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1. Introduction

The Fourier transform in R”, one of the most important tools for solving differential equations, admits
a natural generalization (but with substantial modifications) to unimodular Lie groups (here we will be
interested in exactly this case though an analogous construction can be carried out even on arbitrary
locally compact groups).

DEFINITION 1. Let G be a unimodular Lie group endowed with the Haar measure p and let G be
the set of all irreducible unitary representations of G (on, generally speaking, different separable spaces).
In each class A € 6:, choose a representation Xy : G — U(H)), where H) stands for the Hilbert space
of the chosen representation; U(H)) stands for the group of all unitary operators on Hy. The generalized
(or noncommutative) Fourier transform of f € L'(G,C) is the mapping, denoted by .Z (f) or /f, which
assigns to each A € G the (bounded) operator on Hy defined by the formula f(A) = Jo F(@)Xr(g~Hu(dg).

REMARK 1. The notation H) is correct in the following sense: If we take two equivalent representa-
tions R and S from the same class A then their Hilbert spaces are isometric.

The object G is called the Pontryagin dual to G; excluding the case when G is an abelian group, G
has no natural group structure. However, some properties of G can be generalized; for example, G can
be endowed with a measure P by analogy with the case of abelian groups which is called the Plancherel
measure and satisfies the inversion formula for almost g € G (provided that f € L'(G,C) N L?(G,C)):

f(9) = / Te(F(A) o X1 (g)) P(dA).
G

The trace of a linear operator on H) is denoted by Tr in order to avoid confusion with the finite-
dimensional (matrix) trace tr. The proof of the existence of the Plancherel measure can be found, for
example, in [1,2].
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The convolution of real- or complex-valued functions with respect to the group operation, defined
by the formula

(% f2)(g / Fu(R) fa (B g)u(dh),

goes to the product (i.e., composition) operators in reverse order. Indeed, if given A € G we choose
X\ € A, then

f1*f2 /fl ) f2(h ) Xx(g ) (dg) pu(dh)

GxG

— / () fa(g) Xx (W)Y u(dg ()

GxG

(here the change ¢’ = h™1lg, ' = h is made in the double integral; the Jacobian of this change is equal
to 1 because p is the Haar measure). On the other hand,

BOVAM) = / folg)Xa(g)uldg) o / £1 () XA (k) u(dh)

/f1 Vo) Xa(g ) 0 Xa(h Y )u(dg)p(dh),

GxG

and since X is a group homomorphism, we have
Ea((hg) ™) = Za(g"hTY) = Xa(g HENRT),

whence f1 * fa(A) = fa(A) f1(A).
The noncommutative Fourier transform can also be extended to generalized functions by analogy
with the usual Fourier transform. Of importance is the fact that the Dirac delta-function transforms

into the direct integral with respect to the measure P of the identity operators on (H)) Al Indeed,

choosing for A € G a representation X, € X\ on H), we obtain the following equalities in the sense
of generalized functions

/5 :{)\ (dg) %)\(6) = IdHM

where e is the neutral element of G. The last equality follows from the fact that X, is a group homo-
morphism. The definitions of direct integral of Hilbert spaces and operations on Hilbert spaces can be
found in [3]; the theory of direct integrals is exposed in more detail in [4, 5].

Define the main object of our study—the sub-Laplacian. We will first do it in a sufficiently general
context and then give some specifications for Lie groups.

DEFINITION 2. (i) Suppose that a smooth distribution H is defined on a smooth manifold M.
The sequence of distributions defined recurrently by the equalities H; = H and Hj.1 = H; + [H;, H]
for positive integers j is called the Lie flag of H. It is sometimes assumed that Hy = {0}.

(ii) By the growth vector for a distribution H we mean the sequence of the dimensions of the spaces
in its Lie flag.

(iii) If the growth vector does not depend on the point of the manifold then the distribution (and
the manifold itself) are called equiregular.

In general, by a flag we mean an inclusion increasing sequence of subspaces in a vector space but we
will extend the term “flag” also to increasing sequences of distributions.
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DEFINITION 3. Suppose that M is a smooth manifold, H is a distribution on M, and Hj is the jth
space of the Lie flag of H. The degree deg(X) of a vector field X on M (more exactly, the degree of X
with respect to H) is the least number j for which X € Hj.

In what follows, we will deal exactly with the case when the sub-Riemannian manifold M is equireg-
ular. Since, in our context, we assume that the Lie flag stabilizes to the tangent bundle TM (H is totally
nonholonomic), we will write down the growth vector in abridged form, cutting the record at j at which
dim H; = dim M; for example, for the four-dimensional Engel group, we will write the growth vector
as (2,3,4). Furthermore, we will also have to distinguish between the usual (topological) dimension
of M and its Hausdorff dimension with respect to the Carnot—Carathéodory metric. For this reason, we
will use the notation dim M for the first dimension and the notation hdim M for the second dimension;
excluding the case when M is a Riemannian manifold, hdim M > dim M. This fact together with the
definition of Carnot—Carathédory metric and the formula expressing hdim M in terms of the components
of the growth vector, can be found for example in [6]:

K
hdim M =)~ j(dim H; — dim H; 1),
j=1

where K is the minimal natural with Hx = TM; it is assumed here that Hy = {0}.

DEFINITION 4. Let M be a smooth equiregular sub-Riemannian manifold, for which the horizontal
distribution will be denoted by H and the metric on each subspace H(q) for ¢ € M will be designated
by (-,),- Suppose that the Popp measure is defined on M (by its volume form y; see [7] for the definitions
of p and Popp measure).

(i) The operator grady, assigning to each function ¢ a vector field on M so that ((grady¢)(q),v), =
d¢(q,v) for all ¢ € M and v € H(q) is called the horizontal gradient.

(ii) Refer as the divergence div, to the operator assigning to each vector field X on M a smooth
function by the formula div,(X) - u = d(ix(n)), where ix is the operator of the interior product of
differential forms acting by inserting X in the first argument of the form; i.e., the value of the form iy ()
at an arbitrary collection of vector fields Y1,..., Ygmar—1 is equal to u(X, Y1, ..., Yaimamr—1)-

(iii) The operator Ay = div,grady is called the sub-Laplacian on M with respect to H and p.

The equation 0y f(t,z) = Apf(t,z) is called the heat equation or diffusion equation. Its solution
under the generalized initial condition f(0,z) = d,(z) will be referred to as the heat kernel and de-
noted by HK(t,z,y). Here 0, is the Dirac generalized function at a point y (the phrase “a measure is
concentrated on a set” means that the measure of the complement to the set is zero).

We will also use the operator notation

HK(t,z,y) = (exp(tAm)dy)(z).

The name “heat kernel” is due to the fact that for each ¢ > 0 the function HK(%, -, -) is the integral kernel
of exp(tAp).

If the manifold under study has the structure of a Lie group and the horizontal distribution and the
metric are left-invariant then p is the left-invariant Haar measure, and the heat equation is thus invariant.
Hence, for Lie groups we will assume the é-function at the initial condition to be concentrated at the
neutral element e; respectively, HK(¢, x, ) will be denoted by p(t, z), or, if ¢ is understood as a parameter,
by p¢(z). Since, as this notation, we have HK(t,z,y) = p(t,y 'z) in the presence of a group structure,
we will refer as the heat kernel not only to HK but also to the function p from which HK is uniquely
recovered.

If the Lie group G under consideration is also unimodular and the distribution H is defined by
some orthonormal basis {X; : 1 < j < m} then Ay = >, (X;%); a proof can be found in [7].

~

For each left-invariant field X on G, its Fourier transform X = #X 9:1 decorllposes into the direct
integral of some operators X : HS(H)) — HS(H,) (for the definition of X and X = f§® X \P(d)), the
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reader is referred to [7]), and so the Fourier transform of the sub-Laplacian splits into a direct integral:
Ay = FAgF ! = fg (Am)\P(dN), where (Ap), = 377, (X3). Here the symbol HS(H)) stands
for the class of Hilbert—Schmidt operators on H,. If we apply the noncommutative Fourier transform
and the inversion formula (for applying this procedure correctly, we will need an approximation of the
identity operator; see the proof of Theorem 3) then we will obtain

Pt 9) = exp(tAm)d(g) = / Tr(exp(t(Ar),)Xx(9)) P(dN).

~

G

Knowing irreducible unitary representations oit\he group G, we can reduce the initial heat equation
to an equation with transformed sub-Laplacian Ap, which is usually easier than the initial diffusion
equation. For SU(2), SO(3), SL(2), and SE(2), this was done in [8], and for nilpotent groups with growth
vectors (2,3,4) and (2,3,5), in [7]. The equivalence classes of irreducible unitary representations can
be found with the use of the orbit method developed by Kirillov; this method will be briefly exposed
in Section 2. For more details on the ideas constituting the orbit method (not always on the level
of rigorous theorems), the reader is referred to [9, 10].

Of primarily interest are the nilpotent Lie groups (they are of course unimodular, and so what was
exposed above applies to them). The reason behind this is that if an exact solution to the heat equation
(over any equiregular sub-Riemannian manifold, even without any group structure) is not required and
only its asymptotics for ¢t small are needed then we can pass to the nilpotent approximation at the point
and then use Duhamel’s formula

exp(t(X +Y)) = exp(tX) + /(exp((t —$)(X +Y))Y exp(sX)ds).
0

That is now the diagonal asymptotics for the heat kernel was obtained in [11] in the case of a contact
three-dimensional manifold in terms of geometric invariants y and x defined in [12].

In subsequent arguments, we will also need the fact that the heat kernel p(-) in a connected simply-
connected Lie group G for each ¢ > 0 belongs to the Schwartz space .#(G). The proof of this fact and
also the definition and some properties of the Schwartz space can be found in [13].

2. The Orbit Method

In formulating the orbit method, we assume that the Lie group is such that the irreducible unitary
representations result from one-dimensional representations by the operators of extension from a sub-
group, restriction to a subgroup, and induction from a subgroup. Though this assumption is not proved
for arbitrary Lie groups, it still holds for nilpotent groups (see [9]). Let us describe the correspondence
of orbits and representations in the case when the representation is obtained from a one-dimensional rep-
resentation in a sole step by induction—this will be enough. Let us give here the definition of induction
operator (see also [14]).

DEFINITION 5. Suppose that H is a connected closed subgroup in a Lie group G, H\ G is the set
of right cosets of G modulo H, the measure p g ¢ is the image of the right Haar measure on G' under the
mapping taking each element g € G to its right coset Hg, and T : H — U(V) is a unitary representation
of H in a Hilbert space V with inner product (-,-),, and the corresponding norm || - ||,

(i) On the space of cosets (modulo almost everywhere coincidence) of Borel measurable functions
f: G — V such that f(hg) =T (h)f(g) and fH\G(Hf(g)H%/)pH\G(dg) < oo forallh € H and g € G, in-

troduce the inner product (f1, fo) = fH\G (f1(9), f2(9))y i~ c(dg). Denote the completion of this space

with respect to (-,-) by W. The notation fH\G (f1(9), f2(9)) 1~ c(dg) is correct since (f1(g), f2(9))y
is the same for all g in the same right coset.
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(ii) Define the representation Ind$ T : G — U(W) of G which is induced by a representation T' as
follows: For each g € G, the operator (Ind% T)g € U(W) acts at f € W by the formula (Ind% T),(H)d) =

f(d'g) for all ¢’ € G.

For describing the structure of G*, i.e. for classifying irreducible unitary representations of a Lie
group G, we will need the coadjoint action (or coadjoint representation) of G.

DEFINITION 6. Let g be the Lie algebra of a Lie group of an algebra G realized by the left-invariant
vector fields and let g* be the space of left-invariant differential 1-forms dual to g. The group G acts on g
by the adjoint action Ad defined by the formula Ady(X) = gXg~! for g € G and X € g, and acts on g*
by the coadjoint action Ad* defined by the formula Adg (¢, X) = (g7 Xg)forge G, X € g, and ¢ € g*.

Abstracting from the variable X, denote by Ady (&) the differential form Ady(¢, -), to which the form &
goes for the sake of convenience.

The notation Ady(X) = ¢gXg~! means that the elements of G and g are defined by matrices.
In coordinate-free form, the definition looks as follows: Ady(X) = d¥4(e, X), where ¥, : G — G is
calculated by the formula ¥,(h) = ghg™?; respectively, Ad*,(§) = £ o Adg-1.

DEFINITION 7. O¢ = {Ad*((§) : g € G} is called the orbit of the form & in Ad*.

The set of orbits, which we will denote by g*/Ad*, is endowed with the quotient topology of the
standard topology in g* by the equivalence “membership in the same orbit” and also with the measure
that is the decomposition of the Lebesgue measure in g* into the canonical measures on the orbits.

As a “standard” measure on 6:, we take the Plancherel measure, and the topology is introduced as
follows: Let T' be an irreducible unitary representation of G on some separable Hilbert space, that we will
denote by #; the inner product in J# will be denoted by (:,-) .. For the point A € G that is the class
of representations equivalent to 7', the following neighborhood base of the form U (K, (vj)j:L_._’n), where K
is a collection of vectors in .7#: The class of a representation 7"
j:Lm’n) if and
only if there exists a collection of vectors (U;')jzl,...,n in " such that [(T(g)vj, vk), —(T"(g)v'},v}) | <1
for all g € K and all indices j, k.

The correspondence between G and g*/Ad" must be constructed as an isomorphism between G
and g*/Ad* as topological and measure spaces. Before constructing it, we give some necessary definitions
and facts.

is a compact subset of G, while (vj),_,

defined on a separable Hilbert space .7 with inner product (-,-) ,,, belongs to U (K, (v)

DEFINITION 8. Let G be a Lie group with Lie algebra g. A Lie subalgebra m C g is called subordinate
to £ € g* if B¢(X,Y) =0 for all X,Y € m, where by definition B¢(X,Y) = {([X,Y]) for all X,Y € g.

Denote by ge¢ the kernel of the form B, the set of points X € g such that B¢(X,Y) =0forallY € g.

For each £ € g*, the Lie subgroup {g € G : Ad* (&) = £} has the space g¢ as its Lie algebra (see [10]);
denote this subgroup by G¢.

Each orbit 0¢ admits a nondegenerate closed G-invariant 2-form turning ¢ into a symplectic mani-
fold. All necessary isomorphisms originating from the identification of J¢ with the set of right cosets of G
modulo the subgroup G¢ and enabling us to give the term “G-invariance” some exact sense in application
to forms on O are given in [10]; some method for obtaining a symplectic form on & from the form By
is described in [10] too. In particular, ¢ has even dimension. On the other hand, if G is connected then
every homogeneous symplectic manifold (i.e., a manifold on which G acts and all transformations of G
preserve the symplectic form) is locally isomorphic to an orbit in the coadjoint representation either of G
itself or of the central extension of G by R.

With an orbit O, we associate the representation Indg pe¢.i, where H is a subgroup in G with the
Lie algebra § that is an algebra of maximal dimension subordinate to &, equal to w, pe,H is the
one-dimensional unitary representation of H defined by the formula p¢ g (exp(X)) = exp(27i{(X)) for
all X € 5.

As was shown in [9], in our case, this construction gives a full description of G:
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Theorem 1. If G is a connected simply-connected nilpotent Lie group with Lie algebra g and T
is an irreducible unitary representation of G then T = Indg pe,r for some connected subgroup H C G
and some £ € g*.

If H C G is a connected subgroup with Lie algebra b, { € g* then the representation T¢ ;i = Indg Pe,H
is irreducible if and only if by is a subalgebra of maximal dimension subordinate to .

Suppose that T¢ i and Ter g are irreducible, while A and X' are the classes of representations equiv-
alent to T¢ g and Ty g respectively. Then the conditions A = N and 0¢ = O are equivalent.

The correspondence of the orbits O¢ and the similarity classes of the representations T¢ p is a home-
omorphism in the above-introduced topologies.

In the case of a nilpotent Lie group G, every maximal subalgebra subordinate to an element ¢ € g*
includes g¢. This fact, proved by Pukanszky in [15], will be used in considering a concrete example below.

The explicit construction of a subalgebra of maximal dimension which is subordinate to £ was pro-
posed by Vergne (here we expose her result not in maximal generality; a more complete statement and
proof can be found in [16]):

Theorem 2. Let G be a connected simply-connected Lie group with Lie algebra g and (V) k=0,....dim g
be an inclusion increasing collection of ideals in g, where dim Vy, = k for all k. Then, for every § € g,
vs(€) = Zgi’%g ker(Bg|v;,) is a subalgebra of maximal dimension subordinate to §.

In what follows, we use the notations exp(vs(§)) = VIS¢ and T¢vs, = Ry, the equivalence class
of a representation R¢ will be denoted by )¢, and the representation space R¢, by W¢. Sometimes we
will write vs(§) instead of vsg.

Theorem 2 makes it possible to choose representations in a given class in a canonical way. Moreover,
given a collection of ideals (V) k=0, we can naturally construct a Maltsev basis g (in the strong
sense).

.,dim g’

DEFINITION 9. An ordered basis (Zk)k:1,...,dimg of the Lie algebra g is called Maltsev in the weak
sense if all its initial segments (Z) k=1, 0 <7 < dimg, are bases of some subalgebras in g; if in addition
all these subalgebras are ideals in g then (Zx) k=1,...dimg 15 called Maltsev in the strong sense.

For applying the noncommutative Fourier transform (more exactly, of the inversion formula), it
remains to calculate its Plancherel measure.

DEFINITION 10. Let A be a real skew-symmetric matrix of order 2n whose entries will be denoted
by (ai»j)ijzl o+ The Pfaffian pf(A) is defined by the formula

pf(4) = 2,1171! Z <Sgn(0)H(%(21'—1),0(21')))7

o€San =1

where Sa), is the group of all permutations of a 2n-element set, while sgn(o) is the sign of the permuta-
tion o, equal to 1 if o is even and equal to —1 if o is odd.

The square of the Pfaffian is equal to the determinant. Below we will see that the sign of the Pfaffian
is unimportant in our context; therefore, we can calculate the modulus of the Pfaffian by extracting the
square root from the determinant, thus avoiding its direct calculation via permutations.

Let us expose the method of computing the Plancherel measure which is described in [9, 10].

Proposition 1. If G is a connected simply-connected nilpotent Lie group then

(i) for every open dense set F' C g*/Ad* consisting of orbits of maximal dimension, the set of elements
inG corresponding to the orbits in F' has some complement of Plancherel measure 0;

(ii) there is a linear subvariety @) in g* so that each orbit in some open dense subset of orbits
of maximal dimension intersects with () at a singleton.

The Plancherel measure is described in terms of Q) as follows: Identify g** with g by assigning to each
z € g some element g** that at each { € g* takes the value £(z). With this identification in mind, choose
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the basis in g**

{X;:1<j<dimQ}uU{Y;:1<j<dimg—dimQ}
in which the elements denoted by Y are constant on Q; the coordinates on Q are (X;), <j<dim Q- For each
¢ € Q, construct the skew-symmetric matrix A(§) with entries aj, = &([Y},Yx]). Then the measure
on the given open dense set of orbits of maximal dimension taken to the Plancherel measure under the
correspondence of G and g*/Ad* is equal to

| pf(A(E))|dX1 A -+ AN dXgim@-

To formulate the main result, we will need the definition of canonical projection to the subgroup V'S¢
for arbitrary £ in the above-constructed subspace Q.

DEFINITION 11. Take £ € Q. Choose a Maltsev basis of g in the weak sense, denoted by (Zk)1<k<dimg7
for which -

dim dim
vs(¢) = span{Zk 1<k< g-ggg}
. dimgfdimgg
Given z € R 2 , put
’Yx — eXp(ledimg+dimg€ ) Tt exp(wdimg—dimgg Zdlmg)
— st T E—

The canonical projection of h € G to VS¢ is defined as h’' € VIS¢ such that h = h'y, for some
dim g— dlmg§

z€eR . We will denote such A’ by pry g, (h).
From this decomposition h = h'~y,, we can recover z = ’y‘l((prvs5 (h))"'h).

REMARK 2. The notation ('ym)_l, which means the element of the group inverse to ,, should not
be confused with y~!(...)—the value of the inverse function of v at some point.

Thus, the formula for p(¢, g) is as follows:

Theorem 3. Let G be a connected simply-connected nilpotent Lie group with Haar measure p, left-
invariant sub-Riemannian metric, and corresponding sub-Laplacian Ap. Let the space Q and matrix A()
for £ € QQ be like those given in Proposition 1, and let the mapping v be as in Definition 11. Then the
heat kernel for Ay is expressed as

t g / / 2m§ log( pl‘vsg (’ng)))HK H( 5)(t, ’y_l((prV5§ (%cg))_lf}/mg)a $)| pf(A(f))| d:l?df,

dlm g—dim 95

where HK&;(A&)(t, -,-) Is the integral kernel of the operator exp(t@()\g)) for all t > 0.

REMARK 3. The symbol log in application to an element of a Lie group means the inverse of the
exponential mapping. This notation is correct since the exponential mapping of a connected simply-
connected Lie group is bijective.

PROOF. The main idea is to apply the generalized Fourier transform to the heat equation and then
reconstruct the heat kernel from its Fourier transform by the inversion formula. We classify irreducible
unitary representations of G by the orbit method; for each such representation, we find an equivalent
representation that looks simpler than then initial one.

Choose ¢ € (. The orbit method associates with £ the representation R = Indgsg pevs.. Here
pe,vs, (exp(X)) = exp(27if(X)) for all X € vs¢ which can be rewritten as p¢ vs, (h) = exp(2mi§(log(h)))
for all h € V'S¢. Denote the Hilbert space of the representation R¢ by We. Its elements are represented by
the complex-valued of functions on G defined up to a set of measure zero since p¢ v s, is a one-dimensional
representation.
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Using the mapping - and the canonical projection of Definition 11, we construct the transformation
dim g—dim g¢ dim g—dim 9¢

Je : L(R P ) — W¢ acting on each function f € L*(R 2 ) by the formula

Je()(9) = pevs (Prvs (9) (v (prys (9) "' 9))

for almost all g € G. The definition of J¢ is correct because the function J¢(f) obtained by this formula
possesses the properties of the definition of the Hilbert space on which the induced representation is
defined (see Definition 5). Since the modulus of the complex number p¢ v s, (pry g ’ (g)) is equal to 1, the
so-constructed transformation J¢ is unitary.

The inverse transformation of J; takes each function u € W to the function defined by the formula
dim g—dim dim g—dim
Je 1 (u)(x) = u(vz) for almost all z € R . Indeed, if f € L?(R = gg) then for all almost all

dim g—dim 3
zeR 2 we have

Je (e () (@) = Je(f) (1) = peyvse () f(v ! () = f(z),

since pry g, (72) is equal to the neutral element e. On the other hand, for all u € W¢ and almost all g € G,

we have ) . . .
Je(Je™ (u))(9) = pevse (Pryvs,(9)) - Je (uw) (v ((Prys (9)) " 9))
= pe,vse (Prys, (9)) - u((pryg, (9)"'g) = ulg).
The last equality follows from the condition u(hg) = p¢,vs, (h)u(g), with h € H and g € G, which occurs
in Definition 5. dim g dim g
Define the representation R} : G — U(LQ(R%)) equivalent to the representation R¢ by the

dim g—dim

formula R;(g) = Je 1o Re(g)oJg for each g € G, i.e., for each f € L3(R — ), the function R;(g)(f)
acts by the formula R;(g)(f) = (R¢(9)(Je(f))) 0. The last formula takes the following form for almost
dim g—dim
allz € R R ,
Re(9)(f)(2) = Re(9)(Je(£)) (vz) = Je(f)(29)
= pevse (Prvs, (129) F(7 (prys, (129) ™ 729))

::eQwK(bgﬁHvsgVMQN)f(V—J((prvsé(7$g))—17$g))

It is with the representation R’§ that we will work below. Choosing it as the canonical representative

of its equivalence class A¢ € @, write down the definition of the Fourier transform of f: G — C:
706 = [ @)Retg ™ utdo).
G

Respectively, the inversion formula looks as follows:

f(g) = / Te(F(Ae) o R(9))| PECA(E))] de.
Q

Here G is parametrized by orbits in the coadjoint representation (more exactly, by their elements in Q)
and the expression is used for the Plancherel measure in terms of this parametrization.
As was shown in [10], the Fourier transform of each f € .#(G) calculated in A¢ has the integral kernel

dim g—dimgg dim g—dim g

ke 7R P x R 2 5) such that

ki(z,y) = /Ps,vsg(h)f((%)_lh’yy)dh,
VS
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where dh stands for the Haar measure on V' S¢. Since p; € /(G), we can take f = p;; the corresponding

dim g—dim g dim g—dim g
function kj, is equal to HKA/;I(/\g)(t"") (see [14]). The fact that k,, € /(R — xR .
implies that the operator p;(A¢) has a trace.

As was demonstrated in Section 1, the convolution of two functions f1, fo : G — C, defined as

(% fo)(g) = / £1(h) Fa(h~Lg)u(dh)
G

for g € G, satisfies m()\) = ]/”\2(/\) o fAl()\), ) € G. For each f € Z(G), the solution to the heat
equation is written down as exp(tAg)(f) = f*p;. Taking the generalized Fourier transform of both sides
of this equality, we see that .7 (exp(tAm)(f))(Ae) = Di(A¢) © jf\()\g) for all £ € Q.

For obtaining p; from this and then reconstructing p; by the /i\nversion formula, we must approximate

the identity operator Id  aimg—aimg, by operators of the form f(\¢) for some f € .(G). The approxi-
PRz )

mation is necessary because there is no f € .#(G) such that ?()\5) =Id  dimg-dimg, , since the identity
2R 2
operator is not a Hilbert—Schmidt operator.

Thus, we consecutively take f compactly supported smooth functions ¢, converging in the usual
sense to the J-function concentrated at the neutral element such that ¢,(g7!) = én(g) and ¢,(g) > 0
for all g € G. It is known from [18] that the functions ¢, * ¢ converge in L?(G) as n — oo to 1 for all

Y € L*(@G) for such a sequence; moreover, the sequence of operators taking each ¢ € L?(G) to ¢, * ¢ is
uniformly bounded in the operator norm. Therefore, lim, o Tr(p;(A¢) © dn(Ae)) = Tr(Di(Ae))-

~

If, in the inversion formula, f(g) = fQ Tr(f(Ae) o Ri(9))| pE(A(E))| d§ we put f = ¢én * p and pass
to the limit as n — oo then we infer

exp(tAm)dnlg) = / Te(F (exp(tAn)dn) ) o Re(9))] DE(A(E))] dé
Q

- / Te(i(e) © dm(Ae) © Ri(9)) | pE(A(E))] de
Q

- / Te(fi(Ae) o Re())| pE(A(E)) | de = / Te(RL(g) o 5i(Ae))| pE(A(E)) | de
Q Q

(here we have used the circumstance that the composition with the unitary operator R’g(g) does not
influence the convergence of the traces) and the formula Tr(X oY) = Tr(Y o X) either. Thus,

plt.9) = [ Te(Rilg) o O PEA©)] de.
Q
For calculating Tr(R(g) o pi(A¢)), we can use the fact that if U is a unitary operator and K is
an operator with trace, whereas the integral kernel of the operator K is a continuous function k; then Uo K
has a trace, its integral kernel k; is defined by the formula ki(z,y) = (Uk(-,y))(z), and Tr(U o K) =
JUk(-,z)(z)de. Taking U = Ri(g) and K = pi()¢) and inserting the previously found expression
for R;(g), we obtain

BR@ A0 = [ (ROEKg (60 (@) ds

dim g—dim 9¢
R 2

2mi§ (log(pr z - h
e €(log(pry s, (7 g)))HKZ;I()\E)(t”Y 1((pfvsg(%c9)) 17,59),1’) dzx.

dim g—dim 9¢
R 2
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For finishing the proof, it suffices to insert the obtained expression for the trace in the formula

plt,g) = / Te(RL(g) o 5ilAe))| pE(A(E))] de. O

Q
Since HK A Ove) usually looks easier than the initial heat kernel, the following terminology is wide-
spread:
DEFINITION 12. The function HK —~ introduced in Theorem 3, is called the reduced kernel or

Ap(Xe)’
transformed kernel.

3. The Perturbation Method

For applying the perturbation method, we must define the anisotropic dilation.

DEFINITION 13. Suppose that M is an n-dimensional manifold and F' = (Hj),_, g is a smooth
flag in TM, Hx = TM, dj = dimH; — dim H;_; (here we have put Hy = {0}). The coordinates
T = (xk')k-:l,...,n in a neighborhood of g € M are called adapted to F' if Z(q) = (0,...,0), and the image

f H;(q) under d(q) is equal t é{Rds’sgj’
of H;(q) under dZ(q) is equal to

s=1
DEFINITION 14. Let ¥ = (2x);_;__, be coordinates on M adapted to the flag F' = (H;)
Define the anisotropic e-dilation with respect to g, where £ > 0, by the formula

0eq(d) = &1 (™M HZ gy (¢) Ly, ),

for all j.

j=1,. K"

where ¢’ is an arbitrary point in the domain of Z.
If M is an equiregular sub-Riemannian manifold then as F we naturally take the Lie flag of the
horizontal distribution H; = H. By K we will denote the least j such that H; = T M.
DEFINITION 15. For the differential operators on M representable by monomials in the adapted
coordinates, define the homogeneity exponent v as follows: If a and § are multi-indices then
n
v(z29°) = Z ((or — Br)min{j : dim H; > r}).
r=1
A differential operator with polynomial coefficients is called homogeneous with exponent p if all its mono-
mials have the value of v equal to p.
DEFINITION 16. If X =377° (W), is the Taylor expansion of a vector field X represented in the
adapted coordinates near the point (0,...,0), where the vector field W), is homogeneous with exponent p
for all p. We call W), the homogeneous part of X with ezponent p and denote it by hg,(X).

DEFINITION 17. A coordinate system ¥ adapted to the Lie flag to an equiregular sub-Riemannian
manifold M is called privileged if the image of the horizontal bundle under the differential of the coordinate
mapping dZ consists only of homogeneous vector fields with homogeneity exponent at most —1.

In a privileged coordinate system, we can define the nilpotent approximation of M with respect to ¢
whose description is given in the following theorem (see [11,19-21)):

Theorem 4. Let [Xj, Xi|(q') = D ) qeq X, <deg X +deg Xy (¢k,i(q)Xi(q")) be the commutation relation
for a smooth basis of an equiregular sub-Riemannian manifold M. Then, for every q € M, the coeflicients

o [ cikila), degXy=deg X+ deg X,
Bkt 0, deg X; # deg X; + deg Xy,

are the structure constants of some nilpotent Lie algebra m, and the corresponding Lie group Mq with
the natural Carnot—Carathéodory metric limy_, o (tM), where the limit is understood in the sense
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of Gromov—Hausdorff. Moreover, the vector fields on Mq defined by the formula X i = hg_qeg x; dZ(X;)
(the basis of the nilpotent approximation) are left-invariant.

Here and below, by deg we mean the degree of a field with respect to the initial horizontal distribution
on M. In the sequel, the dimension of the horizontal distribution will be denoted by m; the numbers
of the vector fields X; constituting its basis are as follows: 1 < j < m.

Denote by X;*, 1 < j < n, the 1-forms for which X;*(X;) = 1 and X;*(Xy) = 0 for j # k. The
basis {X] : 1 < j < n} will be assumed such that the volume form for the Popp measure is the form
X1* A -+ AN Xp"; it is known from [7] that this does not diminish generality.

REMARK 4. As the nonhorizontal basis vector fields, we usually choose the vector fields [[[X},, X}, ],
Xj,]... Xj,] with some s € N, where 1 < j; < m for all [ € {0,...,s}. Calculating the coefficient at the
volume form for the Popp measure constructed from this basis and dividing one of the basis vector fields
with s = K — 1, we obtain a new basis in which the Popp measure is defined by a form with coefficient 1.

The nilpotent approximation is itself a sub-Riemannian manifold with horizontal bundle span{)?
1<j< m}. If we endow it with a Haar measure and construct the sub-Laplacian, which we will denote
by A, then it is expressed as A = Py (X 2).

Now, given the initial sub- Rlemanman structure on a manifold M, we define its e-perturbation.
For basis vector fields X;, 1 < j < n, and € > 0, we put

_ deg X;
Xj’e—&' € J-d(;slej.

Similarly, define the 1-forms X7

Fer 1 <5 < n: namely, X7 _(X,.) =1 and X;_(Xgc) =0 for j # k. We
can show (see [11]) that, as € — 0, the field X . converges to X ; with the first order with respect to e.
As the horizontal distribution of the e-perturbation, take span{X;. : 1 < j < m}. The corresponding
sub-Laplacian A is connected with the initial sub-Laplacian A as follows: If HKA_ and HKa are the

corresponding heat kernels then
HKA, (t’ q/’ q//) = ghdim MHKA (82t7 557Q(q/)’ 657‘1((]//)) .

The essence of the method is that, alongside this relation, also another one is established between A,
and A. Before describing the latter, we will formulate the new notion of convolution taking into account
the variable ¢, which plays the role of time in the heat equation. This new operation will be denoted
by * since we will not need the previous notion of convolution in the present article. Strictly speaking,
these are two new notions but there is no conflict between them since one is applied to operator families
and the other, to functions of one real variable and two arguments from the manifold. These notions are
interrelated as described below.

DEFINITION 18. Let A = (A(t)),cg and B = (B(t)),cr be two operator families acting at functions
on a manifold M with integral kernels a(t, -, ) and b(t, -, -) respectively. Define the convolution of these
families by the formula

t
(Ax* B)( /At—s s)ds.
0

Define the convolution of a(t, -, -) and b(t,-,-) for all ¢ € R and z,y € M by the formula

(a5 b)(t 2,y) = j(/ a(s, 3, 2)b(t — 5, 2,7) dz) ds.
0

M

In these terms, (a*b)(t,-,-) is the integral kernel of (A x B)(t). Because of the associativity of *, we
will omit the parentheses at multiple convolutions.

1061



The relation between A, and A can be obtained with the use of Duhamel’s formula:
t
oA 4 / (A — A)esD ds),
0

which is convenient to write as the convolution of the operator family
elPe = e 4 (A% B) (1),

where A = (e%2¢),,p and B = ((A. A)e“A)ue]R
Applying Duhamel’s formula for exp((t — s)A.), we obtain

t—s

t
tA:s _ etA +/ ((e(tS)A + /(e(tssl)As (Aa _ A)es/A dS/)) (Aa o &)esA dS);
0 0

efe = oA 4 ((e"B), % B)(t) + ((€"2%) ep * B * B)(2).

This process can be extended by obtaining thus an expansion of exp(tA.) in the powers of a small
operator (as € — 0)

ie.,

N-1 _
Ae A
elBe = 2:((eu Juer  ¥B---xB  )(t)+(A  xB---xB )(t),
r=0 r convolutions with B N convolutions with B

which, after passage from operators to their integral kernels, gives the necessary asymptotics of HKa_
(and, hence, HKA) up to any desired order.

Suppose that all horizontal basis vector fields X;, 1 < j < m, satisfy the condition hg,(X;) = 0;

n [11], this was achieved by the existence of normal forms for contact distributions on three-dimensional

manlfolds Under this assumption, as e — 0, we have the asymptotics Xj;. = X + e2hg; (X;) + o(e?).

Then we obtain the following asymptotics for the operator A, — A
Theorem 5. A, — A = £2Y + o(e?), where

m n

Y = (Xjhe (X)) +hey (X)X, + 0;X5), 6; =D (Xi(wn) — X, (Ynk)),
j=1 k=1
the coefficients %k for 1 < j <nand 1 < k < n are smooth functions defined from the asymptotic
expansions X;. = X +e2> 0, (1/1],ka) + 0(¢?), while Y is a second-order differential operator.
PROOF. Let us first prove that, for all ordered collections (jo, ..., js) of naturals from 1 to m, there
exists a vector field Rj, . ;, such that

s

(XKjoier Xjr ey Xiore) - - X = ([[Xjor X ), Xjo] - - - Xj.] + €2 Rj..j. + 0(€2).

Proceed by induction. For s = 0, the field X}, ., where 1 < jo < m, satisfies this condition with
Rj, = hg;(X},) since we have assumed that hg,(X;,) = 0.
If the claim holds true for some s then let us prove it for s + 1:

(Koo Xl Xioel - - Xjuyne) = [ Xor Xju ], Xjo] - - Xj.] + €2 Ry, ju + 0(2), Xy ]
= ([ X0, X], Xj] - - - Xj.] + €2 Rjy...ju + 0(€%), X, + €%hg) (Xj,,,) + 0(?)]
= (X0, Xju ) Xjo) -+ Xjoi ]+ (R K] + 1 Kjos X5 ), X - X5, ), by (X5,,)]) + o(7),
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which justifies the induction step with

Rj07~~~7js+l - [Rjo,m,ijjsH] + H[[ijle]:Xh] . 'st]7hg1(st+1)]'

Since the Lie flag of the distribution span{X; : 1 < j < m} stabilizes to the tangent bundle, each
basis vector field X; for 1 < j < n can be written down as a linear system of fields of the form
XG0, X511, Xj] ... X, ] with s > 0 and 1 < j; < m for all [ such that 0 < < s; the coefficients of this

Jo>
combmatlon are smooth functions.

Taking €98 Xid§, -1 of both sides of this expansion and reckoning with the fact dd.-1([Z1, Zo]) =
[d0.-1Z1,dd.-1Z5] for all vector fields Z; and Za, we conclude that all basis vector fields X ., 1 < j < n,

admit the asymptotics X;. = X j +€2Ej +0(e?) with some vector fields E;, which is convenient to expand
in the basis {X; : 1 < j < n} in the form E; =377 _; (¢;,77X;/), which yields the formula

n
Xje=X;+ > (¥ Xj) +o(e?).
=1
Solve this system of linear equations for X j to obtain

n
Xj=Xje =€) (5 Xpe) + ().
i'=1
Expressing the sub-Laplacians A, and A in the coordinates:
m m
:Z< +Zng Xkeans]) a) A Z X2
j=1 k=1 7=1
we infer

_ m _ 5 n .
AR=Y ((Xj + Phgy (X5) +o(e2) — X2+ 3 XL (K Xj,s])Xj,e)
j= k=1

=> <€2?~fjhg1(Xj) + %y (X)X + Y X o (Ko, X)) (X + 62hg1(Xj))> +o(e?).
i=1 k=1

[y

For computing Xy, . *([ Xy, X} c]), expand [ X}, ., X -] in the basis { X" : 1 < k < n} in terms of the
structure constants ¢ ;, the formula for which is given in Theorem 4, and the coefficient 1; ;:

[Xk,san,]_ |:Xk—|-€ Z wkk’Xk’ X +€22 w]]’X :| (2)

k'=1

= [Xx, X;] + € (Z ([ X, X50) + > ([Xk,z/)j,jfﬁm) +o(e?)
k'=1 j'=1

n n

Z ek X)) + e Z(¢kz[Xl, =i X0 Xe) + (Xe(W50) — X5 (¢n2)) - X1)
= =

+o(e?) = Z (ak,j,l (Xpe — € Z (V150X )

=1

+e* Z (Z (Cnalrgg — g Xy e) + (Xn(th) — )N(j(@bk,l))Xl,a) + o(e?).
=1
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Taking the coefficient at X}, ., we obtain

n

X o ([ Xne, Xjel) = Crjr — g Z(ék,j,ﬂﬁz,k)
-1

+&2 ()?k(l[)j,k) — gj(wlﬁk)) + &2 Z (raCujk — Yialirk) + o(€?).
=1

Sum up these quantities over k. The formula for the structure constants of the nilpotent approxima-
tion given in Theorem 4 yields ¢ ;1 = ¢;xx = 0 since no basis vector field X; satisfies deg X; = 0. Thus,
Y 5—1(Ckjk) = 0. With this in mind, we have

Z Xka Xk er X ])) = 52@]' + 0(52)7
k=1

where
n

9,

n
(Xk(@ﬁj,k) JWCrn) T (YriCje — Vit — Ek,j,zlbl,k))-
=1

k=1
For simplifying this expression, utilize alongside the equality ¢; ; ; = 0 the fact that

Z Z (Vx84 — Crjgtie) =0

k

n n

1l=1

because the summands with pairs of numbers (k,[) and (I, k) for k < [ are mutually annihilated, and the
summands with pairs of numbers (k, k) are equal to 0. Thus,

=Y (Xk(k) — Xj(rn)-

k=1
Inserting the computed expression Y ,_; (X ,’:,e([X ke> Xje])) in the formula for A, — A, we finally get

A5*£:52§:(thl( X;) + hgy (X)X + 0, X;) + o(e?).
j=1

This is the desired asymptotics. [
Now we have a formula for Y, and so the perturbation method can be applied in the same way as
n [11]: taking N = 2 in the expansion exp(tA.) and reckoning with the formula

Ehdim MHKA (82t, 567(1(3;)7 6a,q(y)) = H:I(As (t, z, y),
we infer
ehmMHK A (e2,0,0) = HKa,(1,0,0) = HK£(1,0,0) + e*(HK; * Y (HK5))(1,0,0) + O(e*),

where Y is assumed to act with respect to the first variable from M.

REMARK 5. Since HKx * Y (HK3)(1,0,0) is equal to

My

/1/ HKx(s,0,2)Y (HKX)(1 - s, 0))dzds—/1/ (px(5,2)Y (px)(1 — s,2)) dzds;
0 Mo 0
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to calculate it we must apply Theorem 3 with G = ]\70. In the case of three-dimensional contact manifolds,
this expression admits further simplification if the integration starts from the coordinates = and y (here
z = (x,y,w) has homogeneity exponents v(z) = v(y) = 1, v(w) = 2). In this case, the calculation
amounts to the search for the moments of a two-dimensional normal distribution. In a more general
situation (even in the case of Goursat groups, which we examine below), it is not possible to make such
a simplification though the qualitative behavior of the kernel pz(s, z) as z — oco—exponential decay—still
holds (see [22]).

REMARK 6. Without the assumption that hgy(X;) = 0, we would obtained the first-order terms

with respect to € in the asymptotic expansion e!mMHKA (¢2,0,0) since A, — A would be just O(e)

as ¢ — 0, and, after the insertion ¢ = £2, there would be no expansion of the form HKa(¢,z,z) =
_ hdim M

2 (a0+a1t+0(t2)).

4. An Example: a Manifold with Growth Vector (2,3,...,k,k+1,...,n)
In this section, we apply the above methods to a sub-Riemannian manifold whose nilpotent approx-
imation is the n-dimensional Goursat group.

DEFINITION 19. The Goursat group of dimension n is the nilpotent Lie group in R™ with the two-
dimensional left-invariant distribution Hj, called the Goursat distribution, which has growth vector
(2,3...n—1,n).

The multiplication operation in the Goursat group can be written as

Zx]e]*Zykek— 1+ Yy e1+z<$3+2( xlj_ lyk)>

where 0 = Y7 j=10e; is the neutral element.
The distribution H; has the left-invariant basis

X
H1 = Span({Xl,Xg}), X1 = 81, X2 = Z ﬁ@;ﬁg.

Define a sequence of commutators generating the whole tangent bundle with X; and X» by the formula
X; = [X1,X;_4] for j > 3. For j,j' > 2, we have [X, X;/] = 0. Introducing the n-dimensional Lebesgue
measure on the Goursat group (which is also its Haar measure) and the corresponding volume form,
define the sub-Laplacian A = X? + X2.

The elements of the Goursat group are also representable as the square matrices of order n of the
form

- < T —T
exp (aX1 + Z blej> = exp <a_';]"—1 b ) = <exp(_a>- In-1) pla-Jn1) b ) ’
j=2 Opn-1 0 0'n—1 1

where J,_1 is the upper triangular matrix of order n — 1 that is the Jordan cell with eigenvalue 0, 0 ,_1

<_
is the zero row vector of length n — 1, and b is the row vector (b,_1,...,b1) of length n — 1 (the left
arrow means the reverse order of the components with respect to b = (by,...,b,-1)), while T stands
for transposition,
exp(z)—1 2 7& 0
2) = 2 ) )
oo ={, 7 I

(the expression ¢(a - J,—1) is understood as a matrix function). As the group operation, we take matrix
multiplication, and the matrix exponent serves as the exponential mapping from the Lie algebra into the
Lie group. This version of the definition of %, which we will use below, differs insignificantly from the
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initial one but is equivalent to the latter. This can be checked by associating with each vector £ € R"”

the matrix
T —1 T
(eXp(g no1) B2 ) — exp (331_'>Jn—1 (p(21 Jue1)) - F2 )7

0 n 1 1) 0n1 0

where @ = (Zp,...,x2) is the reverse notation of the vector obtained from Z by removing the first

component. The notation (p(z1 - J,_1)) " is correct since the matrix o(z1 - J,_1) is upper triangular,
and all elements on its principal diagonal are equal to 1. This association is a desired automorphism
since, for all 7, 7 € R™, we have

(exp(ﬂfl “Jn-1) ET) (eXP(yl “Jn-1) ET) _ (GXP(Zl ~Jn-1) ET)
= = = ,

=5
0 n—1 1 n—1 1 0 n—1 1

where 7 = 7 * ¥ by the initial definition of *. In what follows, * stands for this operation.

We will search for the heat kernel in the Goursat group with the use of Theorem 3. Since its key
ingredient is the orbit method, we must perform all calculations that constitute this method. In terms
of the new group operation, the adjoint representation looks as

exp(:ch-i—E yj—lXj) ]Z; J J
j=2
T T
xJn_1 ?T ) <CLJn_1 b ) ( —xJp-1 =Y )
=exp | = . - ex =
P ( 0nt O 0ot O PUO.0 o
T
_ [ aJn eXP(iUJn—l)? - aJn—l‘p(ajJn—l)?T
T\ 0., 0 '

Defining the functionals X, where 1 < j < n, by the relations X7 (X;) =1 and X (Xg) =0 for j # k,
we obtain the following formula for the coadjoint representation:

n n
Ad . (o + 2505 ) (a1 + Y050 )
exp(:cX1+Z yj—lXj) ! Jz; ’ ! jZ; ’ !
j=2

o E ) g oS0

Jj=2 = Jj=2

— T
—aa+ B - (exp(—2Jn_1) b  +atp_19(—xJn_1)T "),

which is written down as follows in terms of X;, 1<j<n:

n
AT e (aXf + ; /3j_1x;)
Jj=2 XZ
= (a+ B Iurp(~2u)T )X; + B exp(-ador) |
X3
The orbits can be found by varying « and ¥/, i.e., for every £ = aX] +Z;L:2 Bj-1X7, by Definition 7,
its orbit consists exactly of the elements of the form Ad*exp (2x: ST x;) (&) for almost all z € R

and 7 € R~ 1. Using orbits, we will later classify irreducible unitary representations. To this end, we
must find for each £ € g* a subalgebra of maximal dimension subordinate to £ and the corresponding
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subgroup with which we carry out induction. Use the above-mentioned theorem by Pukdnszky [15] stating
that if G is a nilpotent Lie group then every maximal subalgebra subordinate to a covector £ contains ge;
this strongly simplifies the arguments.

For each £ = aX] + Z?:Q ﬁj,lX; but for those for which F = 6), denote by jmax the greatest
number j such that 3; # 0. The orbit of a covector £ and the set of maximal subalgebras subordinate
to it will depend on what is jpax equal to (and whether it exists at all) for given &.

(1) If jmax does not exist (i.e., ﬁ = ﬁ) then the orbit consists of the single point aX] for which
gox; = . In this case, the maximal subordinate subalgebra is unique and equal to g.

(ii) If jmax = 1 then the orbit consists of the single point a X + 1 X5 (the equality GaX;+6X; = 8
holds). The maximal subordinate subalgebra is also equal to g.

(iii) The orbit of the covector aX; + B1X5 + B2X3, where B2 # 0 (i.e., jmax = 2), is equal to
span{ X}, X5} + G2X5 (the sign + designates parallel translation by a given element of g*). In this
Case, PaXi+pf X;+4Xs = span{X; : 3 < j < n}. Here a maximal subordinate subalgebra is nonunique;
therefore, we apply Vergne’s construction (Theorem 2) which for Vi = span({X; : n+1 -k < j < n}),
where 0 < k < n, gives the subalgebra span ({ X, : 2 < j < n}). Note that, instead of Vergne’s subalgebra,
we could take the subalgebra span({X;}U{X; : 3 < j < n}), which leads to another representation of the
same equivalence class.

(iv) For jmax > 3, the orbit is two-dimensional and parametrized by the coefficients at X7 and

for X ;‘max as follows:

17 = {yX* +j§max (]Smax: ((f‘/‘ - @‘max—l)kjﬁ’f) X > cx,y € R}
Jmax+1 - 1 i . : i+1 =Yy .
aXi+ Y. BaX; TN\ B (k=) !
j=2

This parametrization results as follows: Since the X = th component of the covector

n
Ad* n <Ct)(i< "‘Zﬁj—lXT)
J

eXP($X1+J§2yj—1Xj) =2
is equal to x; therefore, it can be defined arbitrarily. Starting from this, the remaining components but the
X{th component can be defined uniquely since they do not depend on Y. The component corresponding
to X{ has the form 3 . ¥j...—1 + Z, where Z does not depend on y;, . 1. Since 3;... # 0, the XJth
component can be made any a priori given value by choosing y;,... —1 suitably. This exhausts all covectors
in the orbit of a X} + E;ZZ"H 6]-_1X; with 8. # 0 for jmax > 3.

Taking as the representative of the orbit the covector for which the parameters z and y vanish, we

obtain Ooxrs matl g X = span(® U ¥), where

CI):{Xj:jmaxJFlSan},

Jmax A k—j
U = {(Xj — Z (/B(Jmf]]:f)l(_;()k _ék)!)ijax) 02 <7 < Jmax — 1}

k=j

The maximal subordinate subalgebra is unique and equal to span({X; : 2 < j < n}).

Using these data about orbits and maximal subordinate subgroups, we can construct the correspond-
ing representations (in the sense of Kirillov).

In cases (i) and (ii), induction is trivial: the one-dimensional representation corresponding to the
covector { = a X+ (1 X5 (it is unimportant whether 3 is zero or not), defined by the formula p¢ ¢ (ae1 +
> o bj_1e;) = exp(2mi(ca + B1b1)) - Id, goes to itself since the subgroup V.Se = exp(vs¢) is already the
whole group G.
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Much richer is the structure of representations in cases (iii) and (iv). Since the orbits are two-
dimensional in these cases, the Hilbert space of the corresponding representations can be identified
with L2(R) using the equivalent representation Ré instead of R¢. This stems from the general fact that
the dimension of the space of cosets modulo V'S¢ is equal to one half of the dimension of the orbit .
The Vergne subalgebra vsg = span ({X; :2 < j < n}), common for these cases, will be denoted by v,
since it does not depend on ¢ taken from an orbit of type (iii) or (iv); adopt the notation V for the
corresponding subgroup exp(v).

For finding the induced representation, factorize G into R and V. The mapping v : R — G of Def-
inition 11 is given by the formula ~, = ze;. Represent v, x g € G, where x € R and g € G, as h * vy,
where h € V and w € R:

n i—1 k-1

ves x (ae1 " ibj_lej) _ (Z (Z (Z ((?liknl!) , (jﬂf ;_kk)!))ej) « (@ + a)ey

=2 j=2 k=1 ‘=0

Consequently, R/E takes the following form: for all f € L?(R) and almost all z € R, we have

(R’g(ael 'y bjlenf) () = exp(2mi€ log(h))) F (1)

Jj=2

~en(oms (S (S (2 (725) 555m)) ) e+
:exp<2mg(;< Pia,T.2)- X)) ) o +a)

(the last equality is simply a notation for the coefficients at X}).

It is at these representations (more exactly, classes of representations) that the Plancherel measure
is concentrated. It suffices to consider only jn,.x = n — 1 since this condition defines an open dense
subset in the set of orbits of maximal dimension. Indeed, the condition j,.x = n — 1 is equivalent to the
fact that 3,1 # 0, i.e., from the whole of g*, we remove an (n — 1)-dimensional hyperplane. Assigning
to each element g* its orbit with account taken of the construction of the topology in g*/Ad* takes the
complement to the hyperplane to some dense set of orbits.

In each orbit lying in this set, choose a representative of the form £ = Z?:_; (Bj—1X7) + Bn—1Xy,
where 3,_1 # 0. This can be done for the following reason: As the expression for the orbits shows, we
can nullify the coefficients at X and X _; (there they were denoted by y and x respectively), put G,_1
to be an arbitrary nonzero number, and make the remaining coefficients to be equal to any a priori given
values by equating the coeflicients at X7 to these values consecutively (as j decreases) and solving a linear
equation with coefficient 1 for each new variable 8;. Thus, we obtain a parametrization of the set of orbits

which, under the correspondence between g*/Ad* and é, goes to some subset in G whose complement
has Plancherel measure 0. In terms of the parametrization, the corresponding Plancherel measure has

the form P(d(8;)<;<p1.jn—2) = Bn-11d(B5) 1< j<p_1.j£n_o Decause, for £ = 22;22 (Bj—1X7) + Bn—1Xy,
we have |pf(§)| = |Bn-1|. Indeed, using the basis {X1, X,,—1} of the space g/g¢, find the determinant

of the matrix
( g([Xth]) g([Xth—l]) ) _ ( 0 Bn—l)
€([Xn—laX1]) é([Xn—th—l]) _ﬂn_l 0 ’

It is equal to 52_;.

-~

The transformed operator A = .#A.Z ! looks as
A(Xe) = d*(Re)(X1) + d°(RE)(Xa),
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where the differential of R at X € g, denoted by dR(X), is the operator on the Hilbert space Hp of the
representation R defined at v € Hg by the formula

ARCOE) = ( G e (0))

t=0

and d?R(X) = dR(X) o dR(X). For expressing A in this form, we used the general formula from [1]
which is valid for all unimodular Lie groups.

Straightforward calculation gives d(R;)(X1)(f) = f', where the derivative of f € L?(R,C) is under-
stood in the weak sense, and d(1;)(X2)(f) = M¢f with M defined as

n—3 j—l

Mete) =2ni( 3 (0,7 )+ Prr g )

j=1
Indeed, using the above-derived formula for the representation R’5 for £ = Z?:_Qz (Bj—1X 5 )+ Bn—1X, we
obtain (Ré)exp(txl)(f)(:v) = (Ry),, (f)(z) = f(z +1); therefore,

ter

URY)NE) = ( §(E iy D) )| = (FU@+))| = @)
Similarly,
<Rg>exp(tx2)<f>< £) = (R0, (@)
— oxp( 2nie _ F(z) = exp (EMe (2)) f ().
om0 5) )10 = smon

The last equality follows from the fact that

n—2

§ (/6] 1X )‘i‘ﬁn—er*L'

7j=2

Hence,
URYENE) = (G iy D@ )| = (FE5@) )| = Melof(o),

Consequently, 3()\5)( H=rm"+ Mg f. For the convenience of notations, we will write

£ (M )f =B ).
> (Bj—1X7)+Bn—1X5;
j=2
With the above calculations in mind, Theorem 3, applied to the Goursat group, takes the following
form:
Corollary 1. The heat kernel in the n-dimensional Goursat group corresponding to the sub-La-
placian A = X? + X2, where the horizontal bundle is span({Xi, X2}) with X; = 0; and Xy =

ZZ g wk, Ok12, is written down as follows:
n
p (tv aer + Z bjlej>
7j=2

n—3
2mi (ﬂn an(C’« b -’JU)‘F Z ﬁ] J+1(a b 1’)))
= / /e j= HKzﬁ (t,x +a’$)|ﬂn—1|dxd(ﬁj)1§j§n—3 dBn—1.

Rn-2 R
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Below this formula will be applied in the perturbation method. For convenience, we will write

n —
p(t, aey + Z bj—lej> = / SRR )Kﬁz?t(a)d(ﬁ,m),

j:2 Rn—1

using the following notations

n—3
75 (a, D) = 2ni (Bn_an(a, b2 + 3 (BiPa(a, b, x))),

=1
Kﬁ,w,t(a) - HKKF(t’ T+ a,2)|Bn-1l-

Whenever dependence on ﬁ occurs, we imply the omission of the component with index n — 2. Recall

that
o 0= (S () 7w

k=1 ~1=0

Suppose that the sub-Riemannian manifold has the horizontal distribution span{X;, Xs} obtained
from the Goursat distribution by the perturbation written down in a neighborhood of (0,...,0) up
to homogeneous vector fields with homogeneity exponent 2 and above as follows. For all p < —2, we have
hg,(X1) = hg,(X2) = 0; and, moreover,

~ n o
hg 1(X1) = X1, hge(X1) =0, hg(X1)= Z (Z U, %) )7

Oz
r=1 “ac®, T

M:

hg_;(X2) = Xa, hgo(Xs) = 0,hg(Xs) =

(Z Var® )'air)’

r=1 Oée(I)'r

where @, is the set of all multi-indices @ = (a1, ..., a,) for which

n 2, r=1, ~ 0 -2 k0
3 G- ) - R I
= r, r>1, 0xq = k! Oxpyo

the homogeneity index 1 is assigned to the variable x1; the homogeneity exponent r — 1 is assigned
to each variable z, for r > 2, and to the operator of derivation with respect to each variable, we assign
its homogeneity exponent with the minus sign. The symbols u, , and v, stand for the constants, called
perturbation parameters, for which for 3 < j <n —1 we have [ X, X;| € span({Xy : 1 < k < j}), where
X; = [X1,Xj4] for 3 < j < n. This condition is imposed because the nilpotent approximation of the
manifold is a Goursat group.

The basis vector fields of the nilpotent approximation for 3 < j < n are X = [5(1,5(]-_1]. The
volume form for the Popp measure has the form X;* A --- A X,,*; this can be checked, for example, by
a formula from [23].

We will need the fact that the operators a , 1 < j < n, are expressible in the basis {X 1<j<n}

by coefficients that are polynomials of x; because the system of linear equations solved in this case has
a unitriangular matrix of polynomials of z; whose all elements of the diagonal are equal to 1.
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For applying the perturbation method, calculate the operator Y given in Theorem 5:

Y = Xihg, (X1) +hegy (X0) X1+ O (Xr(@rx) — X1 (i) - X1
k=1

+Xohg; (X2) + hey (X2) Xa + Y (Xk(thak) — Xa(vik)) - X,
k=1

where the coefficients ¢, j» are the same as in the proof of Theorem 5. They can be calculated explicitly.
To this end, in terms of Theorem 5, write down the equality

([ Xjoer Xjr el Xjoe] - - X o] = [ Xjo, X |, Xjo] - - - X, ] + 2R s, + 0(€%)

with jo =2 and jp =1for 1 <k <s. For 1 < s <n — 2, we obtain

(_1)SXS+2,E = (_1)85(8-1-2 + 82Rz,l, R | + 0(52)‘
———

s unities

Thus, for all j > 3, the quantlty 1 g is the coefficient at X i+ in the expansion of the operator F,; =
(—1) RQ’ 1,...,1 in the basis {X : 1 < j/ < n}. The recurrent formula for Rj, . ;. , deduced at the
——
(j—2) unities
beginning of the proof of Theorem 5, shows that the coefficients ¢; ;» for 7 > 3 and 1 < j' < n are poly-
nomials of the coordinates and perturbation parameters. For 1) ;7 and 19 j/, the fact of their polynomial
dependence on the coordinates and perturbation parameters is trivial: in the notations given in the proof
of Theorem 5, E; = hg(X1) and E2 = hg;(X>).
Summing up what was said above, we conclude that the coefficients of Y depend polynomially on
the coordinates and perturbation parameters.

We observed in Section 3 that, acting by the method given in [11], as e — 0, we can obtain the
asymptotics

ehdim MHK A (62,0,0) = HKA,(1,0,0) = HKx(1,0,0) + *(HK * Y (HK5))(1,0,0) + O(¢*).

We are interested in the coefficient at €? on the right-hand side of the last equality which is equal
to HKx *Y (HK3)(1,0,0). Since, for 1ts computation, we must differentiate p(t, ae; +2 0 b 1€;) twice

with respect to the variables a and b this coefficient depends not only on the transformed kernel but
also on its derivatives (up to the second order) with respect to a. We will also need to calculate hdim M
in the case if the nilpotent approximation of the manifold M is the n-dimensional Goursat group. By the

formula given in [6], we obtain hdim M = @ + 1
Further calculations are very cumbersome, and so we give them schematically. If we denote the
coefficients of Y by

vy=> (Fin((a, D), @, 0)9;0%) + Z W, V)0;)

J<k

Y contains no summand of zeroth order); then, considering that 0,0, 2 a, ? =0 for all 5,k > 2,
19k o
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we arrive at the expression

Rnfl
F G0 ), ) [ Sy (@00,25 (0 V) d(F 1)
Jj=1 Rn—1
G0, ). 7) [ Doy (@) d(F0)
]R’n—l

For making the form of HKx * Y(HKZ)(l, 0,0) completely explicit, we must have a somewhat con-
structive method for computing HKEF' It is possible to do that by Trotter’s formula

Taking Bf =tf” and Af = t(M,_, )2f, we find that
> (Bj—1X)+Bn-1X5
i=2

(% )(z) = (N)é [ s an
R

47t

1)) e (_4;;%(5 (52s) ﬁ())> )

j=1
HKﬁﬁ(t ,T1,T0) = hm / H Lin(z %))d( %)1<r<N 1’
RN 1 =0

where

Lin(z,y) = (:Vﬂ)éexp(—‘lft(; (ﬁj(ﬂﬁj 1) ) B 1(96” ;)!)2_ (z —43;)2]\[)'

This formula is applicable under some additional conditions which can be found, for example, in [24].
It is also proved in [24] that they are satisfied for the operators of the form (Af)(z) = f"(z)—(V (z))*f(z),
where V' is a polynomial with real coefficients; the example under study falls under this case.
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Inserting the found conditions for px, ¥Ypx, and HKEF into the formula for the desired coefficient

1
HK 5 * Y (HK5)(1,0,0) = //(pg(s, (a, B)Y (px)(1 — 5, (a, 8)))d(a, b )ds,
0 R™

we obtain the following result:

Theorem 6. For a sub-Riemannian manifold M with nilpotent approximation that is a Goursat
group under the assumption that hg,(X;) = 0 for j € {1,2}, the coefficient a; in the asymptotics

n(n—1)+2

HKa(t,z,z) =t~ 1 (ap+ ait + O(t?))

ast — 0 is a polynomial of the perturbation parameters whose coefficients are expressed in terms of the
limits of sequences of some integrals of functions of the form P(zi,...,z)exp (Q(z1,...,2x)), where P
and @Q are (in general, complex) polynomials of the real variables z1, . .., zj.

Note that the polynomials under the exponent in these integrals contain information about the
representations of the Goursat group and its coadjoint orbits.

Though we have been able to partially complete the calculations only in the case of Goursat groups,
we conjecture that, for equiregular sub-Riemannian manifolds with other nilpotent approximations, the
coefficient a1 and also the higher-order coefficients are representable in an analogous form. This mainly
depends on how convenient for calculations the formulas for the nilpotent heat kernels will be in the
general case. It is not impossible either that there are some nontrivial dependences between the higher-
order coefficients.

5. Conclusion

Despite the fact that the existence is known from [25, 26] of asymptotic representation of the form we
considered for sub-Riemannian heat kernels, the methods used there (for example, stochastic diffusion)
were very unconstructive and related to the geometry of manifolds only indirectly. The approach of the
present article gives more explicit formulas for the coefficients though the approach is very cumbersome
computationally. It works under not very restrictive assumption that hgy(X;) = 0 for the basis horizontal
fields X; which, as we expect, can be removed in many cases.

The novelty of the present article is part concerned with the perturbation method consists in finding
very general formulas for the operator Y and the heat kernel in the nilpotent approximation, which is
necessary to have at hand in each concrete application of this method.

The special functions that can occur in the expression for HK X are most likely unsimplifiable.

(Re)
However, HK ~ can be expressed with the use of Trotter’s formula

Aw(Re)
exp(A+ B) = lim_ ( <eXp<]<1z> exp <Jl\9[) > N)

generalized to the case of several summands since the operator Z;()\), where A € 6:, is expressible
in the form of several summands corresponding to the basis horizontal vector fields X;, 1 < j < m. Each
of these summands is the value of dR(X;)odR(X;) for some representation R € A (all definitions involved
here are correct for Lie groups).

It is also worth noting that the special functions necessary for solving the sub-Riemannian heat
equation are well studied in some cases. For example, for nilpotent Lie groups with growth vectors (2, 3, 4)
and (2,3,5), Heun functions of some special form are enough (see [15]).
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