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Abstract. The purpose of this paper is to describe the probabilistic
aspects underlying the theory of the hypoelliptic Laplacian, as a deforma-
tion of the standard elliptic Laplacian. The corresponding diffusion on the
total space of the tangent bundle of a Riemannian manifold is a geometric
Langevin process, that interpolates between the geometric Brownian motion
and the geodesic flow. Connections with the central limit theorem for the oc-
cupation measure by the geometric Brownian motion are emphasized. Spectral
aspects of the hypoelliptic deformation are also provided on tori. The relevant
hypoelliptic deformation of the Laplacian in the case of Riemann surfaces of
constant negative curvature is briefly described, in connection with Selberg’s
trace formula.

Introduction.

The purpose of this paper is to describe the probabilistic aspects that underlie the
construction of the hypoelliptic Laplacian, at the crossroads of two unrelated theories:
index theory, and the central limit theorem.

1. The index of an elliptic operator is the difference of the dimensions of its kernel and
its cokernel. It only depends on the principal symbol of the operator. The Atiyah-
Singer index theorem [AS68a], [AS68Db] gives a cohomological formula for the index
in terms of characteristic classes.

2. The particular version of the central limit theorem we think of describes the asymp-
totics of the occupation measure by a geometric Brownian motion as time tends to
infinity in terms of a Gaussian random field. This result can also be formulated as
the study of the lowest eigenvalue of a family of second order differential operators as
a parameter b tends to 0, all the other eigenvalues tending to +oc.

A possibly common feature of these two theories is that they are both concerned with
small eigenvalues, the zero eigenvalue of certain operators in the case of index theory,
and small eigenvalues in the case of the central limit theorem.

Before we explain the content of the present paper, we will give the proper perspec-
tive to the theory of the hypoelliptic Laplacian.
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0.1. The scalar version of the hypoelliptic Laplacian.

Let us describe the hypoelliptic Laplacian in its simplest form. Let X be a compact
Riemannian manifold of dimension n, and let X be the total space of its tangent bundle.
Let HTX, ATX be the harmonic oscillators along the fibres TX

H™ = LAY 4|V —n),  ATF = S(-AY +2V}). (0.1)

In (0.1), AV denotes the Laplacian along the fibre TX, Y is the generic element of TX,
and VY. denote differentiation along the fibre with respect to the radial vector field Y.
The two harmonic oscillators are conjugate via the gaussian function exp(—|Y|?/2).

Let U be the vector field on X that generates the geodesic flow. In geodesic coordi-
nates centred at x € X, we have

UY)=>Y R (0.2)
i=1
For b > 0, set
HTX ATX
Lf = v M = — v (0.3)

b b2 b

The operators in (0.3) are conjugate by the same Gaussian as before. They are not self-
adjoint. By a theorem of Hérmander [H67] on second operators of the form Y /" X? +
Xol, if ¢ is an extra time coordinate in R, the operators 9/t + L, 9/0t + M;X are
hypoelliptic. This is actually the form of Hérmander’s theorem in which X plays an
essential role?. The scalar operators LiX, M;X are the simplest version of the hypoelliptic
Laplacian.

Such operators have appeared before. The operator of Kolmogorov [K34] on R?
given by K = —(1/2)(0?/0y?) — y(9/0x) can be thought of as a prototype of the hy-
poelliptic Laplacian. When X = R3, the operators Lg( , M, Z;X are known as Fokker-Planck
operators and appear in statistical physics. In this case, M, bX is the infinitesimal generator
of a process (x.,Y.) that projects on X to a Langevin process [LO8].

One first result is that the equivalent families of operators L;, M;X interpolate in
the proper sense between the standard Laplacian —AX /2 on X as b — 0, and the proper
version of the generator of the geodesic flow (1/2)|Y|?—U as b — +o0. To be more precise
on the b — 0 convergence, the families of operators LbX , MbX acting on X collapse® to
the operator —AX /2 acting on X.

1A sufficient condition for the hypoellipticity of such operators is that the distribution spanned by
Xo,...,Xm and their Lie brackets of arbitrary order is the full tangent bundle.

2In this respect, our hypoelliptic operators are different from the Heisenberg Laplacians in subrie-
mannian geometry.

3In Riemannian geometry, if the metric on the fibres of a fibration tends to zero, one says that the
original manifold collapses to the base manifold. Here, while X is not viewed as a Riemannian manifold,
certain aspects of collapsing remain true.
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0.2. Hypoelliptic Laplacian and the central limit theorem.

Let V be a smooth function X — R such that [, V(z)dz = 0. One way to obtain a
central limit theorem for the associated Brownian motion z. on X is to study the spectral
asymptotics as b — 0 of the family of operators

AX VvV
Indeed if b2 = 1/t, then
AX Vv
Sft<24vg), (0.5)

and making b — 0 is equivalent to making ¢ — 4o00. By comparing (0.3) and (0.4),
the structures of M, bX and Slf( are very similar, when replacing —A* /2 by the harmonic
oscillator ATX. Since the fibres TX are the fibres of a vector bundle, the analytic and
geometric situations are not the same.

0.3. The dynamical version of the interpolation.
The diffusion process corresponding to the operator M,;X can be described in terms
of the second order stochastic differential equation on X

Vi + & = . (0.6)

In (0.6), w. is a Brownian motion along the fibres TX suitably transported using the
Levi-Civita connection on T'X, and w denotes its differential in the sense of Stratonovitch.
The Markov diffusion process associated with MbX is just given by (z.,b&.). The speed
@. of z. is an Ornstein-Uhlenbeck process Z. with covariance (1/b%) exp(—|t — s|/b?).

If one ignores the probabilistic difficulties, we find that when b = 0, equation (0.6) is
just & = w, the equation for the Brownian motion on X, and when b = +o0, it becomes
& = 0, the equation of geodesics on X. At the algebraic level, the interpolation property
described at the end of Subsection 0.1 is obvious.

0.4. The preservation of the spectrum.

For a suitable nonscalar version of the hypoelliptic Laplacian Eg( described in [B11]
when X is a locally symmetric space, the spectrum of —AX /2 remains rigidly embedded
in the spectrum of £;*. In [B11], the trace of the heat kernel exp(sAX /2) is viewed as a
generalized Euler characteristic, and the above rigidity property as a formal consequence
of index theory.

The version of the central limit theorem we described in (0.4), (0.5) is concerned
with the lower part of the spectrum of the operators SZ;X , while here the whole spectrum
of —AX /2 is preserved. There is no contradiction. Indeed the operator —AX /2 acts on
C>(X,R), which can be identified with the kernel of the nonnegative operator A7X.

A construction by Witten [W82] shows that the harmonic oscillator is just the
restriction to smooth functions of the Hodge Laplacian associated with the Witten com-
plex of the considered vector space. Unsurprisingly, the corresponding family of Witten
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Laplacians along T'X plays an important role in the construction of Ei( in [B11].

As a consequence of the above, in [B11] we show that as b — +oo, the supertrace
of the heat kernel for Ei" localizes near the closed geodesics in X. Ultimately we obtain
the Selberg’s trace formula [M72] as a consequence of the interpolation procedure we
just described. This version is valid not only for Riemann surfaces of genus g > 2, but
for compact locally symmetric spaces of arbitrary dimension.

0.5. The hypoelliptic Laplacians.

The principal symbol of —AX is just |¢|2. The geometric Laplacians, like the Hodge
Laplacians in de Rham or Dolbeault theory, or the squares of Dirac operators have the
same scalar principal symbol |£]2. These operators have canonical hypoelliptic defor-
mations in their category [B05], [BO8a], [B11]. This means that there is not only one
hypoelliptic Laplacian, but many. In the present paper, we will mostly limit ourselves to
the deformation of the scalar operator —AX /2.

The original version of the hypoelliptic Laplacian in de Rham theory developed in
[BO5] exists over any compact Riemannian manifold. It can be viewed as a semiclassical
version of the Witten deformation [W82] of the standard Hodge Laplacian on the loop
space LX*, that would be associated with the energy functional. The preservation under
hypoelliptic deformation of certain spectral invariants like the analytic torsion [RS71]
was established by Lebeau and ourselves in [BLO8]. For the relevant probabilistic aspects
of the hypoelliptic Laplacian in de Rham theory, we refer to [BO8b]. The Malliavin
calculus also plays an essential role in [B11] to obtain the proper uniform control of
the hypoelliptic heat kernels. For applications of the hypoelliptic Laplacian to complex
geometry, we refer to [B08a], [B13].

0.6. The organization of the paper.

In the first two sections of the paper, we state a number of results concerning the
central limit theorem for the occupation time of a geometric Brownian motion and for
the Ornstein-Uhlenbeck process. These two sections give the proper perspective to the
construction of the hypoelliptic Laplacian in the three sections that follow.

More precisely, in Section 1, we recall certain aspects of the central limit theorem
for the Brownian motion on a compact Riemannian manifold, in commutative and non-
commutative form.

In Section 2, we explain the commutative and noncommutative aspects of the central
limit theorem associated with the Ornstein-Uhlenbeck process.

In Section 3, we construct the scalar hypoelliptic Laplacian on a vector space and
on a torus.

In Section 4, we explain elementary aspects of index theory in connection with the
constructions of Subsection 3.

Finally, in Section 5, we construct the scalar hypoelliptic Laplacians Lg( , MbX , and
we describe their main properties. Also we show how the index theoretic aspects of the
constructions of Section 4, that are valid for vector spaces or for tori, can be suitably

4The proper cohomological theory is equivariant cohomology with respect to the obvious action of St
on LX. No rigorous construction of the corresponding Hodge Laplacian or of its Witten deformation is
available.
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extended to the case of Riemann surfaces with constant negative curvature.

The probabilistic aspects of the hypoelliptic Laplacian have played a dominant role in
its development. For a survey of other aspects of the hypoelliptic Laplacian, in particular
in connection with Morse theory, and with the classical Witten Laplacian, we refer to
[BO8b], [BO8c].

1. The central limit theorem for the geometric Brownian motion.

In this section, we review some aspects of the central limit theorem for the Brownian
motion on a compact Riemannian manifold, in its commutative and noncommutative
versions. This will permit us to give the proper perspective to the construction of the
hypoelliptic Laplacian, and to some of its properties.

At least in the scalar case, the results contained in this section are already known
in a form or another. They are the elementary starting point of the theory of large
deviations for occupation times by a Markov process or a diffusion process [DSt89].

This section is organized as follows. In Subsection 1.1, we study the behaviour of
the spectrum of the operator Si¥ in (0.4) and of its heat kernel as b — 0.

In Subsection 1.2, we interpret the results of Subsection 1.1 in terms of a central
limit theorem for the occupation ‘density’ by the Brownian motion.

Finally, in Subsection 1.3, we give a noncommutative version of the above results
for Bochner Laplacians acting on sections of a Hermitian vector bundle.

1.1. The spectrum of S,;X as b — 0.

Let X be a compact Riemannian manifold, let g7X be the corresponding metric on
T X, and let dx be the associated volume form. Let AX be the Laplace-Beltrami operator.
For 1 <p < 400, let L;f denote the real L, space associated with dz. In particular () LX
denotes the canonical scalar product on Lz, and its extension to a symmetric complex
valued bilinear form on Ly ®r C.

Here R is the vector space of constants in C°°(X,R). Let P : L& — R denote the
corresponding orthogonal projection operator. If f € L5, then

Pf= Voll(X)/Xf(x)dx (1.1)

Let R* be the orthogonal space to R in L. The corresponding orthogonal projection
operator is given by

Pt=1-P (1.2)
For V, W € C*(X,C), b > 0, let Si* be the second order elliptic operator on X

AX OV

For s > 0, let exp(—s5;")(x,2’) be the smooth kernel associated with exp(—sS;¥) with
respect to dz’. Let Trlexp(—sS;* )] denote the trace of exp(—sS;¥) so that
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Tr [exp(—sS;)] = / exp (— ) (z, z)dz. (1.4)
X

Let (—AX/2)7! be the inverse of —AX /2 restricted to R*+. Then (~AX/2)7lis a
bounded self-adjoint positive operator.

THEOREM 1.1.  IfV € C*°(X, C) is such that [ V(x)dx =0, fors >0, asb— 0,
we have the uniform convergence of smooth functions and their derivatives of any order
on X x X,

exp (i (V. (2A%/2) W)y = [ Wia)d))

exp (— 855 ) (z,2") — Vol(X)

(1.5)

In particular, for s >0, as b — 0,

S

Tr [exp(—sSy)] Hexp(VOl(X) <<V,(AX/2)1V>L§ /XW(x)da:>>. (1.6)

If V.W are real, if oy is the lowest eigenvalue of the self-adjoint operator S’,;X, as
b—0,

1 -1
70 Vol (X) <_<V’ (—A%/2)71V) +/XW(z)do:), (1.7)

and the other eigenvalues tend to +oo. When V,W are arbitrary, equation (1.7) also
holds for one simple eigenvalue of Sg(, the real part of the other eigenvalues tending to
+00.

ProOOF. In the sequel, we will write our operators as (2,2) matrices with respect
to the orthogonal splitting Ly = R @ R*. In particular, we have identities of the form

1 00 0 B Mmoo
_IAX = , V:|: :|’ W:|: . 1.8
2 [0 OJ B3 Ba Y3 V4 (18)
Put
Si =1, Sy=pPa+7b, S3=pFs+73b, Si=a+ Bsb+yib> (1.9)
Then
s %
SX = ) 1.10
b b2

Now we proceed as in [BLO8, Section 17.2]. If A € C, put



Hypoelliptic Laplacian and probability 1323
Dy =S, — b\ (1.11)

Let A € C be such that D, is invertible. Set
H=\—-8+SD;*S;. (1.12)

We also assume that H is invertible. By (1.9), at least formally, A — S’I;X is invertible,
and we can write (A — S;¥)~! in the form

A=55)""= (1.13)

H' ~bH~'Sy,D; !
—bD;'SsH™' —v’D;' + 02D SsH 'S, Dt

A / ’ ~

Figure 1.

For a > 0, let I' = T';, be the contour in C described in Figure 1, and let A = A,
be the closure of the connected component of C\ I" not containing 0. One verifies easily
that there exist a > 0,bg > 0 such that for 0 < b < by, if A € A, D4 and H are invertible,
and moreover, if u € R+,

1D ullo < Cllullo- (1.14)

Moreover, given k € N, there exists my € N such that for 0 < b < by, A € A, u €
H* N R*, then

ID;  ulli1 < Cr(+ IAD™ [l (1.15)
We have the trivial identity
Dyt =Sy =02AS D (1.16)

By (1.16), we find that if u is taken as before,
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(D5 = Sl < CO*|Alllulo, (1.17)
and moreover, for any k € N,
(D7 = 87y, < OV (14 AN™ ull. (1.18)
By (1.13) and by the above, we find that if u € C*°(X, C), if A € A, then
[(A=S5) " 'u— P(A\+ PVPH(—AX/2)"' PtV P — PWP)”PuH0 < Cb||ullo, (1.19)
and moreover, for any k € N, we have

(A= 857w~ P(A+ PVPL(=AX/2)"LPLVP — PWP) ' Pul,

< Cpb(1+ [A)™ 1 |u| . (1.20)

Clearly, for 0 < b < by, s > 0, we have the identity

1 exp(—s\)
—s8%) = — [ ————d. 1.21
exp(-a8) = 5 [ TR (1.21)
By integration by parts, for any k € N, we get
k! exp(—s\)
—5S8%) = (-1)* / d. 1.22
eXp( S b ) ( ) 27:7T8k r (A*Sl‘jx)k+1 ( )

By (1.19) and (1.21), we find that for s > 0, as b — 0, we have the strong convergence
of operators acting on Ly ®@gr C

S

exp(—sSlf()Hexp(vol(X) ((V,(—AX/2)‘1V>L§ —/XW(x)dx>)P. (1.23)

Using (1.20) and (1.22), we deduce easily that the convergence in (1.23) is a uniform
convergence of smooth kernels together with their derivatives of arbitrary order. By
(1.1), we obtain the first part of our theorem. By integrating the left-hand side of (1.5)
on the diagonal, we get (1.6).

If V,W are real, the eigenvalues of S;¥ are real. Also s > 0 — Trlexp(—sS;*)] is
the Laplace transform of the spectral measure for SZ;X . From (1.6), we get the last part
of our theorem. In the general case, using the convergence of the resolvents in (1.19),
(1.20), we obtain the corresponding result on the eigenvalues.

We will now give a second proof of our theorem when V € C*(X,R). Let f €
C>=(X,R), let 0% be the Witten Laplacian [W82] associated with f, and let —Aff be
its restriction in degree 0. Then

—AF =AY - AXf 4+ |VS]R (1.24)
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The operator —Af is self-adjoint and nonnegative, and its kernel is 1-dimensional and
spanned by e~/.
In the sequel, we take V € C*°(X,R) such that PV = 0. Set

f=(=a%2)"v. (1.25)
Equation (1.3) can be rewritten in the form

sz_iiff_lwﬂ%rw (1.26)
b 22 2 : '

Let Ry, be the vector space spanned by e~/ and let Rg- be its orthogonal in Ly. We

write our operators as (2,2) matrices with respect to the splitting L3 = R, @ Rif. In
particular

lox o o Lo I
S A% = [0 abf}, SV + W = [53 54]. (1.27)

Note that for b =0, apr = «.
By (1.26), (1.27), we have the analogue of (1.10)

o1 d2
SX = 1 NNE (1.28)
53 bj(abf + b 54)

Using (1.28), we can now proceed exactly as before, except that the matrix structure is
simpler. Of course, the splitting of Ly now depends on b. However, this dependence on
b can be easily dropped by using the fact that Ry is spanned by e?/. By proceeding as
in (1.19), (1.20), we find in particular that as b — 0, if A € A,

-1
_ 1
(A =57) 1—>P<>\—P<—2Vf2+W)P) P. (1.29)
The same arguments as in (1.23) show that for any s > 0, as b — 0
1
exp (— sSy) ~>eXp<SP(2|Vf|2 W>P>P, (1.30)

the convergence in (1.30) being a convergence of smooth kernels on X x X. By (1.1), we
get

P<;|Vf|2 _ W)P _ VO%(X) /X (;WQ _ W) (2)dz. (1.31)

By (1.25), we obtain
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/X IV £ (z)dz = 2(V, (—AX/2)‘1V>L§. (1.32)

By (1.30)—(1.32), we get (1.5). The second proof of our theorem is completed. O

REMARK 1.2. The first proof of Theorem 1.1 given above gives some idea of how
corresponding results for the hypoelliptic Laplacian are established in [BLOS].

1.2. The central limit theorem for the geometric Brownian motion.

Let C(R4, X) denote the space of continuous functions from R4 into X equipped
with the topology of uniform convergence over compact sets, and let s € Ry — z, € X
denote its generic element. Given x € X, let P, denote the probability measure on
C(R4, X) associated with the Brownian motion starting at x at time 0.

By the ergodic theorem, we know that as t — 400,

Jx W)

For a > 0, let N(a) denote the probability law on R of the centred Gaussian with
variance a.

THEOREM 1.3. IfV € C*(X,R) is such that fX x)dx = () for any x € X,

as t — +o00, the probability law of the process s € Ry — (1/\f) 0 V(xy)du converges
to the probability law of the process s € Ry — cbs, where by is a real Brownian motion
starting at 0, and

(=A%/2)"'V. V) x
Vol(X)

=2 (1.34)

Ast — +oo, the probability law of the process s € Ry — (1/t) f;tW(xu)du con-
verges to the deterministic process s € Ry — s( [ W(x)dx/Vol(X)).

For 0 < s1 < -+ < 8pm, as t — +00, the probability law of (Tsyt,Tspts- -, Ts,,t)
converges to the product of the probability laws dx/Vol(X).

Finally, as t — 400, the joint law of the above random processes and random vari-
ables converges to the corresponding product law.

PrOOF. We use the notation of Subsection 1.1 with V replaced by iV, and W = 0.
Observe that for ¢t > 0,

1.y .V

By (1.35) and by Feynman-Kac’s formula, if u € C*(X, R), for s > 0, we get

st

exp (— sy, 5)ule ):pr{exp( W)u(wst)]. (1.36)
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By Theorem 1.1, as t — 400, we have the uniform convergence of smooth functions and
their derivatives of any order

v <AX/2>1V>L§) [y u@dz )

X
exp (= 587 7)u — exp <5 Vol(X) Vol(X)

By (1.36), (1.37), as t — 400

st

oo )| D)

For a € R, we may as well replace V' by aV in (1.38). Using Paul Lévy’s theorem, as
t — 400, given s > 0, we have the convergence of probability laws,

(O Vg "

% /OSt V() du — N<2s e

Let us now give another proof of (1.39), that will be the probabilistic counterpart
to the second proof of Theorem 1.1. We still define f as in (1.25). By It&’s formula®, we
get

¢ ¢
flxe) = flz)— | V(zy)du —|—/ (Vf(zy),0xy), (1.40)
0 0
where the last term in (1.40) is a classical It6 stochastic integral. By (1.40), we get

Jo Vi@s)ds _ (@) = faw) | Jo (VS (@), dzurangle. (1.41)

vt Vvt Vi

Now we proceed as Franchi-Le Jan [FL12, Lemma 8.7.4] in their proof of the central
limit theorem for martingales. For @ € R, put

(Vf(xa),0m) o2 [0V f(z.)2d
Zaté—exp<\ﬁ Jo' fj% ’ +2f°| fl@ |u> (1.42)

Given t > 0, Z(J,,,575|S€R+ is a martingale and

EP [ Zy4s = 1. (1.43)

By the ergodic theorem, given s > 0, as t — +00, we get

51n the sequel, we denote by § the differential in the sense of 1td, and by d the differential in the sense
of Stratonovitch.
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o IVf(@a)lPdu [ IVf@)Pde

" Vol (X) " A.€.. (1.44)
By (1.42)—(1.44), we find easily that as t — +o0,
TV f@s), 0 25 [ IV f(x)[*d
EP» {exp(x/jla o f\(/xi) x >>] — exp(—a;fx VOJIC((;?) x) (1.45)

By Paul Lévy’s theorem, we deduce from (1.45) that given s > 0, as t — 400, we have
the convergence of probability laws

f08t<vf(xs),5$s> - N(sW) (1.46)

Vit Vol(X)

Since f is bounded, from (1.41), (1.46), as ¢ — 400, we have the convergence of
probability laws

Jo Viaadu N<SW), (1.47)

Vit Vol(X)

By (1.32), (1.47), we get another proof of (1.39).

To complete the proof of our theorem, the essential point is to show that the prob-
ability laws of the continuous processes s € Ry — (1/v/1) OSt V(zy)du form a tight set
of probability measures. By Burkholder-Davis-Gundy’s inequalities, given p > 1, for
0<s<ys

< Cp(s' —s)1/2. (1.48)
p

s

By (1.40), (1.48), we obtain the required compactness argument. This concludes the
proof of the first part of our theorem.

By (1.33), if s varies in compact sets in R, Pya.s., (1/t) [, W(x,)du converges
uniformly to s — s( [ W(x)dx/Vol(X)). Since W is bounded, this family of functions
is equicontinuous, so that uniform convergence also takes place near 0.

st
0

Using Theorem 1.1 with V' = 0, W = 0, we obtain our result on the convergence
as t — 400 of the joint law of (zs,¢,...,%s,,¢). By using the full strength of Theorem
1.1, we obtain the required convergence of the joint probability laws. The proof of our
theorem is completed. 0

REMARK 1.4. Theorem 1.3 can be reformulated as a result of convergence in law
of a scaled local time centred field for the process z. to the free field on X.

1.3. The case of vector bundles.
We take X as before. Let (F, g, V) be a complex Hermitian vector bundle on X
equipped with a Hermitian connection. Let L?’F be the vector space of square-integrable



Hypoelliptic Laplacian and probability 1329

sections of F. Let AXF" be an elliptic self-adjoint nonnegative operator of order 2 acting
on C*(X, F). Set

H = ker A%F, (1.49)

Then H is a finite dimensional vector subspace of C*°(X, F'). Let P be the orthogonal
projection operator on H. Then P is given by a smooth kernel P(z,z"). Set

PL=1-P (1.50)
Then P+ is the orthogonal projection on the orthogonal space H+ to H in Lg(’F. Let
(AXF)~1 denote the inverse of AXF acting on H+.
Let V,W € C*°(X,End(F)). In the sequel, we assume that
PVP=0. (1.51)

For b > 0, set

AXE Yy
SF = ety W (1.52)

Note that PV P+ (AXF)~1PLV P is an endomorphism of H. It can also be viewed as an
operator acting on C*°(X, F') with a smooth kernel.

THEOREM 1.5. For any s > 0, as b — 0, we have the uniform convergence of
smooth kernels together with their derivatives of any order on X x X

exp (— 55,7 (z,2") — (Pexp(s(PVPH(AXF) 1 PLV P — PWP))P)(z,2). (1.53)
In particular, as b — +oo
Tr [exp(—sS;")] — Tr [Pexp(s(PV PH(AXT)~1pLyp — PWP))P]. (1.54)

When b — 0, a finite number of eigenvalues of SbX’F converges to the eigenvalues of
—PVPL(AXFY"LPLV P+ PWP, the real part of the other eigenvalues tending to +oc.

PrROOF. The proof of our theorem follows the same lines as the proof of Theorem
1.1. In particular, the convergence of the heat kernels is obtained via the convergence of
the resolvents. O

REMARK 1.6. If A% ¥ is the Bochner Laplacian acting on C*°(X, F)) associated
with the Riemannian metric g7 and the connection V¥, if AXF = —AXF /2 then

exp(—sSl;X ’F) can be evaluated using a matrix version of the Feynman-Kac formula.
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2. The central limit theorem for the Ornstein-Uhlenbeck process.

In this section, we explain certain aspects of the central limit theorem for the
Ornstein-Uhlenbeck process in its commutative and noncommutative form, and we de-
velop corresponding analytic results for its infinitesimal generator, the harmonic oscilla-
tor. The results of the present section are closely related to the results of Section 1.

This section is organized as follows. In Subsection 2.1, we state elementary properties
of the harmonic oscillator on an Euclidean vector space E.

In Subsection 2.2, we study the behaviour of the spectrum of a family of elliptic op-
erators M, an analogue of the family of operators S;* that was considered in Subsection
1.1.

In Subsection 2.3, we interpret the results of Subsection 2.2 in terms of a central
limit theorem for the occupation ‘density’ of the Ornstein-Uhlenbeck process.

In Subsection 2.4, we obtain a matrix version of the central limit theorem.

Finally, in Subsection 2.5, we study the special case of the perturbation of the
harmonic oscillator by a matrix V' depending linearly on Y € E. The hypoelliptic
Laplacian will turn out to be an infinite dimensional version of this kind of operator.

2.1. The harmonic oscillator.

Let E be a finite dimensional Euclidean vector space of dimension n, and let Y be
its generic element. Let A¥ be the Laplacian of E, and let Vy be the radial vector field
on E. Let A¥ be the harmonic oscillator

AP — %(—AE +2Vy). (2.1)

Then A is a formally self-adjoint operator on LZ(e~1Y*dY’), whose kernel is spanned
by the function 1.
Set

HE = exp(—|Y]?/2) A" exp(]Y */2), (2.2)

so that

HE = %(—AE VP —n). (2.3)

Then HF is a self-adjoint operator acting on LI, and its kernel is spanned by
exp(—|Y'|?/2). It is well-known that

SpA¥ =SpHF =N. (2.4)

Given m € N, the Hermite polynomials of degree m on E span the eigenspace of A¥
associated with the eigenvalue m.

Let p be the orthogonal projection operator from Lf(e"Y‘Q(dY/ﬂ'"/Q)) on ker A¥,
and let P be the orthogonal projection operator from L on ker H¥. We identify p with
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the corresponding smooth kernel with respect to exp(—|Y"’|?)(dY’/x"/2), and P with its
smooth kernel with respect to dY’/ﬂ"/z. In particular,

PV =1, POYY) = esp( =5 (VE+ V). (25)

2.2. The spectrum of L,’f as b — 0.
Let VW € C*°(F, C) such that V, W and their derivatives of arbitrary order grow
at most linearly as |Y| — 4+o00. Note that

dy
pVp= [ V(Y)exp(~|Y[*)—75p,
E wn/
v (2.6)
PVP = / V(Y)exp(—|Y]?) P
E "
In the sequel, we assume that
pVp=0. (2.7
For b > 0, set
HE v AE v
E _ E _
Ly =3 +3+tW My =5+ +W (2.8)
so that
Ly = exp(—|Y[*/2) My’ exp(|Y]?/2). (2.9)

Let exp(—sLZ)(Y,Y’) be the smooth kernel associated with exp(—sLF) with re-
spect to dY’/7™/2, and let exp(—sMF)(Y,Y’) be the smooth kernel associated with
exp(—sMF) with respect to exp(—|Y’|?)(dY’/7™/?). Then

1
exp (— sLj)(Y,Y’) = exp (—2(|Y|2 + |Y’|2)> exp (— sMP)(Y,Y"). (2.10)
Let (A®)~! denote the inverse of A acting on the orthogonal vector space to the con-

stants.

THEOREM 2.1. For s > 0, as b — 0, we have the uniform convergence of smooth
kernels and their derivatives on compact subsets of E X E,

dy
ﬂ-n/Q

exp(—sMy’)(Y,Y') — eXP(S/EV(Y)((AE)_lV)(Y) exp(—|Y[?)

_s/ W(Y)exp(—|Y]?) dﬂi). (2.11)
E ™
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In particular, as b — 0,

Tr [exp(—sMf)] — exp ( /E V<Y><<AE>*1v><Y>epoYlQLi,}/fz
_3/ W(Y)exp(—|Y|2)7:Zn};2>. (2.12)
E

If V,W are real, if oy is the lowest eigenvalue of the self-adjoint operator M, as b — 0,

70— = [ VO V) expl Y)W eV S5 (213)

and the other eigenvalues tend to +oo. If VW are arbitrary, equation (2.13) still holds
for one eigenvalue of M, the real part of the other eigenvalues tending to +oo.

Proor. It is easier to replace MbE by LbE . Indeed the operator H is classically
self-adjoint, and the associated Sobolev spaces can be expressed in terms of classical
Schwartz spaces. The proof is then exactly the same as the proof of Theorem 1.1. 0

2.3. The central limit theorem for the Ornstein-Uhlenbeck process.

To construct the semigroup exp(—sA¥), one can use the associated stochastic differ-
ential equation. Namely let w. be a Brownian motion with values in E such that wy = 0.
Given Yy € E, consider the stochastic differential equation

dY = —Yds + s, Yy =Yo, (2.14)

so that
Y, =e %Y, + e_s/ e"ow,,. (2.15)
0

There is another Brownian motion B. such that
)/S = 678Y0 + eiSB(e%_l)/Q. (216)

Let Qy, be the probability law of the process Y.
We will establish an analogue of Theorem 1.3.

THEOREM 22. IfV € C>®(E,R) has at most linear growth and is such that
fE Y)exp(—|Y|2)dY = 0, as t — +oo, for any Yy € E, the probability law of the
process s € Ry — (1/Vt) [ 0 V(Yy)du converges to the probability law of the process
s € Ry — cws, with

/2

c _2/ 140 VYY) exp(—|Y]?) v (2.17)
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As t — +oo, the probability law of the process s € Ry — (1/t) OSt W(Yy,)du con-
verges to the deterministic process s € Ry — s [, W(Y) exp(—|Y|?)(dY /x"/?).

For 0 < 81 < -+ < 8m, as t — o0, the probability law of (Ys,¢, Ysgty-- s Vs, t)
converges to the product of the probability laws exp(—|Y|?)dY/x™/2.

Finally, as t — 400, the joint law of the above random processes and random vari-
ables converges to the corresponding product law.

PROOF. By making t = 1/b?, and using Theorem 2.1, the proof is the same as the
proof of Theorem 1.3. O

REMARK 2.3. The content of Remark 1.4 still applies here. The relevant free field
now refers to the Gaussian random field with covariance 2(AZ)~1 or 2(HF)~1.

2.4. The matrix version of the central limit theorem.

Let F' be a finite dimensional Hermitian vector space. We assume that V,W €
C*(E,End(F)) are such that V, W and their derivatives of arbitrary order grow at most
linearly as |Y| — +o0. We still assume that (2.6), (2.7) hold. Set

HE v AF v

4 W, M= 44 W (2.18)

EF _
Ly T2 T 2 b

Also we use the same conventions on the kernels of exp(—st’F),exp(—sMbE’F) as in
Subsection 2.2.

THEOREM 2.4. For s > 0, as b — 0, we have the uniform convergence of smooth
kernels and their derivatives on E X E

dy

/2

exp (= sMEF) 0¥ = exp(s [ VAT V)0 expl- v )

—s/EW(Y) exp(—|Y?) v ) (2.19)

/2
Asb— 0,

dY

/2

Tr [exp(—sM )] — Tr {exp(s/EV(Y)((AE)_l‘/)(Y) exp(—|Y %)

- S/EW(Y) exp(—|Y]?) Y )} (2.20)

/2

As b — 0, the eigenvalues of MZF’F converge either to the eigenvalues of

dy
7-‘-n/2

dy
an/2’

—/ﬁmwm%*mwnm«wm ﬁ/WWﬁwam
E E

or their real part tends to +oc.



1334 J.-M. BismuTt

PrROOF. The proof of our theorem is the same as the proof of Theorems 1.5 and
2.1. O

2.5. The case where V is linear.

We will now consider a special case of Theorem 2.4. Indeed let v : E — End(F) be
a linear map. Let R € End(F) be such that if ej,..., e, is an orthonormal basis of E,
then

n

R= % Zv(ei)Q. (2.21)

Set

LE,F _ H7E + U(Y)) MEF _ ﬁ U(Y)_
b2 b b b2 b

(2.22)

THEOREM 2.5. For s > 0, as b — 0, we have the uniform convergence of smooth
kernels and their derivatives on compact subsets of E X E

exp (— sMbE’F) (Y,Y') — exp(sR). (2.23)

As b — +oo, the eigenvalues of MZF’F converge to the eigenvalues of —R, or their real
parts tend to 400.

PROOF. The eigenspace of A associated with the eigenvalue 1 is spanned by the
linear functions of Y. It follows that if V(Y) = v(Y), we have the identity

dy

/2

/E V(Y)(AZ) V)Y ) exp(—]Y )~ = R. (2.24)

Our theorem now follows from Theorem 2.4. O

Let us give the probabilistic counterpart to Theorem 2.5. We still take Y. as in
(2.14). Set

Y,
7, = 321’2 . (2.25)

There is another Brownian motion w. such that
1
dZ, = b—2(—ZS + dwsy), Zy = Yy/0. (2.26)

Let Up,s € End(F') be the solution of

AUy s

:_Us Zsa Ui
ds bsv(Z) 0

|
=

(2.27)
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If f/(Y) is a bounded element of C*°(E, F), a version of Feynman-Kac formula shows
that

exp (—sMy") f(Yo) = B9 [Up o f (Yape2)]- (2.28)

Let Uy be the solution of the stochastic differential equation in the sense of
Stratonovitch

dU075 - 7U075v(dws)v UO,O =1 (229)

Equation (2.29) can be rewritten as the stochastic differential equation in the sense of
Ito

dUo,s = Up,s(Rds — v(éw)),  Upo=1. (2.30)
By (2.30), we deduce that
E[Uy s] = exp(sR). (2.31)

THEOREM 2.6. As b — 0, the distribution valued process s € Ry — Zg converges
in probability law to s € Ry — w,. As b — 0, the probability law of s € Ry — Uy
converges to the probability law of s € Ry — Uy 5. Also the joint law of (Z.,U.) converges
to the joint law of (w,Up,.).

For 0 < 51 < ---8m, as b — 0, the probability law of (Ys, /p2,Ys, 02, Ys, /62)
converges to the product of probability laws exp(—|Y|[2)dY/x"/2.

Finally, the joint law of (Z.,U.) and (Y, o2, Ys, 12, ... Yy, sp2) converges to the cor-
responding product law.

PrOOF. For the proof of a more difficult result, we refer to [B11, Theorem 12.8.1].
U

3. The hypoelliptic Laplacian on a vector space and on a torus.

The purpose of this section is to study the hypoelliptic Laplacian in its simplest
version. Namely, if E is an Euclidean vector space, the companion hypoelliptic Laplacians
LE, MFE are scalar operator over E x E. They are infinite dimensional versions of the
operators LbE’F, MbE " that were considered in Subsection 2.5, and their properties are
intimately related to what we did in Sections 1 and 2. Also if E/A is a torus modelled on
E, we also consider the hypoelliptic Laplacians EbE/ A, MbE/ A that act over on E /A x E.
We study the analytic and spectral properties of the above operators, and the behaviour
of their heat kernel as b — 0. Also we describe the associated diffusion process, which is
a Langevin process.

This section is organized as follows. In Subsection 3.1, we construct the hypoelliptic
Laplacians £F, MF on E x E.

In Subsection 3.2, we show that the diffusion process on E x E associated with M
projects to a Langevin process on F.
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In Subsection 3.3, by taking the Fourier transform of £F on the first copy of E, we
obtain an operator 2{35 which can be diagonalized explicitly.

In Subsection 3.4, we show that the hypoelliptic non-self adjoint operator L’f is
conjugate to an elliptic self-adjoint operator, by an unbounded conjugation.

In Subsection 3.5, if A C F is a lattice, using the previous conjugation, we compute
the spectrum of Ef/ A explicitly, and we show that as b — 0, from a spectral point of
view, LbE/A converges to —(1/2)AF/A,

In Subsection 3.6, we recall a formula of [B11] for the heat kernel for LF on E x E.

In Subsection 3.7, we give a nontrivial identity that expresses an integral along the
second copy of E of the heat kernel for £F in terms of the heat kernel of A¥/2 on E.

Finally, in Subsection 3.8, we study the limit as b — 400 of the hypoelliptic heat
kernel.

3.1. The hypoelliptic Laplacian associated with a vector space E.

We use the notation of Subsection 2.5. The generic element of F x E will be denoted
(x,Y). Differentiation along the first copy of E will be denoted V| while differentiation
on the second copy will be denoted VY. Here, the harmonic oscillators A®, H¥ will act
on the second copy of F in E x E.

Put

F =C™(E,R). (3.1)

In (3.1), E is identified with the corresponding first copy in E x E.
Let v : E — End(F) be the linear map

v(Y) = -V (3.2)

Then v(Y) € End(F). Let AP denote the Laplacian along the first copy of E. With
the conventions in (2.21), we get

1
RziAEH. (3.3)

We denote by £F, M the operators Ly ", M”" in (2.22), so that

HY v AE vl
E _ Y E _ Y
b= -5 M= (34)
The operators LF, ME are known as Fokker-Planck operators. They are the sum of a
self-adjoint piece, AF /b or HF /b%, and of an antisymmetric piece —V¥ /b.
In [K34], Kolmogorov introduced the operator

1
K =

_ngvag, (3.5)

and computed the smooth heat kernel for K. The operator K is the model of the second
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order hypoelliptic differential operators studied by Hormander [H67]. Let just mention
that if ¢ € R, the operator 9/0t + K is also hypoelliptic, which, in retrospect explains
the smoothness of the heat operator for K.

The same argument also shows that 8/0t + LF, /0t + MF are hypoelliptic. In
particular £F, ME are hypoelliptic. An operator like £F, ME is called a hypoelliptic
Laplacian.

3.2. The Langevin process associated with MbE.
The stochastic differential equation corresponding to the semigroup exp(fs/\/lf ) is
given by

:ic:%, Y:—b§+%, (3.6)
T =, Yo=Y
If Z=Y/b, we get instead
i=7, zzb%<—z+w), (3.7)
Y
Ty = x, Zo = 7
If f € C*(F x E,R) is bounded, then
exp (= sMy) f(z,Y) = B[f(xs, Ys)]- (3-8)
By (3.6), (3.7), we obtain
Vi + 3 = . (3.9)

Equation (3.9) is a Langevin equation [LO8]. For b = 0, (3.9) reduces to the equation of
Brownian motion & = w in the first copy of E, for b = oo, it reduces to the equation of
geodesics & = 0.

An obvious application of Theorem 2.6 gives the following result.

THEOREM 3.1.  As b — 0, the probability law of (x., Z.) converges to the probability
law of (x+w.,w.). For0 < s1 <--- < 8y, the probability law of (Ys,,...,Ys, ) converges
to the product of the probability laws exp(—|Y|?)dY/x"/2.

Finally, the joint law of (x.,Z.) and (Ys,,...,Ys, ) converges to the corresponding
product law.

REMARK 3.2. Theorem 3.1 legitimates the naive idea that for b = 0, equation
(3.9) reduces to & = w. Ultimately, the infinite dimensional version of Theorem 2.6 with
F =C>(E,R) and v(Y) = —V# is correct.

The diffusion process corresponding to the operator £F is given by the stochastic
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differential equation

Y W
P= — Yy == 3.10
= X (3.10)
To =, Yo =Y.
By (3.10), we get
b2i = . (3.11)

If f € C*°(F x E,R) is bounded, then

exp (—sCy)f(z,Y)=E {exp <—222 </0 |V, [2du — ns))f(xs, Ys)] : (3.12)

Equation (3.12) can be rewritten in the form

exp (= L) f(2,Y) = E {exp (—; (/O & 2du — Z;))f(a: y;,)] . (3.13)

Equation (3.13) is of special interest, since the energy of the path z. appears explicitly
in the right-hand side, while for the usual Brownian motion, this energy is infinite, and
remains conceptually in the shadow.

3.3. The Fourier transform Zb,g.
Let Efg denote the Fourier transform of the operator £LF in the variable z. If ¢ € E*,
then

~B 1

i
Ly = 55 (= APV V] = n) = 2 (V,9). (3.14)

Given £ € R, the proper theory of the operator Eb,ﬁ can be set up so that the operator
Ly, ¢ has compact resolvent acting on LY [BLOS].
We identify E and E* by the scalar product. Then we can rewrite (3.14) in the form

2 L : 1
Ly = oz (= AP [V —ibg]? —n) + S ¢ (3.15)

Let A(E) be the vector space of complex valued analytic functions on E. Then EAEE
acts on A(E). If a € E ®g C, let T,, be the map acting on A(FE),

T.f(Y)=f(Y +a). (3.16)
Equivalently

T, = exp(VY). (3.17)
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By (3.14), we have the identity

~ _ HE 1
TiveLfeTipe = -t §|f\2- (3.18)

This identity should be understood as purely algebraic. Note that T;;¢ does not act on
any natural Sobolev space on E. Therefore, the operators in (3.16) cannot safely be
considered as isospectral®.

For k € N", let Py (Y) be the Hermite polynomial of multiindex k. As we saw before,
the exp(—|Y|?/2)Px(Y) are the eigenfunctions of H¥. Note that

T_ipe exp(—|Y|?/2) Pi(Y) = exp <—;|Y - ib§2> P (Y — ibg). (3.19)

Given ¢ € E*, the function in (3.19) lies in the Schwartz space S(F,C). Ultimately,
one finds easily that the operator Eb,g is explicitly diagonalizable with eigenfunctions in
(3.19), and the vector space spanned by the linear combinations of these eigenfunctions
is dense in L¥. In particular, the operators in (3.18) are indeed isospectral, in spite of
the fact that the intertwining map Tj,¢ does not act in a standard way.

It follows from the above that

~ N
SpLye = = + =€ (3.20)

By (3.20), as b — 0, the spectrum of Ebf converges to (1/2)|¢£]2, which fits with Theorem
2.5.

3.4. A nontrivial conjugation.
Let us now go back to the original operators E,’f. Let APH be the Laplacian on the
first copy of F in E x E. We have the analogue of (3.15)

1 1
LF = 55 (= APV 4 [ —bVH2 —n) - AP, (3.21)

Again, by [BLO8], the proper theory of the operator E{f can be set up so that its resolvent
acts on Lg *E If A C Eis a lattice, because of hypoellipticity, the corresponding operator
ﬁf/ Yon E /A x E has compact resolvent.

Let ey, ..., e, be an orthonormal basis of E, and let (z!,...,2") and (Y!,...,Y")

be the corresponding coordinates on E @ E. Set

N = ; ST (3.22)

Then

6The situation is completely different if £ is replaced by i€.
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Ne =ivY. (3.23)

Note that N is a hyperbolic operator. Let C(E) be the complex vector space of
linear combinations of functions of the type x — exp(i(z,&)). Then exp(bN) acts on
C(F) ® A(F). However, exp(bN) does not act on any Sobolev space.

Still we have the formal analogue of (3.18),

E HE 1 oy
exp(bN)Ly exp(—bN) = — — —A"H,

3 (3.24)

Equation (3.24) should be viewed as an algebraic identity. Again, the operators in (3.23)
are not conjugate in the classical sense, since the conjugating operator exp(bN) is not a
honest operator.

3.5. The spectrum of LbE/A.

To make our argument simpler, we will consider instead the operators L’f/ A, /\/le/ A
acting on E/A x E. Let A* C E* be the dual lattice to A

A" ={{e E",({,A) C 2nZ}. (3.25)
Then equation (3.24) descends to

E/A H" 1 g
exp(bN)L, " exp(—bN) = NCE §A . (3.26)

The arguments in (3.18)—(3.20) show that LbE/A can be properly diagonalized. If
A € A*, the eigenfunctions of E{f are given by

exp (—;w _ ib>\|2>Pk(Y — ibA) exp(il), 7)), (3.27)

the corresponding eigenvalue being given by |k|/b? + |A|?/2. Again the span of these
. . . E/AXE

eigenfunctions is the full L; .

If A, B are subsets of R, we denote by A+ B the subset of R that consists of all the

possible sums a + b, a € A, b € B. It follows from the above that

SpLf/t = g +Sp (;AE/A). (3.28)
Ultimately, even though equation (3.26) is not a proper conjugation, its consequences
are correct, i.e., the operators in (3.26) are isospectral.

Observe the remarkable fact that the eigenvalues of EbE/ A are real. As b — 0, either
they tend to the eigenvalues of —AF/A /2 or they tend to +oco. From a spectral theoretic
point of view, as b — 0, the operator ﬁf/A converges to the operator —AP/A /2. The
consequences of Theorem 2.5 are still valid even though the twisting F' = C*°(E/A,R)
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is infinite dimensional. The fundamental fact is that the eigenvalues of —AF/A/2 are
rigidly embedded in the eigenvalues of L’f/ A

THEOREM 3.3.  The following identity holds:
Tr [exp(—sﬁf/l\)} = Tr [exp(—sH" /b?)] Tr [exp(sAE/A/Q)]. (3.29)
PrOOF. By (3.28), we get
’I‘r[exp(—sﬁf/A)] =(1- e_s/bz)_n Tr [exp(sAP/*/2)]. (3.30)
Moreover, we have the identity
Tr [exp(—sHZ /b%)] = (1— /") 7" (3.31)

By (3.30), (3.31), we get (3.29). O

REMARK 3.4. One can give a direct proof of (3.29) that uses (3.26).
3.6. The heat kernel for L.

Set
ﬂb,s((x, Y), (2, Y’)) = ;(tanh(s/QbQ)(YQ +[Y'1?) + M)
1 ’ |2
+ 30 — 207 tanh(s/26)) |a" — & — btanh(s/2b*)(Y + Y)|",
Kb,s((xa Y), ((E/, Y/)) _ m|e—s/2b2y . es/2b2Y/|2
1 / 2 |2
(s~ 2 tanh(sp)) ¢ T D tanh(s/ 25 (Y + Y[
(3.32)
Then
K, ((@,Y),(Y) = H, ,((zY), (2" Y)) + %(lY'\2 —[Y]?). (3.33)

Let exp(—sLE)((z,Y), (2, Y")), exp(—sME)((z,Y), (2',Y")) be the smooth kernels
of exp(—sLF), exp(—sMF) with respect to dx’(dY’/n™?), exp(—|Y'|?)dz’(dY'/x"/?).
By [B11, Proposition 10.5.1], we get

exp (— SEbE)((a:,Y), (', Y"))

es/b2 n/2

= | T — Gy O (7 (070, @ Y)),
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exp ( — S/\/lf)((x, Y), (', Y"))
es/b2 n/2

~ |ar sinh(s/b?)(s — 2b? tanh(s/2b?)) P (|Y/|2 ~ Kol Y), @ Y/)))'

(3.34)

The computation in [B11] uses (3.24) explicitly.

Another explanation for equation (3.34) given in [B11, Section 10.5] is as follows.
Since the operator M¥ has total weight 2 in the variables z,Y and in the differentia-
tion operators V,VV | its heat kernel exp(—sMF) is Gaussian, and can be computed
by solving a corresponding variational problem associated with the corresponding large
deviation functional [B11, Section 10.1]. If z. : [0,s] — E is a smooth path, set

I .
ﬂb7s(:1:):§/0 (|&]* + b*[£]?) du. (3.35)

Here we fix (xzo,49) = (z,Y/b) and (zs,2s) = (2/,Y’/b). The problem of mini-
mizing (3.35) has a unique solution. In [B11, Proposition 10.3.2], it is shown that
H, [((z,Y),(2',Y")) is precisely the minimum value of H,, (). This ultimately explains
equation (3.34). The first factor in the right-hand side can be obtained using the fact
that the heat kernel for exp(—sMF) consists of probability measures.

By (3.32), we recover the fact established in [B11, Equation (10.3.49)] that as b — 0,

H, (2, Y), (0, Y")) = Hy (&), V) = o[a —af + (VP + V1), (336)

2s

By (3.34), (3.36), as b — 0, we have the convergence of smooth kernels and their
derivatives on compact sets of £ x E

exp (—sLP)((2,Y), (2, Y"))
- exp(—;(|Y|2 + |Y'|2)>(27T81)n/26)<p<—218|x' —x2>. (3.37)

Let exp(sAZ/2)(x) be the smooth kernel of exp(sA¥ /2) with respect to dz. Using (2.5),
equation (3.37) can be rewritten in the form

exp (— sME)((z,Y), (', Y")) — exp<5A2) (' — x). (3.38)

Equation (3.38) is the strict analogue at the level of smooth kernels of equation (2.23)
in Theorem 2.5, which is only valid when F' is finite dimensional.

3.7. A nonperturbative identity of smooth kernels on E.
First, we state an identity in [B11, Equation (10.6.17)].
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PROPOSITION 3.5.  For any a € E, the following identity holds:

2\ —n a2
/Eexp(—sEbE)b,s((O,Y),(a,Y))%: (1—e/") (2ws)—"/2exp<—|2|8). (3.39)

PrOOF. This just follows from equation (3.34). O

Now we reinterpret the left-hand side of (3.39) as a partial trace in the variable Y.
We denote this partial trace by Tr®.

THEOREM 3.6. The following identity holds:
Tr® [exp(—sLy)] = Tr [exp(—sH" /b*)] exp(sA” /2)(a). (3.40)

REMARK 3.7. In [B11, Section 10.6], it is shown how to derive (3.40) from (3.24).
A version of Poisson’s formula shows that Theorem 3.3 can be derived from Theorem
3.6.

3.8. The limit as b — +oo.
As b — +o0, by (3.28), an infinite number of eigenvalues of £F accumulate to 0.
Let K be the map f(Y) — f(bY), or f(z,Y) — f(z,bY). Set

LY = K, LP R (3.41)
Then
LZE:;<—Ab4V+|Y|2—;) —vH, (3.42)
By (3.42), we get
Lye= ;<—Ab4v . b’;) — Y, 8). (3.43)

PN
By (3.19), the eigenfunctions of £, . are given by

2
exp<b2|Y - i§|2) Pr(b(Y — i€)). (3.44)

By (3.42), (3.43), as b — +00, we have the convergence of operators in the naive
sense

1 ~E ~E 1 .
Ly = L =5VP =V, Lye—Loe=glYP—i(v.€). (3.45)

Also if f € S(E x E,C), then
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exp(—5LE) [ (2, V) = exp(—;w?)f(x LsYY). (3.46)

The operator —L£% is essentially the generator of the geodesic flow (z,Y) — (z 4 sY,Y)
on ' x K.

~

If f(£,Y) is the Fourier transform of f(z,Y) in the variable x, we get

~

exp (= sL0 ) Fl6.¥) = exp( -5V P +ils.6) ) e ) (3.47)

Of course, (3.47) is the Fourier transform of (3.46).

The first equation (3.45) indicates that as b — +oo, the heat equation for Lf
propagates more and more along the geodesic flow. This can be seen directly from
(3.10), (3.11).

Set

Hbys((xa Y)a ((E/, Y/)) - ﬂb,s((wa bY)v (xlv byl)) (348)

Now we proceed as in [B11, Section 10.3]. By (3.32), one finds easily that as b — +o0,
Hys((z,Y), (2, Y")) tends to 400 unless

Y' =Y, ' =z +sY, (3.49)

which is exactly the equation of propagation of the geodesic flow. As shown in [B11,
Equation (10.3.57)], when such conditions are verified, as b — +o00,

1
Hb,s(($7y)7(x/ayl)) - 2*|33/ —$|2. (350)
S
The above considerations indicate that the concentration around the geodesic flow can
also be seen at the level of heat kernels.
When considering traces instead, by Theorems 3.3 and 3.6, as b — o0,

Tr [exp(—sﬁf/A)] ~ (b%/s)" Tr [exp(sAE/A/Q)]7 (3.51)
Tr® [exp(—sﬁf)] ~ (b%/s)" exp(sAF /2)(a).

4. Index theory and the hypoelliptic Laplacian on a vector space.

In this section, we combine the results of Section 3 with elementary arguments of
index theory to prove that in the proper sense, the supertrace of the heat kernel of a
suitable modification of the operator £F is just the trace of the original elliptic heat
kernel. The price to pay is that the new hypoelliptic operators are no longer scalar.

This section is organized as follows. In Subsection 4.1, we introduce some elementary
tools of linear algebra that are relevant in index theory.



Hypoelliptic Laplacian and probability 1345

In Subsection 4.2, we construct the Witten complex on the Euclidean vector space
E. Tts corresponding Hodge Laplacian is a simple modification of the harmonic oscillator
HE.

In Subsection 4.3, we construct a first order differential operator Df acting on
C>®(E x E, A (E*)), and we obtain the nonscalar hypoelliptic Laplacian £ .

In Subsection 4.4, we obtain the result mentioned before on the invariance of the
trace of the elliptic Laplacian by the hypoelliptic deformation.

Finally, in Subsection 4.5, we make b — +oo in our fundamental identity, and
we recover standard identities on the heat kernel of E or on E/A. It turns out that the
algebraic machine which produces such identities will extend to a more general geometric
context.

4.1. Linear algebra.

Let H = H, @& H_ be a Zy-graded real or complex vector space. Let 7 = £1 be the
involution of H that defines the grading, i.e., 7 = &1 on Hy. The algebra End(H) is a
Z5-graded algebra, the even part being made of morphisms commuting with 7, the odd
part of the morphisms that anticommute with 7.

If a,b € End(H), we define the supercommutator [a, b] by the formula

[a,b] = ab — (—1)dceadesbp,, (4.1)

Note that if a,b are both odd, [a,b] is the anticommutator of a, b.
If a € End(H), we define its supertrace Trg[a] by the formula

Trg[a] = Trlral. (4.2)

A fundamental fact [Q85] is that supertraces vanish on supercommutators. Indeed, if
a,b € End(H), the only nontrivial case is when a,b are both odd. In this case

7[a,b] = Tab — bra. (4.3)
The fact that Trg[[a,b]] vanishes reduces to the fact that the trace of a commutator
vanishes.

Note that D € End°?(H) can be written in matrix form with respect to the splitting
H=H,®H_ as

D= LDO+ %] . (4.4)

PROPOSITION 4.1.  Let D € End®*(H). Then
Trg[exp(—D?)] = dim Hy — dim H_. (4.5)

PROOF. We only need to show that Trg[exp(—sD?)] does not depend on s. Using
the fact that
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D?* = %[D, D], (4.6)
we get
St fexp(—sD%)) = T [[D, D] exp(~sD)]. (4.7)
Since
[D,D*] =0 (4.8)

a form of Jacobi’s identity shows that

[D, D] exp(—sD?) = [D, D exp(—sD?)]. (4.9)
By (4.7), (4.9), we get
%Trs[exp(—sDQ)] = —%Trs[[D, D exp(—sD?)]]. (4.10)

Since supertraces vanish on supercommutators, (4.10) vanishes, which concludes the
proof. O

In the sequel, we will also use the above formalism in an infinite dimensional setting.

4.2. The Witten complex.

Let E be a finite dimensional Euclidean vector space. Let (' (E),dF) denote its de
Rham complex. The Witten twist [W82] of the operator d¥ by the Gaussian function
is given by

exp(—|Y[2/2)d® exp(|Y?/2]) = dF + Y A. (4.11)

We equip Q,(E), the vector space of Ly forms on E, with its Lo scalar product

<s,s'>=/E<s,s’>A-(E*)dY. (4.12)

The formal adjoint of d¥ + Y'A is just d¥* + iy, where d¥* is just the formal adjoint of
d¥ with respect to (4.12), and iy is the contraction by Y. Then [d + YA, d* + iy] (the
supercommutator of the two operators) is the associated Hodge Laplacian.

Let NA(E") be the number operator of the exterior algebra A (E*), that acts by
multiplication by p on AP(E*). Recall that H is the harmonic oscillator on E. Put

DE = d4+Y A+d* +iy. (4.13)

An easy computation in [W82] shows that
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1 1 (B
GDP2 =S dP + YA ™ +iy] = HP + NV, (4.14)

By (4.14), the kernel of the Hodge Laplacian in (4.14) is concentrated in degree 0 in
A (E*) and is generated by the Gaussian exp(—|Y|?/2), on which d + YA, d* + iy both
vanish.

It is equivalent to equip the vector space of bounded smooth forms in Q (F) with
the scalar product

(5.5) = [ () exp(fy P)ay, (4.15)

and to consider instead the formal adjoint of d¥ with respect to (4.15) given by d¥* +2iy-.
Put

DE' = dF 4 aF* 4 2iy. (4.16)
Then
DE" = exp(|Y|?/2) DE exp(—|Y|?/2). (4.17)

The associated Hodge Laplacian is such that

]_ ’ 1 ) *
G DF 2= [af a4 2iy] = AP 4 N* (&7, (4.18)

The kernel of the operator in (4.18) is concentrated in degree 0 and is generated by the
function 1.

PROPOSITION 4.2.  For any s > 0, the following identity holds:
Try[exp(—sD"?/2)] = 1. (4.19)
ProOOF. By (4.14), we get
Tr[exp(—sD??/2)] = Trlexp(—sHY) Tty [ exp(—sN* (F7))]. (4.20)
By (3.31), we get
Trlexp(—sHE)] = (1 —e %)™ (4.21)
Also it is elementary to show that
Tr, [ exp(—sN* F))] = (1 — ™)™ (4.22)

By (4.20)—(4.22), we get (4.19).
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Another proof is based on the proof of Proposition 4.1. Indeed, the fact that (4.19)
does not depend on s can be shown as in Proposition 4.1. By making instead s — +oo,
we get (4.19). O

REMARK 4.3. The method used in the second proof of Proposition 4.2 can be
extended to more general index problems.

4.3. The hypoelliptic de Rham Hodge complex.

The generic coordinate in E X E is still denoted (z,Y"). The exterior algebra A (E*)
should be thought as the exterior algebra of the dual of the second copy of F in EGFE. The
exterior algebras of the two copies of F will be identified. If eq, ..., e, is an orthonormal
basis of F, using coordinates on F x FE with respect to this base, we have the identity

de' =dY*', 1<i<n. (4.23)
Now we will consider the vector space C*(E x E, A (E*)). Let d;,dy be the de

Rham operators along the two copies of E, and let d7,dj denote their classical formal
adjoints. For b > 0, set

1
Dy = —dy +d;" + 3 (dy +Y A+dy” +iv). (4.24)
Equation (4.24) can be written in the form
dy' [ 0 4 0 19/0yi 0 , 0
DF = -yl —b— ety —b— | 4.25
b= (ayz“’ mz)* b oy YV T ow (4.25)

Let ﬁfg be the Fourier transform of DF in the variable x. By (4.24), we get

~ 1
Dife = 7 (A +Y A ~ib§ A+dF" + iy _e). (4.26)

The operators in (4.25), (4.26) are not self-adjoint. Also using the notation in (3.17),
(3.22), by (4.25), (4.26), we get

E D* NnE -1 D*
exp(bN)D;’ exp(—bN) = - Tive Dy Tipe = - (4.27)
By (4.14), (4.27), we conclude that
1 1 —
exp(bN) =Dy * P2 exp(—bN) = — (HP + NA(EY)),
2 b2
' ! (4.28)
Tive Dyé Tipe = 35 (H” + N* (),

By the results of Subsection 3.3, we conclude easily that ﬁ& is isospectral to D /b.
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If A C E is a lattice, we can replace E X E by E/A x E. By the above, we conclude

that Df/ s isospectral to an infinite number of copies of D¥ /b indexed by the Fourier
modes of E//A.
Recall that the operator £F was defined in Subsection 3.1.

DEFINITION 4.4. Set

NA(E*) P R NA(E*)

LF =ch+
Then %4 is a hypoelliptic operator acting on C*(E x E, A"(E*)), and Q)Eg is its
Fourier transform in the variable x.

PROPOSITION 4.5.  The following identities hold:
E L en 1l B2 B _ L2, 15ExE2
ZLE = 7§A . +§Db , L= §|g| +§Db,5 =, (4.30)
PROOF. By (4.14) and (4.28), we get

1
DP? = (= ABYV 4|y —bpVH]2 —n) +

NA(E)
T 2p2 ’

2 (4.31)

By (4.29), (4.31), we get (4.30). O

REMARK 4.6. If A C F is a lattice, we define the operator ZbE/A on E/A x E by
a similar formula.

4.4. A nonperturbative identity.
Now we give another version of Theorems 3.3 and 3.6.

THEOREM 4.7.  For any s > 0,a € E, the following identities hold:

Tr§ [exp(—s47)] = exp(sA®/2)(a),
5/ on (4.32)
Trg[exp(—s2, /")) = Tr [ exp(sA / /2)].

PrROOF. Our theorem follows from Theorems 3.3, 3.6, and from Proposition 4.2.
O

REMARK 4.8. It follows from the above that the operator Df/A’Z is isospectral
to the operator DF:2/b? acting on C*(E/A,R) ® C*(E,A(E*)). The correspond-
ing eigenvalues have infinite multiplicity, because C*°(E/A,R) is infinite dimensional.
Adding —AFH /2 has the effect of making be/ A hypoelliptic, and the corresponding
heat operator to be trace class. A similar interpretation can be given on the operator
ZE.

The fact that equation (4.32) holds when b — 0 can still be viewed as a consequence
of Theorems 2.5 and 3.6. It is similar in spirit to equation (4.5) in Proposition 4.1. Tt
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gives a form of the McKean-Singer index formula in index theory [MS67].

4.5. The limit b — +oo.

We can now take the limit as b — 400 in equation (4.32). Contrary to what happens
in equation (3.51), there is no singularity as b — oco. By using (3.45) explicitly, from
(4.32) we get

exp(—|a 2
exp(s% /2)a) = SRELE,
(4.33)
Tr [exp(sAE/A/2)] = W Z exp(—|A[*/2s).
AEA

The identities in (4.33) should be viewed as a consequence of taking the limits as b — 0
and b — 400 in (4.32). The second identity is just the Poisson formula.

Of course these identities are well-known! They have acquired an index theoretic
flavour, i.e., they express a global (or operator theoretic) quantity in local terms, exactly
like the index theorem of Atiyah-Singer [AS68a], [AS68b]. But most importantly, they
will have a nontrivial extension in more general geometric situations.

5. The geometric hypoelliptic Laplacians.

The purpose of this section is to explain the construction of the geometric hypoel-
liptic Laplacian. More precisely, we describe the scalar hypoelliptic Laplacian acting on
the total space of the tangent bundle of a compact Riemannian manifold, and also the
associated diffusion, which projects on X as a geometric Langevin process. Also, we
briefly explain the extension to symmetric spaces and compact locally symmetric spaces
of the index theoretic constructions of Section 4.

This section is organized as follows. In Subsection 5.1, we construct the scalar
hypoelliptic Laplacian.

In Subsection 5.2, we describe the corresponding geometric Langevin process, and
we state various results on the behaviour as b — 0 of this hypoelliptic diffusion and of
its heat kernel.

In Subsection 5.3, we show that as b — 400, the geometric Langevin process con-
verges to a suitable version of the geodesic flow.

In Subsection 5.4, we give a few details on the construction of the hypoelliptic
Laplacian in de Rham theory.

Finally, in Subsection 5.5, we explain some aspects of the construction of the hypoel-
liptic Laplacian on symmetric and locally symmetric spaces, by focusing on the case of
the Poincaré upper half plane, and on Riemann surfaces of constant negative curvature.

5.1. The hypoelliptic Laplacian on a compact manifold.

Let X be a compact Riemannian manifold. Let VX be the Levi-Civita connection
on the tangent bundle TX. Let m : X — X be the total space of the tangent bundle
of X. The fibres of m will be denoted 7/“)\(, to distinguish these fibres from the tangent
bundle TX. Let THX C TX denote the horizontal subbundle of associated with VX,
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IfU eTX,let UF € THX denote its horizontal lift.

Let Y denote the tautological section on X of T X. Let Z denote the vector field
on X that generates the geodesic flow. If Y € X , we identify Y with the corresponding
element of T X. Then we have the identity

zZ=YH (5.1)

The corresponding differentiation operator will be denoted V.

Let H ﬁ7 ATX denote the harmonic oscillators along the fibres TX with respect to
the given Riemannian metric g7 .

DEFINITION 5.1.  For b > 0, let £;¥, M be the operators acting on C°>°(X,R)

x _HZ VY

; x AT vp
b b2 b’

My = b2 b

(5.2)
As in (2.9), we get
Ly = exp(=|Y*/2) M exp(|Y[*/2). (5:3)

The operators [,g( ,Mg( are as canonical as the ordinary Laplacian —AX /2. They are
still hypoelliptic. Contrary to the hypoelliptic Laplacians on Heisenberg manifolds that
require a special geometry, our hypoelliptic operators exist universally. Even though
their structure is similar to the structure of the operators £, M¥ in (3.4), the situation
is somewhat different, because the harmonic oscillators ATX, HTX now act along the
fibres of a vector bundle.

The operators Eﬁ( , /\/le are geometric versions of Fokker-Planck operators.

5.2. The geometric Langevin process.

The probabilistic constructions of the heat equation semigroups exp(—sﬁg( ),
exp(—sM;Y) is formally the same as in (3.6)—(3.8) and in (3.10)—(3.12). The only very
significant difference is that the Brownian motion w. takes its values in T, X and is trans-
ported along the trajectory x. with respect to the Levi-Civita connection. Also Y should
be interpreted here as the covariant derivative of Y with respect to the Levi-Civita con-
nection V7X. In particular as in (3.9), the stochastic differential equation corresponding
to ./\/l,f( projects on X to the second order stochastic differential equation

Vi 4 4 = . (5.4)

In (5.4), w is the Stratonovitch differential of Brownian motion in TX. Again & is
calculated using the Levi-Civita connection.

One remarkable aspect of the above equations is that the stochastic differential
equations can be solved pointwise, for every trajectory w.. This is in dramatic contrast
with the stochastic differential equation
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T =, Ty == (5.5)

corresponding to Brownian motion on X.

For s > 0, let exp(sA%X /2)(z,2") be the smooth kernel on X for exp(sAX /2) with
respect to the volume dz’. Let exp(—sM;\)((z,Y),(2/,Y’)) be the smooth kernel for
exp(—sM;¥) with respect to exp(—|Y’|?)dz’'(dY"’/7"/?). Set

Y.

Z.=. (5.6)

THEOREM 5.2.  As b — 0, the probability law of (x.,Z.) converges to the probability
law of (x.,w.). For 0 < s1 < -+ < 8, the law of ((zs,,Ys,),---,(Ts,,,Ys,,)) converges
to the law of ((s,,Ys,), .., (xs,,,Ys,,)), where conditionally on xs,,...,xs, , the prob-
ability law of (Y, ,...,Ys, ) is the product of the probability laws exp(—|Y |?)dY/x"/? in
the fibres 1/“)\(251 yene »ﬁ%m .

The joint laws of (x.,Z.) and of Ys,,...,Ys  converge to the corresponding product
law.

As b — 0, for any s > 0, we have the uniform convergence of smooth kernels and

their derivatives of any order over compact sets of X
exp (= sM) ((2,Y), (2, Y")) — exp(sA™ /2)(z,2). (5.7)
Asb—0, for any s >0
Tr [exp(—sM;")] — Trlexp(sA™ /2)). (5.8)

PROOF. The first part of our theorem was established in the proof of [B11, Theo-
rem 12.8.1] when X is a noncompact symmetric space. The proof when X is an arbitrary
compact manifold is exactly the same.

The convergence of the smooth kernels in (5.7) was proved by Bismut-Lebeau [BLOS,
Equation (3.4.10) and chapter 17] using pseudodifferential operators. Part of the func-
tional analysis developed in [BLO8] is based on the analogue of the matrix splitting in
the proof of Theorem 1.1. Another proof, also valid in the noncompact case, was given
in [BO8c, Theorem 12.8.1], that is based on probabilistic arguments. The Malliavin
calculus plays an important role in this last proof. O

REMARK 5.3. By Theorem 5.2, the analogues of Theorem 3.1 and of equation
(3.38) still hold in the geometric situation considered above. The behaviour of the lower
part of the spectrum of £;* was studied in detail in [BLO8, Chapter 10]. In [B11, Section
14.10], the ergodic theorem for the Ornstein-Uhlenbeck process Y. plays an important
role in the analysis of the above convergence as b — 0. This is not surprising in view of
the considerations of Sections 1 and 2. Finally, note that the analogue of equation (2.24)
is given by

TR — Yy 1
/ VE(ATX) 'V exp(—|Y]?) v _ 1 x (5.9)
TX ™22
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Equation (5.9) is the simplest formal explanation for some of the above results.

5.3. The dynamical aspects of the limit b — +oo.
For b > 0, let k; be the morphism of C*(X,R) given by f(z,Y) — f(z,bY). Asin
(3.41), put

LY = KLY Kt (5.10)
As in (3.42), we get
1/ AV n
X _ 2 H

L7 —2<—b4+|Y| _b2> v (5.11)

As in (3.45), as b — +o0,

1

LY — X = VP -V (5.12)

The above indicates that as in Subsection 3.8, as b — 400, the heat equation for éi(
propagates more and more along the geodesic flow. This is also obvious by equation
(5.4).

Intuitively, it should be clear that as b — +oc, given s > 0, Trs[exp(—sL;j\ )] localizes
around closed geodesics on the time interval [0, s]. Since there are an infinite number of
those, handling the localization is a priori not so easy.

5.4. The hypoelliptic Laplacian in de Rham theory.

It is not possible to establish a nonperturbative identity for Trlexp(—sLi\ )] similar
to equation (3.29) in Theorem 3.3, because there is no conjugation identity like (3.26).
In general, the spectrum of Lg( cannot be computed explicitly.

In [BO5], we have shown that in the proper sense, in the same way as —AX can
be viewed as the restriction to O-forms of a classical elliptic Hodge Laplacian (0¥, the
hypoelliptic operators Eg( , MbX can be viewed as the restriction to O-forms of a hypoel-
liptic Hodge Laplacian acting on X'. In [BLO8|, with Lebeau, we have shown that in full
generality, certain spectral invariants like the Ray-Singer analytic torsion are invariant
under the deformation from elliptic to hypoelliptic Hodge theory. For explicit connec-
tions between the hypoelliptic Laplacian and the Witten Laplacian, we refer to recent
work by Shen [Sh14].

5.5. The hypoelliptic Laplacian on locally symmetric spaces.

The purpose of our later work [B11] is to show that on symmetric or locally symmet-
ric spaces of noncompact type, the nonperturbative index theoretic identities of Theorem
4.7 can be suitably extended. The proper description of locally symmetric spaces is in
terms of Lie groups, and that part of the mystery of the construction outlined below lies
in group theoretic considerations which go beyond the scope of this paper.

If X is a locally symmetric space of noncompact type, the associated hypoelliptic
Laplacian be acts on the total space X of a larger bundle TX @& N than T X, N being
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a natural orthocomplement to T'X. More precisely, ZbX acts on smooth sections over X
of the exterior algebra A" (T*X @ N*).

Let us explain the construction of .i”bX when X is the Poincaré upper half-plane.
We will write X as the symmetric space

X = SLy(R)/S™. (5.13)

The Poincaré metric on X, which has constant curvature —1, just comes from the Killing
form on the Lie algebra sl3(R). Also PSLy(R) = SLy(R)/{£1} acts on X as its group
of isometries.

The Lie algebra slo(R) splits as

le(R) =p3dR. (514)

Indeed sly(R) is the Lie algebra of (2,2) trace free real matrices, p is the vector space of
trace free symmetric matrices, and R consists of the antisymmetric matrices.

The tangent bundle TX can easily be obtained from the adjoint action of S' C
SLa(R) on p. Still, the splitting (5.14) indicates that there is a canonical 1-dimensional
real line bundle N on X such that F' = T X @& N is canonically flat. Here, this means
that over X, TX @& N can be canonically identified with the trivial vector bundle slo(R).
The metric on TX @ N comes from the adjoint action of S' on the right-hand side of
(5.14). However, the canonical flat connection does not preserve the splitting on F' and
does not preserve the metric.

To better explain the construction of TX @ N, let us consider the sphere S? embedded
in R?. The orthogonal bundle N to T'S? in R? is such that 75> ® N = R3, and R? is
canonically flat, but the canonical flat connection does not preserve the splitting of R3.
Exactly the same construction can be used for X, when identifying X with its hyperbolic
model, the Euclidean product on R? being replaced by the canonical bilinear symmetric
form of signature (2,1).

Over X, we will extend the considerations of Subsection 4.3. Namely E X FE is
replaced by the total space X of TX ® N. The Witten complex over the second copy
of E is replaced by the corresponding Witten complex along the fibres of the Euclidean
vector bundle TX & N.

In the constructions of Subsection 4.3, we have used the following identity

(—df +dP)* = AP, (5.15)
Equivalently, the standard Laplacian A® on E has a natural square root which is a
differential operator.
Let Y7,Y5, Y3 be the vector fields on X that correspond to an orthonormal basis of
slo(R) = p @ ¢. Then we have the elementary formula

AY = Y2 +YE YL (5.16)

The Dirac operator DX introduced by Kostant [K097], which is an operator acting on
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C>(X, A (sla(R)*))7, is such that
DE? = AX 4. (5.17)

In (5.17), ¢ is an explicitly computable constant. This identity is a strict analogue of
(5.15). Recall that TX @ N is the trivial vector bundle slo(R). Therefore DX can be
viewed as an operator acting on C*° (X, A (T*X & N*)).

Remarkably enough, the Witten Laplacian of the fibres TX & N acts on sections
of A(T*X & N*) along TX & N, and DX acts on sections on X on A'(T*X & N*).
Let 7 : X — X be the obvious projection. These considerations at least suggest that
these two kinds of operators can be combined into a single operator %X acting on
C>®(X,7*A'(T*X & N*)). This is precisely what is done in [B11].

If ¥ is the Riemann surface obtained by quotienting X by the action of a discrete
cocompact torsion free subgroup I' of SLy(R), the flat vector bundle F = TX ® N on X
descends to the flat vector bundle F' = TX & N on X. Ultimately, the whole construction
descends to X.

The main result in [BO8c] is that Theorem 4.7 can be suitably extended, X and X
replacing E and E/A. For 3, the analogue of the second equation in (4.33) is Selberg’s
trace formula [M72].

The results of [B11] are valid for compact locally symmetric spaces associated with
arbitrary reductive Lie groups.

REMARK 5.4. A question which has been repeatedly raised is why, instead of con-
sidering the hypoelliptic Laplacian and the corresponding Langevin process, one does
not pick instead a process whose speed would be the Brownian motion along the sphere
bundle in TX, and the corresponding infinitesimal generator. First, the hypoelliptic
Laplacian emerges as a natural answer to questions connected with isospectral deforma-
tions of the elliptic Laplacian. More fundamentally, the hypoelliptic Laplacian behaves
properly under natural operations like taking products of manifolds. This is not the
case with diffusions whose speed lies in a sphere bundle, simply because the product of
spheres is not a sphere. Finally, as is made clear by the Poisson formula on the circle,
the trace of the heat kernel is expressed as an infinite sum indexed by the lengths of all
closed geodesics in a given time t. No such sum would ever emerge from a stochastic
process with constant speed. There is certainly a counterpart to the b — 0 properties of
the hypoelliptic Laplacian using sphere bundles, but the b — 400 aspect would be lost.

The sphere bundle emerges naturally when considering instead the wave equation on
X, which propagates at constant speed. Note that the product of solutions of the wave
equation on two manifolds is not a solution of the wave equation on the product. As
explained in [B11, Section 12.3] and [B12, Section 5.3], deep connections exist between
the hypoelliptic Laplacian and the wave equation. Indeed it can be shown that as b — 0,
the integral along the fibre TX of the hypoelliptic heat kernel is an approximate solution
of the wave equation on X that propagates at speed 1/b. This fact does not contradict

"The Dirac operator of Kostant acts on C°(SL2(R), A" (sl2(R)*)). We just give here a simplified
version of the Kostant operator.
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the nonfunctorial behaviour of solutions of the wave equation, because as b — 0, the
speed of propagation becomes infinite.

Important work has been done by Franchi and Le Jan [FLO7], [FL11] on diffusions
on the Lorentzian sphere bundle of Lorentzian manifolds. In this case, the functorial
obstruction to naturality disappears, because the product of Lorentzian manifolds is not
Lorentzian.

RECOLLECTIONS OF PROFESSOR K. ITO. I first met Professor Kiyosi Ito at a
conference funded by the Taniguchi Foundation in Katata in 1982. Accompanying me
were my wife and our one year and a half son. Professor It6 struck me as a genuinely kind
and attentionate person. He told us of his mathematical life, first under duress in war
time, his fundamental work on stochastic differential equations later facing temporary
misunderstanding. This was said in a quiet tone, with a genuine sense of humour. His
wife and himself were extremely kind to our son, whom they tried to provide with the
best milk possible.

Part of the conference was revolving around Paul Malliavin’s stochastic calculus of
variations. Professor It6 liked to mention he was now a student of Paul Malliavin, which
provoked bursts of laughter on Paul Malliavin’s side.

Once he asked to talk to me privately. He gave me such an astonishing and personal
piece of advice and encouragement that I remember it to this day.

With Professor Kiyosi Ito, we lost a top mathematician, and a gentleman.
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