuously
from H to W. We will usually write (p,w) := ¢ (w) for p € W*, w € W.
More details can be found in [5].

It is known that I' is a Borel measure, that is, it is defined on the
Borel g-algebra B (W) generated by the open subsets of W. The Gaussian
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measure [ is quasi-invariant under the translations from H and invariant
under orthogonal transformations of H. We want to be more precise here.

Notation 5.1. We call an orthogonal transformation of H which is a
topological homeomorphism of W* a rotation of W*. The space of all
such rotations is denoted by O (W*). For any R € O (W*) its adjoint, R*,
is defined by
(¢, R*w) := (R p,w), w e W,p € W*.
Theorem 5.2. For any R € O (W*) the map R* is a B(W)-measurable
map from W to W and
Fo(R) ' =T.

Proof. The measurability of R* follows from the fact that R is continuous
on H. For any o € W*

/ew(“)df ((R*)*lx) = /ei<%z>dr ((R*)*lx) = /e“%R*@dr ()

w w w

-1, .12 2
exp (- ) e (120

= /ei”(m)df (x)

w

since R is an isometry. O
Corollary 5.3. Any R € O (W*) extends to a unitary map on L? (W,T).

The Cameron—Martin theorem states that I' is quasi-invariant under
translations by elements in H, namely, T, : W — W, T}, (w) = w + h. The
Radon-Nikodym derivative is given by

d(ToT_p) 1|2

d(Th), T _ (w) = e~ hw) =15

a W dr
weW, heH.
Following [9] we consider the Gaussian regular representation of the Eu-

clidean group of transformations w — R*w + h, x € H/h € H R €
O (W*) on L? (W,T') defined as

_d(ToT,Y)

?
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(Urnf)( ( ThR*

D w)) P (e )

< (T oTy) w)1/2f<(R*)1(wh)) (5.1)

’“ﬂ>-*f(< ) w-h), wew

which is well-defined by Corollary 5.3. It is clear that this is a unitary
representation.

Now we need to define the Fourier-Wiener transform F on L? (W,T).
This can be done in several ways, and for now we refer to Definition 17
in [9] with the parameter r = 1/2. In particular, one can check that F* = I
on L% (W,T) by doing a computation on Hermite functions.

The following formula is very convenient for computations, but some
care should be taken over its applicability. One of the ways of making this
formula rigorous is to define it on Hermite functions using the Fock space,
as it is done in [16].

(ff)(w):/f(iw+\/§u)dr(u), feL*W,T).
w

In particular, identities in Proposition 5.4 follow from this formula quite
easily.

Proposition 5.4. 1. Let £ := Spanc{@ (w) := eX®%) o c W*, w e W}.
Then & is an algebra which is dense in L*(W,T).
2. For any ¢ € W* we have

[ #tw) v = o
w (5.2)

(F3) (w) = e~ 1#li- =0 gpq <fe<¢,~>) (w) = el#lir G(w).

Proof. The first statement is proven in a number of references, one of
which is [18], Theorem 4.1, so we omit the proof for now. Identities in
(5.2) follow from similar finite-dimensional calculations using the methods
in [9] or approximations by Hermite functions. O
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Proposition 5.5 (Proposition 18 [9]). If f € L2 (W,T), R € O(W*),
h € W*, then

i(h,w)

(fURyh]-'_lf) (w)=e" f(R*w) forwe W.

Proof. By Proposition 5.4 it is enough to check the statement for f (w) =
@ (w). First, let us compute F2@ (w) using (5.2)

(F°8) (w) = e ¥l (72 ) (w)
— ¢ 10lim glelie (fe—iwm) (w) = e~ 1#li= glosw)
Then
(FURLF'®) (w) = (FULWUro F>) (w)
— e~ lolEe (fUI,hUR,oe<“’">) (w)

|n|2 (h,)

e (]—‘e 3 e<R<P,~+h)) (w)

Clol2. _In? i (—i(h+2Re),)
— o= l0lhe o= B o(BeR) (fez 5 )

|h+2Re|% . |h+2Re|2 .
=e 4 e 4

=53 (Rw),

(w)

B +Re,w)

where we used the fact that |Ry|g- = || O

Corollary 5.6. By taking f = 1 in Proposition 5.5, we see that for any
he H

R|2 i(h,w
Felhu) -2 _

We now work on the measure space (W (9) ,Bw(g),l/) and let w; :
W (g) — g be the projection map, ws (w) = ws for all 0 < s < T and
w € W (g) . [Note, we may also view w as the identity map from W (g) to
W (g) .] The energy representation is a unitary representation of H (G) on
the space L? (W (g),v). First we introduce an operator on W (g) used to
define the energy representation. Note that since the inner product on g is
Ad-invariant, the operator O, defined by
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0, (w) = /Adw Swsw € W (g) o € H(G) (5.3)

is well-defined on W (g) by Lévy’s criterion as we indicated in (2.10). More-
over, since the It6 and Stratonovich integrals of deterministic integrands
are equal, we see that

O, (w) = /Ad¢, dws = /Adw dws.
0 0
Definition 5.7. For any ¢ € H (G)

T
i [{ ¢ (5),dws)
0

(Eyf) (w) :=e f (09971711) .
for any f € L? (W (g),v). Then E, is called the energy representation of
H (G).

Again using the fact that the Itd6 and Stratonovich integrals are equal
for deterministic integrands, we see that
T
i[ (971" (8),dws)

(Eyf)(w)=e0o f(Op-1w) .

It is easy to see that E; = E-1, so it is a unitary representation of H (@)

on L? (W (g),v). For our future results using Itd integrals will be more
convenient, so this is what we will be using from now on mostly.

Theorem 5.8. Both UR and U' are unitarily equivalent to the energy
representation E.

Proof. As we noted in Theorem 4.6, U® and U’ are unitarily equivalent.
Using (2.13) we see that under the inverse It6 map B’ the left multiplica-
tion is mapped to the following operator

((B")" Ry f(w) = f(Ow_lw—l-/tp_ldap), (5.4)
0
where f € L? (W(g), 1/), w € W (g), and R is the adjoint operator.
Then the representation Uf corresponds to the following representation

on L* (W (g),v)
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(uE)w) = ((BY) UES)w) -
_ eégw1”/(5)’dws>_iwi"f(Ow—mH‘/‘P1d90)'
0

Here we used O,-1 to denote the operator introduced by (5.3). Note that
(ulf) (w) = Ur,n, where Ug,, is defined by (5.1) with R* (w) = O,-1w
and h = —¢~ 'dp. The adjoint representation of G' on g is unitary, and
therefore O,-1 is a continuous unitary transformation on H (g). Thus we
can apply Proposition 5.5 to see that ug is unitarily equivalent to .
The intertwining operator here is the Fourier—Wiener transform F, and
the intertwining map between U” and E is then F o (BL)*. O

Corollary 5.9. Theorem 3.1 implies that 1 is a cyclic vector for the energy
representation.

REFERENCES

1. S. Albeverio, R. Hgegh-Krohn, D. Testard, A. Vershik, Factorial representations of
path groups. — J. Funct. Anal. 51, No. 1 (1983), 115-131.

2. S. Albeverio, R. Hgegh-Krohn, D. Testard, A. Vershik, Note: “Factorial represen-
tations of path groups”, J. Funct. Anal. 52 (1983), no. 1, 148.

3. S. S. Albeverio, R. Hgegh-Krohn, The energy representation of Sobolev-Lie groups.
— Compositio Math. 36, No. 1 (1978), 37-51.

4. S. Albeverio, R. Hgegh-Krohn, J. A. Marion, D. H. Testard, B. S. Torrésani, Non-
commutative distributions. — Monographs and Textbooks in Pure and Applied
Mathematics, vol. 175, Marcel Dekker Inc., New York, 1993.

5. V. 1. Bogachev, Gaussian measures, Mathematical Surveys and Monographs,
vol. 62, American Mathematical Society, Providence, RI, 1998. MR MR1642391
(2000a:60004)

6. Bruce K. Driver, A Cameron—-Martin type quasi-invariance theorem for Brownian
motion on a compact Riemannian manifold. — J. Funct. Anal. 110, No. 2 (1992),
272-376.

7. Bruce K. Driver, A Cameron—Martin type quasi-invariance theorem for pinned
Brownian motion on a compact Riemannian manifold. — Trans. Amer. Math.
Soc. 342, No. 1 (1994), 375-395.

8. Bruce K. Driver, Towards calculus and geometry on path spaces. — Stochastic
analysis (Ithaca, NY, 1993), Proc. Sympos. Pure Math., vol. 57, Amer. Math. Soc.,
Providence, RI, 1995, pp. 405—422.

9. Bruce K. Driver, Brian C. Hall, The energy representation has no non-zero fized
vectors, Stochastic processes, physics and geometry: new interplays, II (Leipzig,



BROWNIAN AND ENERGY REPRESENTATIONS OF PATH GROUPS 43

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

1999), CMS Conf. Proc., vol. 29, Amer. Math. Soc., Providence, RI, 2000, pp. 143—
155.

Gerald B. Folland, A course in abstract harmonic analysis, Studies in Advanced
Mathematics, CRC Press, Boca Raton, FL, 1995.

I. M. Gel’fand, M. 1. Graev, A. M. Versik, Representations of the group of smooth
mappings of a manifold X into a compact Lie group. — Compositio Math. 35,
No. 3 (1977), 299-334.

I. M. Gel’fand, M. 1. Graev, A. M. Versik, Representations of the group of functions
taking values in a compact Lie group. — Compositio Math. 42, No. 2 (1980/81),
217-243.

M. Gordina, Taylor map on groups associated with o I11-factor. — Infin. Dimens.
Anal. Quantum Probab. Relat. Top. 5, No. 1 (2002), 93-111.
M. Gordina, Stochastic differential equations on noncommutative L2. — Finite and

infinite dimensional analysis in honor of Leonard Gross (New Orleans, LA, 2001),
Contemp. Math., vol. 317, Amer. Math. Soc., Providence, RI, 2003, pp. 87-98.

L. Gross, Uniqueness of ground states for Schrédinger operators over loop groups.
— J. Funct. Anal. 112, No. 2 (1993), 373-441.

A. Guichardet, Symmetric Hilbert spaces and related topics, Lecture Notes in Math-
ematics, Vol. 261, Springer-Verlag, Berlin, 1972, Infinitely divisible positive definite
functions. Continuous products and tensor products. Gaussian and Poissonian sto-
chastic processes.

Brian C. Hall, Ambar N. Sengupta, The Segal-Bargmann transform for path-groups.
— J. Funct. Anal. 152, No. 1 (1998), 220-254.

T. Hida, Brownian motion, Applications of Mathematics, vol. 11, Springer-Verlag,
New York, 1980, Translated from the Japanese by the author and T. P. Speed.
Richard V. Kadison, John R. Ringrose, Fundamentals of the theory of operator
algebras. Vol. II, Pure and Applied Mathematics, vol. 100, Academic Press Inc.,
Orlando, FL, 1986, Advanced theory.

M.-P. Malliavin, P. Malliavin, Integration on loop groups. I. Quasi invariant mea-
sures. — J. Funct. Anal. 93, No. 1 (1990), 207-237.

J. Marion, Wiener functionals on spaces of Lie algebra valued 1-currents, and uni-
tary representations of current groups. — Publ. Mat. 33, No. 1 (1989), 99-121.
Derek W. Robinson, FElliptic operators and Lie groups, Oxford Mathematical Mono-
graphs, The Clarendon Press, Oxford University Press, New York, 1991, Oxford
Science Publications.

I. E. Segal, The two-sided regular representation of a unimodular locally compact
group. — Ann. of Math. (2) 51 (1950), 293-298.

Ichiro Shigekawa, Transformations of the Brownian motion on a Riemannian sym-
metric space. — Z. Wahrsch. Verw. Gebiete 65, No. 4 (1984), 493-522.

Daniel W. Stroock, S. R. Srinivasa Varadhan, Multidimensional diffusion processes,
Classics in Mathematics, Springer-Verlag, Berlin, 2006, Reprint of the 1997 edition.



44 S. ALBEVERIO, B. K. DRIVER, M. GORDINA, A. M. VERSHIK

26. V. S. Sunder, An invitation to von Neumann algebras, Universitext, Springer-
Verlag, New York, 1987.

27. D. Testard, Representations of the group of equivariant loops in SU(N), Stochastic
processes—mathematics and physics, II (Bielefeld, 1985), Lecture Notes in Math.,
vol. 1250, Springer, Berlin, 1987, pp. 326-341.

28. Nolan R. Wallach, On the irreducibility and inequivalence of unitary representations
of gauge groups. — Compositio Math. 64, No. 1 (1987), 3-29.

Institut fiir Angewandte Mathematik
Abteilung Wahrscheinlichkeitstheorie und HCM
Rheinische Friedrich-Wilhelms-Universitdt Bonn
Endenicher Allee 60

53115 Bonn, Germany

E-mail: albeverio@iam.uni-bonn.de

Hocrynuao 19 moabpa 2015 r.

Department of Mathematics, 0112
University of California, San Diego
La Jolla, CA 92093-0112

E-mail: bdriver@ucsd.edu

Department of Mathematics
University of Connecticut
Storrs, CT 06269, U.S.A.

E-mail: maria.gordina@math.uconn.edun

St.Petersburg Department of Steklov Institute of Mathematics
Russian Academy of Sciences,

Mathematics and Mechanics Department

St.Petersburg State University

Institue of the Probelm of Transmission of Information

Russia

E-mail: vershik@pdmi.ras.ru



