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Abstract

The aim of this paper is to construct (explicit) heat kernels for some hybrid evolution equa-
tions which arise in physics, conformal geometry and subelliptic PDEs. Hybrid means that
the relevant partial differential operator appears in the form %, + %5 — 9;, but the vari-
ables cannot be decoupled. As a consequence, the relative heat kernel cannot be obtained
as the product of the heat kernels of the operators .£] — 9, and % — 9,. Our approach is
new and ultimately rests on the generalised Ornstein-Uhlenbeck operators in the opening of
Hoérmander’s 1967 groundbreaking paper on hypoellipticity.

Keywords Heat kernel - CR extension problem - Cauchy problem
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1 Introduction

Consider a second order partial differential operator . and the heat equation Zu —d,u = 0
associated with it. Following a well-established tradition by heat kernel we mean a function
p(x, &, t) such that for any £ the function p(-, &, -) is a solution of the heat equation, and
p(x, -, t) —> 8 in the distributional sense as t — 0. The aim of this paper is to construct
explicit heat kernels for some hybrid evolution equations which arise in diverse frameworks
such as e.g. sub-Riemannian geometry and problems from the applied sciences that are
modelled by some classes of subelliptic equations. By hybrid we mean that the relevant
partial differential operator appears in the form .2} + %> — 9;, but the variables cannot be
decoupled. Consequently, the relative heat kernel cannot be simply obtained as the product
of the heat kernels of the operators %} — 9; and %5 — 9;. Our approach is completely
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self-contained, elementary, and it is purely based on PDE methods whose final objective
is to emphasise the so far unexplored connection of the relevant class of hybrid equations
with the generalised operators of Ornstein-Uhlenbeck type in the opening of Hérmander’s
groundbreaking 1967 work [30]. It is worth mentioning here that as a by-product we obtain
a simple proof of the well-known (non-hybrid) cases of the heat operator in a stratified
nilpotent Lie group of step two and of the Baouendi-Grushin operator (see respectively
Sections 4 and 3 below).

To motivate our results we next discuss some prototypical examples which fall within
the scope of our approach. We begin with an example from conformal CR geometry. In
recent years the study of the so-called extension operators has received increasing attention
from workers in analysis and geometry especially in connection with certain conformally
invariant nonlocal operators. A typical situation of interest is represented by the Heisenberg
group H" = C" x R with real coordinates (z, o) ! and horizontal Laplacian

L=A, + (,(,+Za 2i0z0; — Zntidz)- (1.1)

In their seminal paper [19] Frank et al. have introduced the following extension problem:
given a function u € C3°(H"), find a function U € C*°(H" x R;.r) that solves the Dirichlet
problem

1-2 2 .
{ayyU+ 20,0 + YU + LU =0, inH' x Ry, 12

U(g,0) =u(g),

where the fractional parameter s € (0, 1). The term %EkmU has a geometric meaning
whose explanation comes from the equivalence between (1.2) and the scattering eigenvalue
problem in complex hyperbolic space. A fundamental aspect of the problem (1.2) is the
following weighted Dirichlet-to-Neumann relation, proved in [19],

—2%" lm(_)s)vl;my *ZYE;—;J«Z, 0).y) = Lu(z, o). (1.3)
The pseudo-differential operator .%; in the right-hand side of Eq. 1.3 represents the
fractional power of the conformal horizontal Laplacian on H" defined via the spectral
formula | U ias
N(—3Z10,17" + 5%)
F(=5Z19 171+ 132
This operator of order 2s, which was first introduced by Branson, Fontana and Morpurgo
in [9], is drastically different from the standard fractional powers defined by the well-known
formula

OZY :2x|a(r|s

(—éff:—r(1 S)/ tm(Qzu(g)—u(g))dt

where Q;u(g) = e u(g) = qu(g, g, Hu(g)dg is the heat semigroup with ker-
nel (4.6). The second order time-independent PDE in Eq. 1.2 is a notable example of the
type of hybrid equations that are the object of interest of the present paper. To clarify this
aspect we observe that if we formally think of w as a generic point in the space with fractal
dimension R2=) and we let y = |w| denote its “distance” to the origin, then the PDE in

—tZ

I'we explicitly mention here that traditionally the letter 7 is reserved for the vertical variable in H". However,

since we want to indicate the time variable with 7, we have opted for the notation o. The letter z instead
indicates the horizontal variables in R?".
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Eq. 1.2 can be interpreted as the action of the differential operator A,, + #800 + % on
functions having spherical symmetry in w. If we consider the heat equation associated with
such operator,
w|?
AwU+TaM+.$U—a,U:0, 1.4)

it is immediate to recognise that in such equation the variables (w, o) € R?1=% x R and
g = (z,0) € H" cannot be decoupled since the variable ¢ appears in both the limiting

operators Ay, + %aw — 0y and .& — 9; (see Eq. 1.1). In Section 4 we will show that the
heat kernel with pole at the origin associated with Eq. 1.4 is given by

i )"7’+17; =Py

) (2, 0), 1, ) = mﬁk e‘?“(smhw e A @iy, (15)

We emphasise that Eq. 1.2 is dramatically different from the extension problem a la
Caffarelli-Silvestre

{ayyU + 1290+ 20 =0, nH xR},

y

(1.6)
U(g.0) =u(y),

2
in which the geometric term }T 056 U 1s missing. The evolution PDE associated with Eq. 1.6
is

AU+ 22U —3,U =0,

and it should be clear to the reader that this is not of hybrid type since its fundamental
solution with singularity at the origin

2
4z, 0),1,y) = @) e p((z,0), 1)

is indeed the product of the fundamental solutions of the two heat operators A,, — 9; and
&% — 9, (the reader should note that we have used a superscript (s) to distinguish such heat
kernel from that in Eq. 1.5, for which we have used a subscript (s)). Formula Eq. 1.5 (see
also the more general case treated in Theorem 4.1 below) plays a critical role in the analysis
of conformal properties of the pseudodifferential operator .%;, and we refer the interested
reader to the works [25, 26, 39, 43, 44] for more insights into this aspect.

Another significant model of the class of equations encompassed by the present paper is
the following:

lw|?

Awf+TAUf+(w’vyf)_atf:O’ (1.7
where w,y € R", 0 € R and ¢ > 0. The Eq. 1.7 is a hybrid between the time-dependent
Baouendi-Grushin operator in R” x RF x Rf, Ay + # Ay — 9, and the famous degenerate
Kolmogorov operator in R x ]Rf, Ay + (w, Vy) — 9. Our interest in Eq. 1.7, and the
corresponding heat kernel (1.10) below, stems from its connection with a notable class of
PDEs arising in the physics of human vision and polymers. Consider in fact the Mumford
operator [40]

M = Ag1 +cos8 d +5sin6 3y — & = 87 +cos ¥ +sinb d, — & = V2 + Vo, (1.8)

where V| = dp and V, = cos 6 ¢ +sin 0 9, —0,. The operator (1.8) plays a critical role in the
physics of semiflexible polymers and it is of interest to understand the relevant heat kernel.
There is a natural Lie algebra associated with the vector fields Vi, Va, the rofo-translation
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algebra, but it is not nilpotent. However, one can check that, in view of Hérmander’s the-
orem in [30], the Mumford operator .# is hypoelliptic. Its nilpotent approximation is the
equation

w2
fww—}—?fg—i—wfy—f,:O. (1.9)

The PDE (1.9) differs from Eq. 1.7 in the fact that it contains the term %2 fs, instead

of “’72 fso, but one can link one to the other by means of transmutation formulas. Our
approach produces the following explicit heat kernel for Eq. 1.7 (with pole at a generic point
(wo, 00, o) € R" x RF x R")

h((w, o, y), (wo, 00, y0), )

_ (4”)—n/ ezm'<a—ao,x>e—%(\w|2—|wo|2+2m)(dettKl(t))—l/z %
Rk

1 . wo—e =27y wo—e 27y
X expy — — (K (1)) —e—2m1lAl , —e=21lA] yedr (1.10)
4 Y= Y="mpr W) \Yo— Y=o w
where
sinh@r]A)) 7 cosh@mr|A)—1
(Ko (1) = =27t 2rAl ‘ 42|22 " i
at) =e cosh@rr|AD—1 2 (27t A|—sinh (27 £|A]))+(cosh Q| A)) — 1) (€271 1H —1) 1]
47202 n 83 (A3 n

Formula Eq. 1.10 is a special case of the more general Theorem 3.6 below, to which we
refer the reader.

We now briefly discuss the organisation of the paper. In Section 2 we recall the class (2.1)
of generalised Ornstein-Uhlenbeck operators in the opening of Hormander’s cited paper
[30], and for completeness provide a short proof of Proposition 2.1 since this result con-
stitutes the backbone of the present work. Section 3 introduces the hybrid class Eq. 3.1, of
which the Eq. 1.7 discussed above is a prototypical representative. Besides its own inter-
est, such section is instrumental to the rest of the paper. In the Section 3.1 we solve the
Cauchy problem Eq. 3.4 for a generalised harmonic oscillator. The main result is Proposi-
tion 3.2 that establishes a generalisation of the classical formula of Mehler. In Section 3.2
we use this result to derive the heat kernel for the Baouendi-Grushin operator, see Eq. 3.19
in Theorem 3.4. In Theorem 3.6 we finally construct the heat kernel for the class of hybrid
equations in Eq. 3.1. Section 4 represents the more geometric part of the paper. There we
construct the heat kernel for the conformal extension problem Eq. 4.1. The latter repre-
sents a time-dependent generalisation to arbitrary groups of Heisenberg type of the above
discussed conformal extension problem Eq. 1.2 from [19]. The main result of the section
is Theorem 4.1. To prove it we follow a pattern similar to that in Section 3. We first con-
struct the heat kernel for a generalised harmonic oscillator with a complex drift. This step
serves as a building block in the proof of the main Theorem 4.1. In the process, and as
a by-poduct of our approach, we also provide a new elementary proof of the famous for-
mula of Hulanicki-Gaveau-Cygan for the heat kernel on a Carnot group of step two, see
Theorem 4.6.
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2 The Generalised Ornstein-Uhlenbeck Operators of Hormander

In this section we recall a well-known explicit heat kernel that constitutes the essential
ingredient of the present work. Consider the class of differential equations in RY x (0, o0),

Hu = Au—du Y w(QVu) + (Bz, Vu) — dyu = 0. @.1)

Here, the N x N matrices Q and B have real, constant coefficients, and moreover Q =
Q* > 0. A basic feature of the operator %" is the invariance with respect to the following
non-Abelian group law in RV !

(z,8)o (¢, )= +e Bz s +1),

see [36]. We emphasise that the evolution equation £ u = &/u — d;u = 0 encompasses
operators that are very different in nature. Besides of course the classical heat equation (Q =
Iy and B = Oy), it contains the Ornstein-Uhlenbeck equation A u — (z, V,u) — d,u =0
in [41] (Q = Iy and B = —Iy), but also the very degenerate equation of Kolmogorov from
the kinetic theory of gases Ayu + (v, Viu) — d;u = 0 in R2" x (0, 00) , see [35] (Q =
(I” O") and B = (O” 0")), as well as the degenerate Ornstein-Uhlenbeck equation
O Oy I, Oy
Ayt — (v, Vou) + (v, Vyu) — du = 01in R?* x (0, co) which arises in the Smoluchowski-

Kramers approximation of Brownian motion with friction, see [10] (Q = (I" O") and

0, O,
_ _In On
5= (5 oo

In [30] Hormander proved that Eq. 2.1 is hypoelliptic if and only if its covariance matrix
satisfies the following Kalman condition for one (and therefore every) t > 0

1! .
K@) =- / eBoeBds > 0. (2.2)
0

The hypothesis (2.2) will henceforth be assumed in this section. Under such assumption
we note that t — 1K (¢) is strictly increasing in the sense of quadratic forms: one has in fact
forany r > tp > 0

4 * 1=to * *
tK (@) — 10K (1) = / B0’ ds = e708 (f B Qe B dcr) e 0B
fo 0

= e Bt — 1)Kt — tg)e 8" > 0.

It follows that
t— (tK(t))_1 is strictly decreasing. 2.3)
Therefore, the matrix
K= lim tK(1)~!
=00

is well-defined, and of course it is symmetric and nonnegative definite. Formally, K O_ol is the
inverse of the matrix f()oo B Qe“B* ds, but it is well-known that the latter is well-defined if
and only if all the eigenvalues of B have strictly negative real part (see, e.g., [11, Proposition
2.3]). On the other hand K 3! is well-defined for any choice of Q, B satisfying Eq. 2.2, even
if it possibly has a non-trivial kernel.

To introduce the main result of this section we next recall the time-dependent intertwined
pseudo-distance

mi(z.8) = (KO — eB2). 0 —etB2), 150,
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828 N. Garofalo, G. Tralli

The behaviour for large ¢ of # K (¢) and m, (-, -) has been instrumental in our previous works
[22, 23] in establishing several functional inequalities related to the differential operator .27

Proposition 2.1 The heat kernel of Eq. 2.1 is given by

p(z, ¢, 1) = m X (—W) : (2.4)
More precisely, for any f € C(RN) such that
em#lKSd) ) e 1 (RN) : 2.5)
the function
u(z, 1) = P f(z) = /RN p(z, 8,0 f(©)dg (2.6)

solves the Cauchy problem # u = o/u — du = 0in RY x (0, 00), u(z,0) = f(2).

Proof The proof of Eq. 2.4 is known and fairly elementary. Denoting by & the dual variable
of z, and letting &(&,1) = f]RN e 2mi.2)y (7, 1)dz, then on the Fourier transform side the
Cauchy problem reduces to solving

A 2.7
i€.0) = f©). 7

Now Eq. 2.7 can be easily solved via the method of characteristics. Fixing (£, 1) € RY x
(0, 00), one considers g(s) = ﬁ(eSB*‘;‘ , 8 + t). This function, in turn, solves

g (s)+ (4n2<e53QeSB's, £) + trB) g(s) =0,  g(0) = a(E, 1).

{atﬁ + (B*E, Vi) + (472(QE,E) +wB) i =0 inRY x (0, 00),

Recalling (2.2), we see that g(s) is given by
¢(s) = fi(E, r)e 47 s (K(©E8) s 0B,

Since g(—1) = f(e 'B"¢) and K(—1) = e 'BK (t)e~'B", this implies the remarkable
formula
12(57 t) — e*tlrBef4f7'[2(K(l)(f_tB*E,L’_IB*E> f"\(eftB*g). (2.8)

The representation formula Eq. 2.6 follows from Eq. 2.8 by taking the inverse Fourier
transform and straightforward manipulations.

It is proved in [17, Theorem 1.4] that, if | f(z)]| < Ce?P for some positive constants
¢, C, then the function u = P; f is solution to J# u = 0 in a suitable strip RY x (0, T') and
it attains the initial datum f. We need to prove that, given f satisfying Eq. 2.5, the function
u = P;f is well defined for every + > 0 and it defines in fact a solution of the Cauchy
problem in the whole RY x (0, 00). To see this, for any (z,1) € RY x (0, co) we write

B (4mr)~N/2 mi(z, £)?
u(z,t) = /RN W“P (‘T) f(©dg

_ —N/2 - -
— exp Hex® ‘e‘Bz,e'Bz>/ (4m) = slaxorteds) ko)

o et K@) 172 F@)de.
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Exploiting (2.5) we thus infer

—H{ak @) ePzeB) y 2.9

uG 0l < sup e 5K 7o) exp
¢
~NJ2 _ _
X/ (4m) e {((KO) e exp*%<<”“’” ‘c,c)eg(@l;,;)d;_
RV (det(rK (1)))1/2

Property (2.3) ensures, for every fixed r > 0, the existence of ¢, > 0 such that

(ek@ ™ =K ) non) = waln® Vi e RY.
Inserting this information in Eq. 2.9 we deduce that

_ _1 —1,tB_ ,tB
e )] = sup o HER'E) o) expHIKO 1)
¢

(dm)~N/2 Wakaye,et® 1
e R

_ /(L -1_ -1 B B
_ Sup’e_g(Kmlq,c) f@)‘expzl((ﬂ, (K@) =1y ) K@) e Prez)
¢

—N/2 1 1 -1 2

/ (4r) exp—z|m:—ﬁ<ﬂ<m) ot it < oo,
RV (det(rK (1)))!/2

By arguing in a similar way one can compute the derivatives of u at any point (z,¢) €

RY x (0, 00) by exchanging the order of derivation and integration: this shows that u is

solution and completes the proof of the theorem. O

It is easy to see that for the heat equation (Q = Iy and B = Oy ) the matrix tK (¢t) = t Iy
and therefore K ! = Oy. The matrix K is the null matrix also for the Kolmogorov

12

equation (Q = (é’; gz> and B = (CI): g’;)) since tK(t) = <f:2lnn é;:) and thus

%In _I%In
—pln 3th
B = —1Iy) the matrix tK (t) = %(1 — e~ )y and therefore Kgol = 21Iy. In the following
two examples we discuss two situations that will be useful in the remainder of the present
work. Henceforth in this paper we indicate by j : R — R the real analytic function defined
by

K@) ' = ( ) Instead, for the Ornstein-Uhlenbeck equation (Q = Iy and

j(@) = (2.10)

T
sinh(7) "

Given a N x N matrix C with real coefficients, the notation j (C) will denote the matrix
identified by the power series of the function j. It is worth noting that j(C) is invertible
with inverse matrix given by j(C)~! = 332, (2,?7_2;), Similar interpretation for the matrix
cosh C.

Example 2.2 (Ornstein-Uhlenbeck with a possibly degenerate drift) Let D be areal N x N
matrix, that is symmetric and nonnegative definite, and consider the operator obtained by
Eq. 2.1 with the choice
0=1Iy and B =-2D.
Then
K3 =4D. (2.1D)
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830 N. Garofalo, G. Tralli

Proof With Q and B given above we have tK (1) = f le=*Dgs. Keeping in mind that

=%, % and sinh(t) = Y 22, (2;:), , we now make the following observation
' 1 p%k 2
P K@) eP = / 2D gy — 7./- - Z / Zk g
0 4Ju (2k)!
=1 @D)* _ t(j(2tD))™!
ik Y ’

k=0
where j is as in Eq. 2.10. Since the previous identity can be rewritten as follows
K@) =te P (j(2tD)) e P,
we then obtain

(K@) ' = %e’Dj(2tD)e’D. (2.12)

We notice that (K (7))~ and D diagonalize simultaneously, and the function @ jQut)
converges to 4 as t — oo for any ;0 > 0. Then, from Eq. 2.12 we obtain

K= lim ¢K (1)~ = 4D,
—00
which proves Eq. 2.11. O

The Smoluchowski-Kramers equation (Q = L Oy and B = ~In On ) men-
0, O, I, O,
tioned in the opening of the section falls within the class considered in the following

example.

Example 2.3 (Degenerate Ornstein-Uhlenbeck) LetN = n+n; withn,n; € Nandn; < n.
Consider a symmetric and positive definite n x n matrix D; and a n; X n matrix By with
rank n;. For the operator . in Eq. 2.1 corresponding to the choice

Q: In 0n><n] B — _2D1 0n><n1
On1><n 0n1><n1 ’ BO On1><n1 ’

_ 4Dy O
Kl = ) 2.13
o0 <0n1><n Onlxn1> ( )

one has

Proof As a first step we observe that with O and B given above, where the lower indices
indicate the dimensions of the various zero matrices, the Kalman condition Eq. 2.2 is
satisfied. Since the kernel of Q is nj-dimensional, the operator tr(QV?) + (Bz, V) is
degenerate-elliptic. Denoting V; = 9, fori € {1,...,n} and Vy = (Bz, V) one has

tr(QV?) + (Bz, V) Zv2+vO
Moreover, the commutator between V; and Vj is given by

[Vi. Vol = (B*V), —2Z<D1>,,8z,+Z(Bo>ﬂ

Jj=1 Jj=1
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Heat Kernels for a Class of Hybrid Evolution Equations 831

From this relation and the fact that Im (Bg) = R" we deduce that the vector fields
Vo, V1, ...V, satisfy Hormander’s finite rank condition on the Lie algebra in [30] and there-
fore the operator /% is hypoelliptic. As we have recalled, this is equivalent to saying that
Eq. 2.2 hold.

Next, we compute

tB e 2D 0n><nl
€ =11 -1 —2tD )
sBoDT (I, —e D) 1,

and

1K (t) = (Kn(t) Ku(ﬂ) 7

K, (t) Kao(t)
where
1
Ku@ = ;07" (1o —e~4Pr)
1 -2 —2tD 2 *
Ki@) = gD, (In—e 1) B

1 1
Kn(t) = ZBOD;"‘ (tl,, + ZD;1 (—31,, +4e™HDr e—‘“Dl)) Bf.

By means of known formulas for the inverse of a partitioned matrix (see, e.g., [31, Section
0.7.3]), we obtain

-1
L [(Kno-KeokL 0kL0) Onsny
K@) = iy L
Onyn (K20 -KLOK ] OKn0)
y ( I ~Kn(Ky' (r))
K5 OKG () I,
We now notice that, as t — oo, we have the limiting relations
t
Kl_ll () > 4D;, Kn() = ZBODI_ZB[)" +0(1), Kp@)=00).

Since B()Df2 Ba‘ is invertible, we conclude that

_ . _ 4D; O

KZ'= lim ¢kK@®) ' = i

o0 t%oo( ( )) (Onlxn Onlxnl

which establishes Eq. 2.13. O

3 Baouendi met Kolmogorov

In this section we discuss a first interesting class of hybrid evolution equations which,
remarkably, is directly amenable to the setting of Proposition 2.1 by means of partial Fourier
transform and a suitable exponential transformation, see Eq. 3.30 below. The reader should
bear in mind that the work in this section is also instrumental to the remainder of the
paper. Consider a symmetric and positive definite n x n matrix Q. Let n;y < n, and
fix also a n1 x n matrix Bg having maximum rank n;. We denote the relevant variables
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832 N. Garofalo, G. Tralli

weR", o eRK, y e R" and 1 € (0, 00). Our objective is to solve the Cauchy problem in

R" x RF x R™ x (0, 00),

Auf + 3 (Quw,w) Ao [+ (Bow, Vy f) =0, f =0, 3.1)
fw,o,y,0) = fo(w,o,y),

where fj is a suitably assigned function in R” x R¥ x R . We stress that, in our terminology,
the partial differential operator .2 — 9, in Eq. 3.1 is hybrid since . = £ + %, where
Af = %Awf + 41—1 (Q1w, w) Ay f and L f = %Awf + (Bow, Vy f), and the term
Ay, f appears in both .Z] and .%. Before proceeding we emphasise that the hybrid PDE
in Eq. 3.1 encompasses equations as diverse as the parabolic Baouendi-Grushin equation in
R" x RF x (0, 00)

lw|?
Auwf+ =3 Bof = f =0, 3.2)

see [1, 28, 29], and the already mentioned degenerate Kolmogorov equation in R x (0, 00),

Ay f+{w, Vyf)—a.f =0, (3.3)

see [35]. The former of these two limiting cases is obtained by takingn; = 0and Q| = I,
in Eq. 3.1, whereas the latter corresponds to taking k = 0, n = ny, and By = I, in Eq. 3.1.
To ease the reader’s understanding we first discuss in detail our approach to constructing
the fundamental solution of Eq. 3.2 since this allows to present some of the ideas in a
significant, yet simpler model. This will be accomplished in the next two Sections 3.1 and
3.2, the former of which contains a self-contained construction of the Mehler fundamental
solution for the generalised harmonic oscillator in Eq. 3.4 below by reducing such operator
to a special case of Proposition 2.1. We mention that when the matrix D is a multiple
of the identity such fundamental solution is well-known and we could have simply lifted
its expression from the literature, see Remark 3.3 below. In line with the declared self-
contained spirit of the present paper, our objective is to show that Proposition 3.2 below can
be derived from Proposition 2.1 by elementary considerations.

3.1 The Harmonic Oscillator aka Ornstein-Uhlenbeck

In what follows given a number n € N we denote by D € M, «,(R) a matrix such that
D = D*, D > 0. We consider the Cauchy problem for the generalised harmonic oscillator

_ 2., —
{vA(zv Do eE, 20 GH
where vy is suitably chosen. We have the following key lemma.
Lemma 3.1 Suppose that the functions v and w are connected by the transformation
v(z, 1) = e~ (3 D2AHUED ). (3.5)

Then, v is a solution to the PDE in Eq. 3.4 if and only if w is a solution to the following
equation of Ornstein-Uhlenbeck type

Aw —2(Dz, Vw) — w; = 0.
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Heat Kernels for a Class of Hybrid Evolution Equations 833

Proof We compute
V(e—(%<Dz,z>+ttrD)) — e~ (3(Dz )+ wD) s

A(e_(%<DZ'Z>+ttrD)) — (|DZ|2 —tr D)e—(%<DZ,Z>+l‘t1’D)’
1

3, (¢~ DzA+1UD)y =3Pz +1uD) g
This gives
Av — |Dz]Pv — dv = e~ 2 (P2AHED) Ay — 2Dz, V) — w;). (3.6)
The Eq. 3.6 proves the lemma. O

The next proposition is the main result of this subsection.

Proposition 3.2 (generalised Mehler formula) Let .4 be given by the following formula
M (2,8, 1) = (4m1)”2/det j (2 D) 3.7
X exp { — %((j(ZtD) cosh2tD z,z) + (j(2tD)cosh2tD ¢, ¢) — 2(j(2tD) z, C)) }
with j as in Eq. 2.10. Then, for any vy € C(R") such that
e 2022y (2) € L™ (R”) (3.8)
the function
v(z, 1) = /Rn M (2, &, D)vo(8)d¢
is solution of Eq. 3.4.

Proof In view of Lemma 3.1 we see that if v solves the Cauchy problem Eq. 3.4, then

w = e2PHED 1y olves the Cauchy problem
Aw —2(Dz, Vw) — w; =0,
VD) (3.9
w(z, 0) = €25 vp(2).

To solve Eq. 3.9 we intend to apply Proposition 2.1 with N =n, Q = I, and B = —2D.
Keeping Example 2.2 in mind, we know from Eqs. 2.12 and 2.11 that with this choice we
have

K@) ' =¢Pj@tD)eP (3.10)
and
K =4D.

Therefore, the initial datum in Eq. 3.9 is equal to
w(z, 0) = e3P yp(z) = e (K22 (efé(DZ’Z)vo(z))

and, since vg is continuous and satisfies Eq. 3.8, it nicely fits the assumption of Proposition
2.1. According to Egs. 2.4-2.6 the solution of Eq. 3.9 is thus given by

w(z, t)zf PG ¢ e PEOy(0)de,

where we have let

P8 1) = @rn) et K (1) 2o # (KO e Pa.c=ePa) (37
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834 N. Garofalo, G. Tralli

By Eq. 3.10 we have in particular that

(det K (1))"'2 = ¢'"P /det j (2t D). (3.12)
Using Eqgs. 3.10 and 3.12 in Eq. 3.11, we find

tD

p(z,£,1) = (@dr) "3 D Jdet j2iDYeu D =P Pr—emPe) (3 13y
From Egs. 3.13 and 3.5 we now see that the solution of Eq. 3.4 is given by
v(z, t)=/ M (z, 8, DHo(8)dg,
Rn
where
M. ¢ 1) = (mr)” 1 /et j (21 D)e i D32 s (UDLL) (3.14)

x e~ At QD) Pr—eP2). e Pr—emtP2)

Using the tautological identity

2tD __ e—2tD

21D = j(2tD)sinh 2D = j (2 D) —————,

and the fact that
TP j(2tD) = j(2tD)e™'P,
we can now write the argument in the exponentials in Eq. 3.14 as
(2tDz,z) — (2tDL, &) + (j 2t D) (€' Pt — e7P2), Py — e7'P2)
= (j(2tD)sinh2tDz, z) — (j (2t D) sinh 2t D¢, ¢) + (j (2t D)e Pz, e P7)
+(j@D)e'Pe, e P) — (j2tD)e Pz Pty — (j(2D)e'Pg, e P2)
= (j(2tD)sinh2tDz, z) — (j (2t D) sinh 2 D¢, ¢) + (j (2t D)e Pz, z)

+(j2tD)e* P, ¢) — (j(2tD)z, ¢) — (j(2tD)¢, 2)
= (j@tD)cosh2tD z,z) + (j(2tD)cosh2tD ¢, ¢) — 2(j (2t D) z, ¢).

This shows Eq. 3.7. We have finally proved Proposition 3.2. O

In what follows we will use the following alternative expression of Eq. 3.7

Mz, 0, 1) = (4nt)~2,/det j(2tD) x (3.15)
2
X exp { - %( ’,/j(zzD) cosh2tD ¢ — \/j (2tD)cosh™!' 2D 7

+(j(2tD) (cosh 2tD — cosh™! 2tD) z, z)) }

In particular, by performing the change of variable

- ¢ . —1 <
—n=+/j@tD)cosh2tD — — (2tD)cosh™ 2tD ——,
crn=vl Vit Vi Jat

from Eq. 3.15 it is immediate to recognise that

/ Mzt 0)dE =
Rﬂ

1
Xp {—E(j(%D) (cosh2tD —cosh™! ZID) Z, Z)}.
(3.16)

1
— ¢
+/detcosh 2t D

Formula Eq. 3.16 will be useful in the proof of Theorem 3.4 below.

@ Springer



Heat Kernels for a Class of Hybrid Evolution Equations 835

Remark 3.3 The reader may find it interesting to compare Eq. 3.7 with the classical 1866
Mehler formula for the harmonic oscillator Au — w|x |2u —u; =0, seee.g. [7, Section 4.2],

n/2
M(x,y, 1) = (4ar)"? (2‘/“:’} ) o~ %52 (cotanh 2./wt (| Py P)—2 esch 2 /ot {x, )
T sinh 2./wt '

This formula follows immediately from Eq. 3.7 by taking D = /wI,, in its expression.
3.2 The Heat Kernel of the Baouendi-Grushin Operator

In his 1967 Ph.D. Dissertation [1] under the supervision of B. Malgrange, S. Baouendi first
studied the Dirichlet problem in L2 for a class of degenerate elliptic operators that includes
the following model

|w|?
Au+ A, (3.17)

where (w, o) € R” x RX. At that time M. Vishik was visiting Malgrange, who discussed
with him the thesis project of Baouendi. Vishik subsequently asked Malgrange permission
to suggest to his own Ph.D. student, Grushin, to work on some questions related to the
hypoellipticity of operators modelled on Eq. 3.17, see [28, 29]. This is how the operator
Eq. 3.17 became known as the Baouendi-Grushin operator. This operator is also important
since it is connected to harmonic functions with special symmetries in a group of Heisenberg
type G. We notice, in this respect, that there is no global group law underlying Eq. 3.17, but
the operator is invariant with respect to standard translations (w, o) — (w, o + ¢’) along
the manifold of degeneracy M = {0} x R¥. We consider the Cauchy problem

At + LA u— =0 in R x (0, 00),
u((w,0),0) = f(w,0).

The next result provides an explicit heat kernel for Eq. 3.17.

(3.18)

Theorem 3.4 Let

o 2¢ —ino'—0) |A] :
B(w,0), (W', 0"),1) = ——— | e " : (3.19)
Am)2 7t Jre sinh |A|
o~ At (1w ) =2(w.w) sech [A]) 45
Then for every f € . (R"*) the function
u((w,o),t) = / / B(w,0), (W, o), ) f(w,o)dw'do'
R JRK

is a solution of Eq. 3.18.

Proof We indicate with fi(w, A, 1) = [pi e > *)u(w, 0, t)do the partial Fourier trans-
form of u with respect to the variable o € R¥, with dual variable A € R¥. Applying such
Fourier transform to Eq. 3.18, for any fixed A € R¥ we obtain

Apit — AP w?i — 8,4 =0 inR* x (0, 00),
i((w, 1), 0) = f(w,1).
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836 N. Garofalo, G. Tralli

This is a Cauchy problem for a harmonic oscillator such as Eq. 3.4 above, with matrix
D = D(A) = m|r|I,. From Proposition 3.2 we know that the solution of such problem is
given by the formula

(w0, 0 = | ow,w',0)f@, Ndw
R}l

= / e~ i) / M (w,w', 1) fw', o )dw'do’,
Rk R
where ., (w, w’, t) is Mehler’s fundamental solution given by

2

Mo (w. w1 = Ay ‘27T|)»| " 67%((|w|2+|w’|2)cotanh(2nt\)\\)72(11),11)’)csch(27n|)\|)),
sinh 27 ¢|A|

(3.20)

see Remark 3.3. We know that i ((w, A), 1) — f(w, A) in the pointwise sense. We will
t—0

now show that, for every fixed w € R", such convergence also holds in LI(R", d)r). To see
this we write

/ 2w, ). 1) — fw, D)ld
]R"

:/Rk

5/ / ,///x(w,w’,t)‘f(w',)»)—f(w,)»)‘dw/d)»-i—/
R JR R

dx

u((w, 1), t) — f(w, A) </ Mo (w, W', Hdw + 1 — / M (w, ', t)du/)
]Rn R’l

1— | o (w,w,tdw
Rll

Fw, x)‘ dx.

Applying Eq. 3.16 with D = m|A|l, we easily obtain

2mt|A|

1 : _lw 2wl () eeh? 9ryfa)
%}\ (w, w/, [)dw/ = — e 4 tanh2uifi] S .
R cosh2t|A|

From this identity we immediately see that

@) 0< fputlo(w,w', )dw' < 1;
(i) fgo A (w, W', )dw’ — 1ast — 0F.

From (i) and (ii) we infer by dominated convergence theorem that
1— My (w, W', Hdw'

/Rk Rn

On the other hand, by applying Eq. 3.15 with D = 7 |A|[, and performing the change of
variables w’ > 1 with w’ — w sech 2w ¢|A| = 7, /41%, we deduce

L, [ttt - fo | awar
R JRe
z 2
=7'[_%/ / ; 2 e—%%(l—sechzﬁrtl)\l)e—wz %
Rk Jrr \ cosh2mt|A|
o tanh 27 t|A A
f | wsech2mt|A] + 7 4IM,A = f(w, )
2mwt|A]
n A tanh 27¢|\ A
Sﬂ_f/ / e In? Flwsech2mt|A|4+7 4IL]T||,)L —f(w, )
Rk n 27Tt|)\-|
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Heat Kernels for a Class of Hybrid Evolution Equations 837

where the last limiting relation can be again justified via dominated convergence theorem
since f € .% and therefore f(w’, 1) is continuous at (w, ) and it can be bounded by an
integrable function uniformly in w’. This proves that

lim / [a((w, L), 1) —f(w,)»)|dk:0 Yw e R". 3.21)
t—0t JRk

If we now take the inverse Fourier transform of #((w, ), t), we find the following
representation for the solution of problem Eq. 3.18

u((w,a),t):/ / </ e_z’”()"“/_”///;\(w,w’,t)dk) fw', o )dw'ds’. (3.22)
Rn JRRK Rk

We stress that Eq. 3.21 ensures uniform in o € R¥, and therefore pointwise convergence
of u((w,o),t) to f(w, o) ast — 0F. From Eq. 3.22 it is clear that the heat kernel of the
parabolic Baouendi-Grushin equation in Eq. 3.18 is thus given by

B(w,0), (W, a),t) = / e i '=0) g w w!, t)dA, (3.23)
]Rk

where ./, (w, w’, 1) is as in Eq. 3.20. Changing variable A — 277X in the integral over R,
we finally obtain Eqs. 3.19 from 3.23. O

We mention the works [2, 12, 13] for various derivations and integral representations of
the heat kernel for Eq. 3.17 when k = 1. For related discussions about the fundamental solu-
tions of more general (time-independent) Baouendi-Grushin operators we refer the reader
to [3, 5, 20].

3.3 Back to the Hybrid Equation

In this subsection we finally solve the Cauchy problem Eq. 3.1. In preparation for our main
result, Theorem 3.6 below, we introduce for every A € R* the (n +n1) x (n + n;) matrices

0= I, Onxm i B, = =27 (M| Q1 0n><nl ) (3.24)
Onlxn Onlxnl BO 0n1><n1
For every ¢ > 0 we next consider the covariance matrix associated with Q and B,
t
1K) Y / B 0Bl ds. (3.25)
0

If we keep in mind Example 2.3 with the choice D1 = m|A|/Q1, we know that the
matrix K (¢) is positive definite for every ¢ > 0, i.e. it satisfies the Kalman condition Eq. 2.2
above. Moreover, by Eq. 2.13 we have

— 4 |A/ 01 Onxn
K7l = 1. 3.26
A,00 < On|><n 0n1><n1 ( )

We next establish a lemma that will play a crucial role in the proof of Theorem 3.6.

Lemma 3.5 Foranyt > 0 and A € R* we have

-1
—1 l —tB} pr—1 ,—tBy _l —1
(K (1) + 26 Kmoe > | tK; (1) ZIK)L(I)KA’OQIK)\(I) .
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838 N. Garofalo, G. Tralli

Proof The case A = 0 is trivial since 7K}, (¢) is still a positive definite matrix and K, (')o is

the null matrix. We can thus assume A # 0. Keeping in mind the explicit form of e 78+ (see
Example 2.3 with D| = |A|«/Q1), we notice that

le”BfK“ 1B — (27T|)»|v Q' 1INV Or Onxn, )
2 4,00 On1><n Onlxnl

isa (n 4+ ny) x (n + n1) matrix of rank n. We can then exploit the formula for the inverse
of a small-rank adjustment (see, e.g., [31, Section 0.7.4]), which is sometimes referred to as
the Sherman-Morrison-Woodbury formula, to infer that

1 p -
((zm(z))" + e K;;oe*’BA)
1 1 -1
L 73 ,—4mt|n 1 52 —47t2.
— tKA(t)—tKA(t)(<2NIKIQ1 2 p—4mt| |@+4U\MQ1 2(1”_6 Tt I\/G)> Onxnl) 1Ko (0),
0)11><ll Onlxnl
where we have used the fact that the first block K(¢) in 1K, () is equal to

1 1
2 (1 — —4mm4/Q1>
ey <" ¢

-1
(see again Example 2.3). By exploiting the simple inequality (In + e 4TV Or ) > %In,
we deduce that

1, -1
((tK,\(t))’l + Eesz.A K}\—’éoeszx)

-1
— (K1) — 1K (1) (‘”'“V Q1 (1 + eV Onxm)m(r)

0n1><n 0n1><n]

J 1
< 1K () — tK (o) (VO Oman ) ey = vk ) — SHKL (DK, Ko (1)
Onlxn Onlxnl 2 ’
which implies the desired conclusion. O

Theorem 3.6 For X = (w, y) and Xo = (wo, yo) we let
n+n — tB;
Pa((w, y), (wo, y0), 1) = (4) ™ 7 (det1 K (1)) ™1/ 2e 3 KO (Xo=e 1 X), Xo—e P ),

and define

h((w, 0, ), (wo. 00, Y0). 1) = f 20 =002) = MG (V@I (b w—wo) e VO (3 27
]Rk
x pi((w, y), (wo, yo), 1) dA.

Given fy € /(R" x Rk x R™), the function

fw, 0,9, 1) = [gnyghygm B((w, 0, y),(wo, 00, y0). 1) fo(wo, 00, yo) dwodoodyo, (3.28)

solves the Cauchy problem Eq. 3.1.
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Heat Kernels for a Class of Hybrid Evolution Equations 839

Proof As before, our first step is to take the Fourier transform of Eq. 3.1 with respect to the
variable o, with dual variable A € R, If we let

v(w, y, 1) = f(w, A, y,1) = / e 20l f(w, o, y, tdo,
Rk

then for every fixed A € R¥ the problem Eq. 3.1 becomes in R” x R™ x (0, 00)

Apvy, — 2A2 (Q1w, w) vy, + (Bow, Vyvy) — 903 = 0,

o 3.29
v (w, y,0) = fo(w, A, y), (w,y) e R" x R, 5:29)

Our second step is to make the following change of dependent variable vy — u;, where the
two functions are linked by the relation

vi(w, y, 1) = e TGVl VO ), (3.30)

This step represents a generalised version of Eq. 3.5 in Lemma 3.1. After some straight-
forward computations one recognises that in terms of the function u; the problem Eq. 3.29
becomes in R” x R"! x (0, 00)

{Awm — 27 AV Crw, V) + (Bow, Vyuy) — du, =0,

x ~ 3.31
wp(w, y, 0) = e3HVIww) f6 5 y), (w,y) € R" x R, 53D

Remarkably, the PDE in Eq. 3.31 can be cast in the form Eq. 2.1, where now N = n + nj,
and the matrices Q and B = B, are given by Eq. 3.24. The covariance matrix is given by
the positive definite matrix K, (¢) in Eq. 3.25. By Eq. 3.26 we can rewrite the initial datum
in Eq. 3.31 as

;-[ ~ k-1 ) ~
s, 3, 0) = eFHWED) foy g, y) = MERCDOI) f
Since ﬁ) is bounded, we can apply Proposition 2.1: if we thus let X = (w, y) and X¢ =
(wo, yo), and define p; ((w, y), (wo, yo), t) as in Eq. 2.4 above, we infer that the function

s (w, y. 1) = / P2 (W, ). (w0, y0). 3™ HIVET10) (o & yo)dwodyo
R xR

solves the problem Eq. 3.31. In view of Eq. 3.30 this implies that

v (w, y, 1) = TG (VOIww)+u VO o

x / Pr((w. ). (wo, yo), Hez™H(VQiwowo) f s 3 voydwodyo.
RrxR™

As we intend to take the inverse Fourier transform of v, (w, y, t) with respect to A,
we want to understand the behaviour of v, (w, y, t) with respect to this variable. Since fp
belongs to the Schwartz class, we know that fo(wo, A, yo) decays faster than any polyno-
mial in A in a uniform way with respect to (wq, yp). Our objective is thus to analyse the
function

Ix(, ) = MG (VOIw )+ O / Pa(w, ¥),(wo, yo), £)e MV CTw0.m0) gy

R xR"1
Using Eq. 3.26 and the explicit expression of p, (X, Xo, t) in Eq. 2.4, we write
e~ VO1 e*%<Kf.looX’X>

(471)”2"1 Jdett K, (1)

Ix(\, 1) =
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[ el s,
Rt

—H( PRkt e B LKL ) XX
e~ T /Or T ¢ A ¢ 785,00 )4
= X

(dm) "2 Vdet7K; (1)

1 1 S 1\~ _1 1
7 (I_Q(IK)L(I))ZK)L'OO(IK)L(I))2> (K (1)) 2 BAX, (1K () 2 BrX

xXe

1
X /H;Hnl exp {—4

1 LR 1\ ? -1 B
(1= 5 RO KL (Kt Ka0) 7B

X
1

(1 — % (tKA(t))% K;Lo (th(t))%>7 (tK,\(z))—% Xo+

1 2

dXo

= e (det (1 - SR K (m(r)ﬁ)) x

~H{(eKun T he T K e B )erBr X e B X )
we (K (1) +2 2,00 , <

D=

" i ((tK;\(t))fé(tK;\(t))K;LO(tK;L(t)))ilefBAX,e’B»\X>
e

where in the last equality we have used the change of variables Xo — Z, where

1
Z= <1 - %(th(t))% K,\_éo (th(t))%>2 (4tK)\(t))7% Xo +

1

- <I‘ %UKW»%K;; (th(t))%> T @K, ebx,

n+n
and the fact that fR"*”l e~12PdZ = 777", At this point a small miracle happens since from
Lemma 3.5 we have, for every X € R*""" ) e R¥, and ¢ > 0, that

<<(ﬂq(t))‘1 + %e"Bi‘ K;;Oe—’Bf‘»> e X, e’B*X>
-1
> <<(th0)) - %(th(t)) Kb (th(t))> P X, e’B*X>.

Inserting this information in Eq. 3.32 we obtain

efnt|)h|tr4/Q| nny

0<Ix(h, 1) < <277 VO

1

[ 1\ 2

(det (1 — LK) KL (rlg(r))z))2
(3.33)

where in the last inequality we have exploited (2.3) to obtain (I — %(tK,\(t))% K)\_(l)o

(1K, (1)) %) > %1. Moreover we also have

lim Ix(A, 1) =1 VX e R ) e RF. (3.34)
t—0t
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The limiting behaviour in Eq. 3.34 can be checked by using the change of variables
Xo — Z where Xo = e/Br X + (4tK)\(t))%Z in the definition of Ix (A, ), as this gives

T EVOT 1
IOy = Y )

n+nj
T 2

*IZ\2+§<K;LO (etm X+(4tK)L(t))% Z), (e’BAX+(4IK;\(1))% z)>
X / e ' dZz.
Rn+n|

Since e'B2 X + (41K, (t))% Z — X ast — 0%, we easily obtain Eq. 3.34 from the above
identity. Hence, by exploiting Eqs. 3.33 and 3.34, we can argue as in the proof of Eq. 3.21
in Theorem 3.4 to deduce that

/ ‘v;\(w,y,t) — fow, r, )| dr — 0. (3.35)
Rk t—0+t

Keeping in mind that vy (w, y,t) = f(w, A, ¥, 1), we are now ready to take the inverse
Fourier transform, obtaining

fw,o,y,1) = / ) / / kez””"’“e‘”'“(%W@W*“@”m((w,y>, (wo, ¥0), 1)
R nxR" JR

xe%”mWawo’wo)e_zﬂi(UO‘Mfo(wo, 00, yo)doodwod yod .

Since fy € . and thanks to Eq. 3.33, f(w, o, y, t) is a well-defined and smooth func-
tion and it coincides with the expression stated in Eq. 3.28. Proceeding verbatim as in the
proof of Theorem 3.4 and using Eq. 3.35, we also see that f is solution of the Cauchy
problem Eq. 3.1. We conclude that the function A(-, -, -) defined by Eq. 3.27 does pro-
vide the heat kernel. We stress that, for any (w, o, ¥), (wo, 09, yo) € R"” x R¥ x R™ and
t > 0, h((w, o,y), (wo, 00, Yo), t) is well-defined (and smooth) since, by arguing as in
Eq. 3.32-Eq. 3.33, we have

|h((w, o, y), (wo, 00, yo). 1)

- / oM (Vrw.w) +r O11) o ATV Drwo.w0) g5,
Rk

pi((w, y), (wo, yo), 1)

n+ng 67”t|A|UV 01
d\r < o0,
.

< 2m) "2 B
= () JdettK, (1)
where in the last inequality we have used that tr /O > 0 and the fact that (detz K )"

grows at most polynomially with respect to A (see the explicit form of # K, (¢) in Example
2.3 with D1 = m|\|s/Q1). This finishes the proof of the theorem. O

Ifwesetn =n; € Nand Q| = B = I,,, the PDE in Eq. 3.1 becomes the hybrid equation
highlighted in Eq. 1.7. In this special situation, for A € R¥ with A # 0 and ¢ > 0, we have

—2mt|A

B, e | lIn Onxn

e = 1—e—2mtlAl I I
27| x| n n

and
sinh(27z|)1]) I

1Ky (0 = e 2 o TR e
A= cosh@re|AD—1 ezmw(2nt|k|—sinh(2m\M))+(cosh(2m\k|)—1)(e2’”w—1)I ’
47202 n 873 (A3 n

cosh(2mt|A])—1 I

which yields the explicit formula Eq. 1.10 for the heat kernel.
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4 A Class of Heat Kernels from Conformal CR Geometry

In this section we construct the heat kernel of a class of hybrid evolution equations that play
an important role in conformal CR geometry. In Section 1 we have already discussed the
extension problem Eq. 1.2 in the Heisenberg group H” in the seminal work of Frank et al.
[19]. More in general, we now consider a Lie group of Heisenberg type G with logarithmic
coordinates (z, o), where z € R” and o € RF (see Section 4.2). If & = A, + %Ag +
ZI/;:1 95, ®¢, denotes a horizontal Laplacian in G (see Eq. 4.33 below), then in this more

general framework the parabolic counterpart of the extension problem Eq. 1.2 is as follows:
given a function u € C3°(G x R), find a function U € C*°(G x R x R;‘) such that

2 .
dyU + 520U + L AU+ LU - 3,U =0, inG x R x R,

U(gvtvo):u(gvt)v (g,t)eGXR.

.1)

Our present objective is the computation of the heat kernel of the evolution PDE in
Eq. 4.1, i.e. of the equation defined in G x R x ]R;f as

1-2 2
LU — U ayyU+7sayU+yzA(,U+.$U—8,U:O 4.2)
y

The following is our main result.

Theorem 4.1 Let G be a group of Heisenberg type. For every 0 < s < 1 the heat kernel
with pole at the origin of the operator £y — 0, in Eq. 4.2 is given by

Bl—s _Pn?

k i |
G200, 1 y) = e e O (Gh) T e mmEa, (43)

-
(47‘[[)2+L+1 s

The relevance of the heat kernel (4.3), and its intertwined counterpart obtained by
replacing s with —s, is in the fact that such functions encapsulate properties of conformal
invariance of the time independent pseudo-differential operator .%; already mentioned in
the introduction. These aspects have played a central role in our recent works [25] and [26]
and also in the earlier papers by Roncal and Thangavelu [43, 44] which contain a heuristic
ansatz of the expression Eq. 4.3.

As in the case of H" (which constitutes the k = 1 case of our treatment), a key
observation here is that the PDE in Eq. 4.2 is the restriction of the equation

lw[?

AwU+TA(,U+.$U—8,U:0 4.4
to functions depending on the variable y = |w/|, where w belongs to the space with fractal
dimension R?1=9)_ The link between Eq. 4.4 and the PDE in Eq. 4.2 is readily seen by
observing that, if y = |w|, then on a function u(w) = ¥ (y) we have Ayu = 9,¥ +
%8”/. Another remark is that Eq. 4.4 is of hybrid type since the variable ¢ appears in

both equations
lw?
AwU + TAO—U - B,U = 0,

and
.,%U_B[U =O,

see Eq. 4.33 below for the expression of .Z. Also observe that, similarly to the situation of
the operator in Eq. 3.1 in Section 3, the PDE in Eq. 4.4 contains the limiting case in which
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the fractal dimension n; = 2(1 — s5) = 0 of the variable w vanishes, which is equivalent to
letting s ' 1. In such case the PDEs Eqgs. 4.2, 4.4 formally become

LU —d,U =0, 4.5)

the heat equation in G associated with the horizontal Laplacian .Z. For the latter the heat
kernel is well-known and it is given by

m

7 i l==¢|?
q(z,0), (&, 1), )= )2+k ka (smhm) e (T—0 )+ 0L, e~ a mnhwd)\‘ (4.6)

In the special case of the Heisenberg group H" one has m = 2n, k = 1, and Eq. 4.6
gives back the famous formula independently found by Hulanicki [32] and Gaveau [27].
We mention here that in [18] Folland proved the existence of the heat kernel in any Carnot
group, but of course in such generality one does not have an explicit representation such as
Eq. 4.6.

Remark 4.2 The reader should note that if in Eq. 4.3 we formally sets = 1 and y = 0 we
perfectly recover the Hulanicki-Gaveau formula Eq. 4.6 when the pole (¢, t) = (0, 0)!

Similarly to what we did in Section 3, in the present section we first provide in Theorem
4.6 a totally self-contained and elementary proof of the construction of the heat kernel for
the limiting case Eq. 4.5. We do this not just for groups of Heisenberg type, but in the
more general framework of a Carnot group G of step two. Of course the result per se is not
new, as Cygan established it in [16], but our proof is. Although the relevant PDE Eq. 4.5 is
not hybrid in the sense specified in the opening of this paper, the motivation for including
here the construction of its heat kernel is twofold: (i) on one hand it allows to present our
approach to Theorem 4.1 in a significant, yet simplified setting; (ii) on the other hand we
feel that our self-contained proof will be of interest to workers in analysis and PDEs who are
not directly familiar with those important and deep tools, such as e.g. group representation
theory, Laguerre calculus, complex Hamiltonians or a priori ansatz, which in one form or
another have entered the previous related works such as [4, 6, 8, 14, 16, 27, 32, 34, 37, 38,
42].

4.1 The Generalised Harmonic Oscillator with a Complex Drift

In what follows given a number n € N we denote by § € M, «,(R) a skew-symmetric
matrix, i.e., we assume S* = —S. We intend to solve the Cauchy problem for the following
generalised harmonic oscillator with a complex drift
AT — |Sz|? T+ 2i(Sz, V. D) — ;7 =0, @n
v(z,0) = vo(2) zeR", >0, '

where 1 is suitably chosen. We will need the following lemma that allows to eliminate the

complex drift from Eq. 4.7.

Lemma 4.3 Suppose that v and v are connected by the relation

HSzp). (4.8)

Then, v is a solution to the PDE in Eq. 4.7 if and only if v is a solution to the equation
Av —|Sz)*v — 8v = 0.

v(z,t) = v(e”
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Proof Let v be a solution to the PDE in Eq. 4.7. We note that by the skew-symmetry of §
we know that
e—2itS*e—ZitS =1,

Using this observation the reader can verify by a direct computation that
Av(z, 1) = Ab(e 2157, 1).
It is also clear from Eq. 4.8 that
vz, 1) = —2i(Sz, V(e 252, 1)) + 8,0(e %52, 1).

Combining the latter two equations we easily reach the desired conclusion. O

Returning to the Cauchy problem Eq. 4.7 the following is the main result of this
subsection.

Proposition 4.4 Let

2(z,¢,1) = ﬂ (detj (21‘\/57)) - (.i(z;«/ﬁ) Cosh(Zt«/ﬁ)(Z*f)aZ*U 4.9)
(4mt)?

Then, for any vy € C(R™) such that
Y0 e Lo,
the function

u(z, 1) = /Rn 2(z. ¢, DV0(§)dE (4.10)

solves Eq. 4.7.

Proof 1t is clear that using Lemma 4.3 the Cauchy problem Eq. 4.7 is transformed into

{sz—lSz|2v—8tv=0, @i

v(z,0) = p(z) zeR", >0,
for the function v defined by Eq. 4.8. If we now define D = +/$*S = +/—52, then clearly
D >0, D* = D, and |Sz|? = | Dz|?. We can thus re-write Eq. 4.11 as follows

Av—|Dz)?v—9v=0,
v(z,0) = 09(2) z€R", t>0.

According to Proposition 3.2 the function
ven = [ G,
Rn

with D = /=82 and .#(z, ¢, t) as in Eq. 3.7, solves the latter problem. Undoing Eq. 4.8
we have proved that the function defined by

bz 0) = | M "5z,¢,1)T0(0)de (4.12)

Rn
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solves Eq. 4.7. We next want to further simplify the expression Eq. 4.12. Keeping in mind
the explicit expression Eq. 3.7 for .#, we have

VA RN
n 1 . .
= (47t)”2./det j (2t D) exp { -4 <(j(2tD) cosh(2: D)e*'Sz, &%157)

+(j (2tD) cosh(2:D)¢, ¢) — 2(j (2t D) %5z, ;)) } (4.13)
We now observe that, since S commutes with any even analytic function of D = +/—S2, we
have in particular
(j (2t D) cosh(2t D)e**Sz, *"5z) = (j(2¢D) cosh(2t D)z, z), (4.14)
as well as
0 2Kk X e o\ 2k+1
: 2itS 2itS
Qs = 3 D) +27( e (4.15)
= (2k)! rd 2k + 1)!
45252 k 452 §2)k
Z (- ) SZ (- )
(2k)! 2k + 1)!

 — @Dy* (2tD)2k
_I<X=(:) (2k)! +2it SZ(2k+1)'

cosh(2t D) + 2it (j (2tD))’
We thus find from Eq. 4.15

—2(j(2tD) %Sz, ¢) = —=2(j (2t D) cosh(2tD)z, ¢) — 4it(Sz, 7). (4.16)
Replacing now Eq. 4.14 and Eq. 4.16 in Eq. 4.13, we finally obtain

M52, ¢ 1) = (drt)~ % /det j (2 D)e!5%) exp{ - %((1(2@ cosh(21D)z, z)

+ (j(2tD)cosh(2tD)¢, ¢) — 2(j (2t D) cosh(2tD)z, {))}

i(Sz,¢)
= ;ﬁ,/detj(ZtD) exp{ - 4lt(j(2tD) cosh(2tD)(z — ¢), z — ;)}
Tt
= 2(z,¢,1).
This concludes the proof. O

It is clear from the previous proof that the kernel 2(z, ¢, r) is equal to .# (ez” Sg, g, 1)
with .# given by Eq. 3.7 and with D = +/S*S. Using the commutation property in Eq. 4.14
we then deduce from Eq. 3.16 that

/ 2(z, ¢, 0)dg
R?
1

1
- exp{— —(j21/5%S) (cosh2tx/S*S—cosh_l 2m/s*s) z, z)}.
detcosh 2t+/S*S 4t

4.17)

This equation will be used in the proof of Theorem 4.6 below.
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4.2 Gaveau, Hulanicki and Cygan met Ornstein and Uhlenbeck

Henceforth, we denote by G a Carnot group of step two and we let g = V| @ V; indicate
its Lie algebra, with inner product (-, -). Recall that the step two assumption means that
[Vi, Vil = V» and that [V, V5] = {0}. We let m = dim(V;), k = dim(V,), and we
fix orthonormal basis {eq, ..., e;,} and {eq, ..., &} for V| and V> respectively. For points
z € Vi and 0 € V, we will use either one of the representations z = Z’}‘zl zjej, 0 =
Z]E:l o¢ge, or also z = (z1, ..., Zm), 0 = (01, ..., 0x). Whenever convenient, we routinely
identify V; = R” and V> = R and the points g, g’ € G with their logarithmic coordinates
(z,0), (¢, T) € R™* respectively. Recall that the Kaplan mapping J : Vo — End(V}) is
defined by

(J(0)z,¢) = ([z, ¢l 0) = —=(J(0)8, 2). (4.18)

Clearly, J(0)* = —J(0), and one has (J(0)z, z) = 0. Moreover, by the bracket generating
assumption [V}, V1] = V;, we know that the map J is injective. Via the Baker-Campbell-
Hausdorff formula

1
exp(z + o) exp(¢ + 1) = exp (z—i—;—f—cr—i—t—i—i[z,{]) (4.19)

the map Eq. 4.18 identifies the non-Abelian multiplication law in G

k
1
08 =@+ Lo +T+ Y Iz 0)en).
=1

For future use we observe that

k
1
) log=Gc-¢o—t+ 5 > (I ez, O)ew). (4.20)
=1

The map Eq. 4.18 also induces a complex geometry in the Lie group. This becomes par-
ticularly transparent in the special case of groups of Heisenberg type for which J(0)? =
—|a|21 v, see the seminal works [33] and [15]. In general, for the mapping

AG) Y J* ) I(0) = —T (o), 4.21)

we have (A(0)z,z) = |J(0)z]? > 0, and therefore it defines a symmetric nonnegative
element of End(V}) for every o € V,. Consequently, the matrix /A (o) is well-defined.

Remark 4.5 Notice that Ker A(o) = Ker J (o) can have positive dimension. Nevertheless,
the injectivity of J ensures that A(o’) is not the null endomorphism for every o # 0. More-
over, being J (o) skew-symmetric, the dimension of the range of A(o) has to be at least
two. Since the linearity of J allows us to write \/A(c) = |o|/A(o/|o]|), one can deduce
that there exists kg > 0 such that v/A(o) has at least two eigenvalues bigger than kg|o|.
This implies that

2
det j (A@)) < (jkolo ) = (&) . 422)

ekolol — g—kolo|
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Iffor j =1, ..., m we define left-invariant vector fields by the Lie rule X ju(g) = %u(go

, then by Eq. 4.19 one obtains in the logarithmic coordinates (z, o)
s=0

expse;)

k k
j =0 5 D AT €0z €)= sy + 5 ZZz, J(€oei ej)do,.  (423)

=1 Klll

1

2
Although we will not make an explicit use of this fact, we note that Eq. 4.23 implies the

following commutation relation

k

[Xi, Xj1=)_(J(e)ei, )0,
=1
Given a function f € C! we will indicate by Vi f = (X|f, ..., X, f) its horizontal
gradient, and set |Vg f| = (Z'i":l X f y2)1/2, The horizontal Laplacian generated by the

orthonormal basis {ej, ..., e, } of V| is the second-order differential operator on G defined
by

m
2
Lf =) Xif
j=1
where X1, ..., X;, are given by Eq. 4.23. A computation gives

k k
L= A+ i 3 ez T (0)2) ooy + Y Ot (4.24)
0,0=1 r=1
where A, represents the standard Laplacian in the variable z = (zy, ..., 2 ), and
m
Or =) (J(en)z. €)d,. (4.25)

s=1

For f € .7 (recall that we are thinking of G = R” x R¥) we now consider the Cauchy
problem

{gu_atuzo in G x (0, 00), (4.26)

u(g,0) = f(g) g €G.

The aim of this section is to provide a new simple proof of the following classical result.

Theorem 4.6 (Gaveau-Hulanicki-Cygan) The heat kernel in G x (0, 00) is given by the
Sformula

e;*((r oM+ J(X)( z ) (det;(M)) (427)
Rk

1
x exp{ — 7; VW A@) cosh VAR = ¢). 2 = 4)}61')»

where g = (z,0) and g’ = (¢, 7).

a(g. g, 1) = 2 (@d)y~3H0 /

It is appropriate to mention that although the integral representations in the above cited
literature appear in different forms with respect to Eq. 4.27, they are in fact equivalent to it.
The advantage of our presentation is that it is particularly transparent and is easily applicable
for instance to delicate questions in geometric measure theory treated in our work [24].
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Proof of Theorem 4.6 Fix f € .. To solve Eq. 4.26 we start from the expression Eq. 4.24
of the horizontal Laplacian, keeping also Eq. 4.25 in mind. We identify G with R™ x R¥
and, denoting for A € Rk

iz, A, t) = / e~ i) y(7. 0, Hdo,
Rk

the partial Fourier transform of u with respect to the central variable o € R¥, we obtain
from Eq. 4.24

Azt = 2 Y8y hoher (I (e0)z, J (e¢)2)id + 270 Yo MOyt — 8yt = 0,

N A K (4.28)
u(z, 2,0 = f(z, 1) zeR™" A eR* ¢t>0.
Now, it is not difficult to recognise that
k
D (I ez, T(Ee)2) = [T (W2l (4.29)

£,0=1
Furthermore, we obtain from Eq. 4.25

m m

k k
D MOl =Y " h Y (T(e0)z. €)= Y (J(W)z, €5)dz,h = (J(W)z, Vzid). (4.30)
=1 =1

= s=1 s=1

Using the identities Eqs. 4.29, 4.30 we can thus write Eq. 4.28 in the form

{Azﬁ — 72| JW)z2 4 27wi (J(M)z, VD) — 8, = 0, @31

3(2.0) = f(z. 1) zeR" >0,

where for A € R¥ fixed, we have let v(z,t) = u(z, A, t). To solve problem Eq. 4.31 we now
apply Proposition 4.4 with the choice of the skew-symmetric matrix S = 7 J (1), so that the
symmetric matrix D = +/—S2 is presently given by D = n/AX) = 7/ —J (1)? (we warn
the reader that the role of the dimension n in Proposition 4.4 is now taken by the dimension
m of the first layer V7). Formula Eq. 4.10 allows to conclude that

iz, ht) = /R 2z, 0.0 f (¢, Md¢
with the kernel 2 as in Eq. 4.9. We can now argue as in the proof of Theorem 3.4. First,

by exploiting Eq. 4.17, we can ensure that ii(z, A, 1) — f(z, 1) in LY(RK, d)) ast — 0.
Then, we can conclude that the function

u(z,o,z):/ / / O 9z 0,0 f(, T)dAdedT
m R"' ]Rk

solves the Cauchy problem Eq. 4.26. The desired heat kernel on the group G is thus given by
q((z,0). (¢, 1), 1) = f TN (2, 8 1)d
Rk
m : ; 1/2
= (4nt)" 2 f O i (T (R)2,8) (detj(2nt\/A(A)))
Rk

X exp{ — %(j(an\/A()\)) cosh <2nt\/A()»)) (z—¢),z— g“)}d)»
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where we have used the expression Eq. 4.9. Making the change of variable (—27fA) — A
and exploiting the linearity and the skew-symmetry of the mapping J(-), we finally obtain

C]((Z, O'), (;, 'L'), t) — 2/((47Tt)—(%+k) / e%((r—a,k)-ﬁ-%(!(k)sﬁz)) (det]( /7A()\))>1/2

Rk
1
X exXp { — E(j(\/A()\)) coshy/AXN)(z—1¢),z— {)}d)». (4.32)
From Eq. 4.22 it is easy to verify that the integral in Eq. 4.32 is finite, and the kernel
q((z,0), (¢, 1), t) is a smooth function. This completes the proof of Theorem 4.6. O

For the sake of completeness we close this brief subsection by showing how to recover
the Gaveau-Hulanicki formula Eq. 4.6 from Theorem 4.6. We recall that a Carnot group of
step two G is said of Heisenberg type if for every A € V, the mapping A(}) in Eq. 4.21
satisfies A(\) = —J (A% = |A|2L,,. Therefore, /A(L) = |A|],, and we have

JWAM) = j(Am) = jUAD L,

and also
. . 2]
j(W/AR))cosh/A(L) = j(|A|) cosh [A]I, = tanh|k|lm'
We thus obtain from Eq. 4.27
k T i 1 =g _1u
q((z,0), (&, 7), 1) = (471:2)%“' Jre (sirl‘l);||k|) * e (T=o )t 3 W62 o~ T b ),

which coincides with the expression recalled in Eq. 4.6.
4.3 Proof of Theorem 4.1

In this section we finally turn to the proof of Theorem 4.1. As we have already observed,
we begin from the crucial observation that, in a group of Heisenberg type G, the relevant
heat equation associated with Eq. 4.2 is Eq. 4.4, with the variable w running in the space
with fractal dimension R>(!=%), Henceforth, to continue the analysis we proceed formally
and treat the number 2(1 — s) as if it were an integer. In this way we will arrive to a specific
candidate for a heat kernel in the form Eq. 4.3. Only at that point we will rigorously justify
our computations and complete the proof.

We begin by observing that the assumption J(1)> = —|A|?I,, implies in particular that
(J(e0)z, J(80)z) = |2|*8¢r for every z € Vi and every £, ¢’ € {1, ..., k} (see, e.g, [21, Prop.
2.9]). Inserting this information in Eq. 4.24 we conclude that in a group of Heisenberg type
the horizontal Laplacian is given by

L =N+ A+ Y O, (4.33)

Combining Eq. 4.4 and Eq. 4.33, it is clear that we presently want to solve the Cauchy
problem in R™ x RF x R20-%) % (0, 00)

12 2
AU + AU + EHEEA g 4 578 008, U — 8,U =0,

(4.34)
U(z,0,w,0) =up(z, o, w),

where the function ug is assigned in .7 (Rm x RF x Rz(l_”). Proceeding as in the
Section 4.2 we now take a partial Fourier transform of the problem Eq. 4.34 with respect to
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the variable o € R¥. Denoting by U(z, A,w,t) = ka e 20U (z, 0, w, t)do, and using
the identity Eq. 4.30, we obtain from Eq. 4.34

(A, + AU — 2212 z12 + wPHU +27i (J(W)z, V.U) — 8,0 =0,
Uz, »w,0) = ig(z, A, w) (z, &, w) € R™ x Rk x R21=9) ¢ > 0,

At this point we make critical use of the elimination of the complex drift transformation
introduced in Lemma 4.3. For A € R¥, we define

Viz,w,t) = Ue Wz 3w, 1).

We leave it to the reader to verify that, similarly to Lemma 4.3, the function V now solves
the problem

(Ar+ Ay)V =22 AP (2 + [wH)V — 8,V =0,
V(i w,0)=Uz w,0).
According to Proposition 3.2, if we denote by .# the kernel in Eq. 3.7 with the choice
of D = m|All42(1—5), we deduce that V is given by
Ve = [ M (2 w), € w), DT, ', 0)ddw’
Rm xR2(1—s)

which we can rewrite as

Uz, by w, 1) = /R . )e//f((ez’m]mz,w),(C,w/),t)ﬁo(;“,?\, whdrdw'.
mx -5

By taking the inverse Fourier transform we then have

U(z,o,w,t) = (4.35)
= ZTHOTTN g (P P 2w, (¢, w'), Duo(C, T, wdrdedTrdw' .
¢ (¢ ¢
R™ xRk x R2(1=5) JRK
From Eq. 4.35 we can extract the following heat kernel for the problem Eq. 4.34
Oz o, w), (¢, 1w 1) = f TR (@ Pz, w), (6w, Dd
RY

By arguing as in Eq. 4.13-Eq. 4.16 (where we have deduced the expression of .2) and
similarly to Eq. 4.32, we obtain from the explicit expression of .# that

0((z, 0, w), (5, T, w"), 1)

. ' Z41—s
_ 27/ eh—on i (_IM_\?
(drrt) 3= J sinh |2

x & (it (et P+ P) =2 iy ) (4.36)

If we set w’ = 0 into Eq. 4.36, and we keep Eq. 4.20 in mind, as well as the definition of
q¢s) (-, -, -) in Eq. 4.3, we easily realize that

Q((Z’ U’ w)? (;’ T’ 0)7 t) = Q(((é" t)_l o (Z7 0)’ w)’ ((0’ O)’ 0)7 t)

= qu (&, ) oz, 0), 1, w)).

The previous identities, together with the already discussed relation between the Egs. 4.4
and 4.2, make the function

q¢s)((z,0), 8, y)
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the candidate heat kernel of £;) — 9; with pole at the origin for any value of the fractional
parameter s € (0, 1). We now rigorously prove this fact, thus establishing Theorem 4.1.
On the one hand, a straightforward computation shows that q()((z, o), t, y) does solve
the Eq. 4.2 in {t > 0}. We are thus left with understanding in which sense the kernel
q¢s)((z, 0), t, y) approaches the delta-function 8,0,0) as t — 0%. With this in mind we
introduce the measure
1—s
def 2m 1-2s
dp = ——— dydodz.
1 ri— s)y yaoaz
This is a natural measure for the operator £, since it is easy to check that £, is sym-

metric (i.e. formally self-adjoint) with respect to d . Moreover, the renormalising constant

Fz” —_ has been chosen in such a way that the following lemma holds true.

Lemma 4.7 For everyt > 0 we have

/ 9 ((z, 0), 8, y)dpu = 1.
R xRk x (0,00)

Proof For M > 0 denote
Ky = {(z,o,y) e R" x RF x (0, 00) : |0 §M}.
We want to show that
E| MEHJ:OO /;(M qe)((z,0),t, y)du = 1. (4.37)

It is easy to see that, for any fixed > 0,

/ ) (2, 0), 1, )| du
Ky

2k Al O\ T 4 ?
e — Ae A 0.
T (Amr) 2Rl /KM /Rk (sinhlkl) ¢ "=

By Fubini’s theorem we are then free to choose the order of integration. With this in
mind, we notice that

—2s
/ / qs)((z, 0), ¢, )’)(F(1 5’ )dydz
_ / ) AL\ 2T tanh Al %H*sd}\
(47Tl)k RE sinh || [A|

. 1 % + l—s
/ 6—2711(0,)0 dx,
RK cosh2t|A|
which implies

i (o) 1 %‘Flf‘v
(.01, y)du = [ [ e <7) dido.
/KM © {oeRk ;o <M} JRE cosh 27 1|2
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T4+1—s
We now stress that, being the function f;(A) := (m) : in the Schwartz class

5 (Rk), its Fourier transform f; is still in .% (Rk) and in particular in L' (]Rk). Hence we
have

3 lim ) ((z, o), £, Y)dp = lim / f,(a)da:/ fi(o)do =1,
M—+o00 Ky M—+o00 {lo|<M) Rk

where in the last step we have applied the inversion theorem for the Fourier transform and
the fact that f;(0) = 1. This concludes the proof of Eq. 4.37. O

In order to complete the proof of Theorem 4.1 we need to show the validity of the
following limiting relation:

Vo € .S (]Rm x R¥ x [0, oo)) we have

lim ) (2, 0), 1, ) (2, 0, y)dp = (0,0, 0). (4.38)
1=>0F JRm xRk x (0,00)

For any fixed ¢ as in Eq. 4.38, let us introduce the functions go, g; : R¥ — R defined,
for any r > 0, by

~

go(A) = ¢(0, 2, 0)

and

) 27 !=s < 27t|A| )’3+1—s
8t =

(1 — s)(4mt) 2 T1=s \sinh 2772

Py 2w . 1—2s
x e 4t tanh2mt[A] ¢(Z7 )\‘, y)y bdydz.
R™ x (0,00)

We notice that gg, g; € . (]Rk). We want to show that
@ — g inlL (Rk) ast — 0. (4.39)

In order to prove Eq. 4.39 we first notice that, by exploiting the change of variables

e z 27t|A| q y2  2mt|Al
> &= —+ [————— an =>n="——
¢ /4 \ tanh 2712 Y= 4t tanh 27|
we have

1 l %-FI—S
A) =
&) r(—s)n? (costhIAI)

—s —EP—n 2 tanh 27t |A| tanh 27 ¢|A|
X n’e "o & [4t——— A, [dtn———— | dndé.
R™ x (0,00) 2mt|A] 27 t|A|
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Therefore, using also the identity me %(0.00) n’se’mzfﬂdndé =TI(1—s)7? and recalling
that go(1) = <13(0, X, 0), we can write

/ & (M) — go(W)| d ! ! e seIéP=n
gr(X) —goM)dr = m/ ( ) / ne BT
R ! ['(1 —s)mrz Jre |\ cosh2mt|A| R x (0,00)
¢A’ £ 4ttanh27‘[t|)»| . ag tanh 27t |\ | dndé +
x —— % —_—
21| T i 7
s el 1 L4l-s 1 L+1—s
-~y s~ lEP-ngpae (( ———— P (. —
go(%) 00 nds (costhtlkl) + (costhlM)
T T =572 JrRE JRM (0,00
A tanh 27 ¢ |A| tanh 277 ¢ |A| n
4 ———— A, [dtn——— | — (0, 1,0
¢<‘§\/ 21| \/ NPTy ¢0(0.2,0)
! se7l6P=n0, 2,0 [ 1 : e dnded
4 =5~ EP=nG0, 1, o A
T —s)r? /Rf mx0,00) | ?(0.2.0 (coshzmm) s

Since ¢ € . (Rm x RF x [0, oo)), we know that there exists Cy > 0 such that

dx

X dndédi +

c
’q&(z A, y)’ < ﬁ;ﬂl forall (z, A, y) € R" x R¥ x (0, 00)

and that moreover
ds(z, A, y) is continuous at (z, y) = (0, 0) (the continuity is actually uniform in A € R,

The last two properties allow to exploit the dominated convergence theorem and infer
that:

%Jrlfs
li =s¢=lEP=1400, 1,0 dndgd). = 0,
t—l>r(I)l+ /Rk/mx(o Oo) é( ) cosh2nt|k| nds

hm/ f P
t—>0t JRk ’"x(Ooo)

(¢ 4ttanh271t|)\| o ag tanh 27 ¢|A| $(0.2.0)
mar] N 2 o

In turn, these limiting relations imply that

X dndéd) = 0.

/ |g:(A) — go(M)|dr —> 0.
Rk t—0+

This concludes the proof of Eq. 4.39. From Eq. 4.39 and the continuity of the Fourier
transform from L! to L, we deduce that

& — 3 inL® (Rk> ast — 07, (4.40)
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where we have used the notation ¢ for the inverse Fourier transform g(o) =
ka e2711%.9) o (1)d .. Moreover, for any og € R¥, we have gy(o0) = ¢ (0, 0o, 0) and, by an
application of Fubini’s theorem, also

272.]—3“
(1l —s)@rr)zt=s

F+l=s Py 2w
/ / 2700, l)( 2mt|A| ) e~ i 1anh2tml\k\¢(z A, y)yl zvdydzd)\
Rk " % (0,00) SlIlh27Tt|}\|

ﬂ+1_,
:i/ / o-2rilo— M(ﬂ)z ;
@Art) 2T JrmREx(0,00) JRE sinh 27t |A|

2P 2w

><e T tdnhZﬂl\M(p(Z’ o, y)d)\.dlzb

gt (00) =

= / dis)((z, 0 —00), 1, Y)P(z, 0, y)d .
R™ xRk % (0,00)
Hence, Eq. 4.40 implies that
/ A6s)((z, 0—00), 1, V)P (2,0, y)du —> ¢(0, 09, 0) uniformly for o € R¥.
R xRk x (0,00) t—0t

In particular, when applied to oy = 0, this completes the proof of Eq. 4.38 and finishes the
proof of Theorem 4.1.
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