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Nonlocal heat equations in the Heisenberg
group

Raul E. Vidal

Abstract. We study the following nonlocal diffusion equation in the Heisen-
berg group H,,,

Ut(Z, Svt) =Jx ’U,(Z, S, t) - u(27 Sat)a

where * denote convolution product and J satisfies appropriated hypoth-
esis. For the Cauchy problem we obtain that the asymptotic behavior of
the solutions is the same form that the one for the parabolic equation for
the fractional laplace operator. To obtain this result we use the spherical
transform related to the pair (U(n),H,). Finally we prove that solutions
of properly rescaled nonlocal Dirichlet problem converge uniformly to
the solution of the corresponding Dirichlet problem for the classical heat
equation in the Heisenberg group.
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1. Introduction and preliminaries

During the last years, many authors have studied the asymptotic behavior for
several nonlocal diffusion models in the whole R™. In some cases, this behavior
is related with the asymptotic behavior of the local diffusion model.

In [13] the authors consider some u(x,t) that models the probabilist den-
sity function of a single population at the point x at time t. Let J be a func-
tion with fR,L x)de = 1; J(x —y) as a probablhty dlstrlbutlon of jump-
ing from locatlon y to location z; J * u(z,t) fRn (y — x)u(y,t) dy is the
rate at which individuals are arriving to posmon x from all other places, and

) = Jgn J(@ — y)u(z,t) dy is the rate at which they are leaving location
x to travel to all other sites. Then u satisfies a nonlocal evolution equation of
the form

ug(x,t) = J xu(z,t) — u(z,t), (1.1)
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In [9] the authors study the Cauchy problem associated to (1.1). They prove
that the long time behavior of the solutions is determined by the behavior of
the Fourier transform .J of .J near the origin. If J(€) = 1—A[¢|*+o(|¢]*), (0 <
a < 2), the asymptotic behavior is the same as the one for solutions of the
evolution given by the «/2 fractional power of the Laplacian. Concerning the
Dirichlet problem for the nonlocal model they prove that the asymptotic be-
havior is given by an exponential decay to zero at a rate given by the first
eigenvalue of an associated eigenvalue problem with profile an eigenfunction
of the first eigenvalue. Finally, they analyse the Neumann problem and find
an exponential convergence to the mean value of the initial condition.

In the work [10] the authors prove that solutions of properly rescaled
nonlocal Dirichlet problems of the Eq. (1.1) approximate uniformly the solution
of the corresponding Dirichlet problem for the classical heat equation in R”.

These type of problems have been studied for the case of different nonlocal
problems and equations of the form

wlot) = [ I )Gluly.t) - ule.t)dy. (1.2

have been considered. Depending on how is GG, the operators behave in a similar
way to elliptic operators: see [6,22] and [24]. If we choose G(s) = |s[P~2s, the
solution of the problems involving the Eq. (1.2) have similar behavior to the
p-Laplacian operator, see [2-4,17,19].

Although these problems were very study in the literature in recent years,
only in the case of the (1.1) it was determined asymptotic profile and the
asymptotic behavior in L norm for of the solution of the Cauchy problem.
As mentioned above, in this case, the nonlocal operator behaves equally to the
fractional Laplace operator.

At the present work we consider a nonlocal operator defined by

ug(x,t) = J xu(z, t) — u(z,t), (1.3)

where the convolution product is in the Heisenberg group and J satisfies appro-
priate hypothesis. We show that a properly rescaled of the kernel J converges
to the Heisenberg Laplacian, see Lemma 3.6. Following the ideas of [10] we
prove that solutions of the rescaled nonlocal Dirichlet problem converge uni-
formly to the solution of the corresponding Dirichlet problem for the classical
heat equation in the Heisenberg group. We also study similar problems to the
ones in [9]: for the Cauchy problem we determine the asymptotic profile and
we prove that the asymptotic behavior in L> norm for the solution is the same
that the solution of the evolution problem involving the fractional Laplace in
the Heisenberg group. In order to do this we have to consider the results ob-
tained in [23], the fact that H,, is a homogeneous group and the harmonic
analysis related to the action of the unitary group U(n) by automorphism on
H,,.

In the Heisenberg group has not yet been studied this type of nonlocal
problems. The Cauchy problem involving the Eq. (1.3) may be useful to model
populations whose density functions have an asymptotic behavior equally to
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the solutions of the parabolic problem concerning the fractional Laplacian in
the Heisenberg group.

Concerning the local problems, in [23] the author considers the classic
heat equation for Carnot groups and settles the asymptotic behavior of the
solution. In [26] the authors study the existence and large-time behavior of
global positive solutions to a semilinear parabolic equation on Carnot groups.
In [7] the authors determined the asymptotic profile of the solution of the
Dirichlet problem for the p-Laplacian in Carnot groups and they investigate
the limit as p goes to infinity. The Heisenberg group is the main example of
the Carnot groups.

Let H,, = C™ xR the 2n+1 dimensional Heisenberg group, with law group
(z,8) - (2,8) = (z + Z,s + § + $Im(z, Z)), where (2, Z) denote the Hermitian
inner product of C". The Haar measure of the group is de Lebesgue measure.
If we write z = x + iy, with x,y in R™ we have a global coordinate system
(z,y,s) and the vector fields X; = % - %%, Y, = % + %%, and S = %
form a basis for the Lie algebra b,, of H,,.

The Heisenberg Laplacian is L := ) X; + YjQ. In coordinates is given
j=1

by

- 0? 0? 192 & 0 & 0 0
S (2 E) P S e 23 (),
;(8@ 3y32> 4352j:1(3 ) 851,; Toy; 7 oy

(1.4)

The Laplacian L is a second order degenerate elliptic operator of Hérmander
type and hence it is hypoelliptic see [18].

We recall that a Lie group is called a homogeneous group if it is a con-
nected, simply connected, nilpotent Lie group G, whose Lie algebra g is en-
dowed with a family of dilatation {J, }ren. Let exp: g — G be the exponential
map, which in this case is a diffeomorphism. The maps exp d, exp~! are group
automorphisms of G also denoted by 4, and called dilations of G. A stan-
dard example is given by 6,(z,s) = (rzz,rs), r > 0 and (z,s) € H,. If f
is a function defined in the Heisenberg group we denote by 6, f the function
6 f(z,8) == f(r2z,rs).

Let U(n) the unitary group, which acts by automorphism on H, by
g-(z,8) = (gz,5), g € U(n) and (z,s) € H,. We will denote by S(H,,)?™
the space of functions in the Schwartz space that are invariant by the action
of U(n) and we will denote by L'(H,,)Y () the space of L(H,) the functions
that are invariant by the action of U(n). Since (L' (H,, )Y, %) is a commuta-
tive algebra, its spectrum X is given by the family of the spherical functions
{oxk Faer\ {0}, ken U {7 }rer=o associated with the Gelfand pair (H,,U(n)),
see [16,20,25].

As usual, U(h,,) will denote its universal enveloping algebra, which can
be identified with the algebra of left invariant differential operators on Hi,.
It is well known that the commutative subalgebra U(h, )Y (™ of the elements
which commute with the action of U(n) is generated by S and the Heisenberg
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Laplacian L. The spherical functions are eigenfunction of the operators L and
S, they satisfying

1SN E = APA k-
and
Ly, =—r?n., reR,r>0
1Sn, = 0.
Explicitly

@A,k(Z,S) _ ei)\st—l (';‘||Z|2) 67%&'2,

2
777"(2’5)_ (’I"|Z|)n_1 In— 1( | |)

where Lz_l denotes, as usual, a Laguerre polynomial of order n — 1 and degree
k normalized by L} '(0) = 1 and .J,,_; is a Bessel function of order n — 1 of
the first kind. The ¢, 5 functions satisfy the following properties:

If ¢ € R then pen k(2,8) = deprk(2,8) = prr(vez, cs), (1.6)
loxkllzoe@m,) = 1.

The spectrum X is identify with the set of eigenvalues, ¥ = {(\, |\|(2k +
n)) : A € R\{0},k € N} U {r € R,r > 0}, with the following measure, if
g € LY(X) we have

gl () = Z/ lg(\, k)| IA™dA < oo.
keN

For f € S(H,,) we define the spherical transform, f: ¥ — R, by
f A\ k) / f(z,8)prk(—2,—s)dzds (1.7)
07“ / f(z,8)n-(—2z,—s)dz ds.

If f e LY(H,)U™ and f € L'(Z), (for example f € S(H,,)Y™), we use
the next Plancherel inversion formula to decompose f, see [25],

(z,8) Z/ feoxni)(z,8)|A"dA (1.8)

k>0_"

k>0

=Y—o0

Also, spherical functions determine the spectral decomposition of the
operator L, see p. 353 of [25], and for 0 < a < 1 the following formula is valid
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for the fractional Laplacian, see p. 181 of [14], also see [15]. If f € L' (H,,)Y ™
and f € LY(Z) we have

(~L)*f(z8) = / N2k + 1) (f * oan)(z, ) AN (1.9)

k>0_"0

=3 [ e+ ) F Bz AN

k>0_"%

Now let us consider the classical heat equation for the Heisenberg group,
defined by

{ ve(z,8,t) = Lo(z, s, t),

v(z,8,0) = ug(z, s). (1.10)

In [14] the author proved there is a unique heat kernel P : H,, x (0,00) — R,

P(z,s,t) = Py(z,s) with Py = 6o, P, > 0 and an P; = 1. The solution of the

Eq. (1.10) is given by v(z, s,t) = Pr*ug(z, ), where the convolution product is

in the Heisenberg group. He also proves that P; is C*, (see also [1,8,11,12,21]).
In [23] the author proves that if ug € L'(H,) then

o(, 6]l < CE— 7, (1.11)
where the constant C' depends on the norm [lugl|z1(s,)-
Finally, for an initial data ug € L' (H,, )Y and @ € L'(X), if we consider
the equation

ve(z,8,t) = —(=L)%0(z, s, 1),
{’U(Z,s,O) =up(z, ), (1.12)

we can apply the spherical transform

Be(\ K, ) = —|\*(2k + n)*D(\, k, 1), (1.13)

D\ k,0) = Ug(\, k). '
Then

TN, K, t) = e W @RHmT g0\ k), (1.14)

and as U € L*(X) we can apply the inverse of the spherical transform to obtain
and solution of (1.12).

Now, we are going to establish the behavior of the solution v of the
problem (1.12).

Lemma 1.1. Let ug € L'(H,)V™ with @ € L'(X) and let v be the solution of
the problem (1.12). Then

—(n+1)

[0lloe < Cllugloct™ = (1.15)
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Proof. Let v(z,s,t) be a solution of (1.12), with initial datum v(z,s,0) =
uo(z,s). Then by Eqs. (1.8) and (1.14) we have

zst|—Z/ Uk t)eak(z, 8)| A" dA

k>0

< Z/ —(|A\|(2k+n)) t/\ /\ ]43 ‘|/\|nd/\

k>0

We make the change of variables \(2k +n)t'/® = 5, and then (|\|(2k+n))*t =
In|® and dA(2k + n)t'/* = dn. Thus,

(,8,8)] < Z/ SCRD G (3 )17

k>0

—(nt1) e m 1
<t [0l oo [/ eI | dﬁ}zw

k>0

—(n+1)
< Clluglloct ™=

In this work we consider the nonlocal equation given by (1.3)
Ut(Z, S, t) =J % U(Z? S, t) - ’LL(Z, S, t)7

where J satisfies the following hypothesis:

(H) J : H, — R is a positive function invariant by the action of U(n)
with an J(z,8)dzds = 1.

We will assume (H) throughout the paper.

Let us now state our results concerning the asymptotic behavior.

The first problem to be addressed is the Cauchy diffusion problem in H,.
We consider the equation

{ut(z,s,t) =Jxu(z,s,t) —u(z,s,t),

u(z,5,0) = up(z, s). (1.16)

For this problem we study the asymptotic behavior in the infinity and
use the spherical transform to prove the following result

Theorem 1.2. Let u be the solution of the problem (1.16) with ug in L' (H,, )Y ™)
and ug in LY (X). Assume that J satisfies (H) and we assume

TOk) =1 = (INI(2k + )™ + o((|AI(2k +n))*),
o((AI(2k + 1)) _

ith
Y N@km—0 ([N (2k + n))e

Then the asymptotic behavior of u(z, s,t) is given by

lim "o max\u(z s,t) —v(z,s,t)] =0, (1.17)

tm—oo (as

where v is the solution of parabolic equation for the Heisenberg group (1.12).
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The asymptotic profile is given by:

tlim r(na>)( |tnT+l5tau(z, $,1) — Gy (2,8)] =0,
where G, (2, s) satisfies Guy (A, k) = e~ A ChEm)T500 ).
We also have,

_ (D)
lu(-, - t)|| Lo,y < Ct™ o,

and by interpolation for 2 < p < oo,

||’LL(, 5 t)HLP(Hn) < Ot_wpp;z.
Remark 1.3. In the literature, estimates of the decay in infinite norm have been
obtained only for nonlocal equation that approximate the fractional laplacian
operator and not for a more general fractional elliptic operator. The Heisenberg
laplacian operator for a function w invariant by the action of U(n), is given in
polar coordinates by

Tu— u  2n—20u  r?0%u

u_87"2+ r 87'—'_4882'
where r? = Y1 | 22 + y2. For this reason, Theorem 1.2 gives an example of
another fractional elliptic operator that can be approximated by a nonlocal
equation in infinite norm.

2

Let us see the existence of a function J that satisfies the hypotheses of
the Theorem 1.17. We are only going to consider the case a = 1.

Lemma 1.4. There exists a positive function J invariant by the action of U(n)
with fH J(z,8)dzds = 1, and the spherical transform of J is of the form

T\ k) = 1= |2k +n) + o(|A|(2k +n)),
‘ o(|\[(2k + n))
th 1 QAR T 1)) _

VI ek —0 N2k + 1)

Proof. Let

—|Al(2k J
g\ k) = e~ M@+ Z (H(—'"Hm =1—|A(2k + n) + o(|A|(2k + n)).
720 I
Then by (1.14) g is the spherical transform of the heat kernel Pj, and so
J(z,8) = Pi(z,s) is a positive function invariant by the action of U(n) and
Ju, J(2,8)dzds = 1 with J(\, k) = g(\, k). O

Next we consider a bounded smooth domain 2 C H,, and impose bound-
ary conditions to our model. From now on we assume that J is continuous.
We consider the next Dirichlet problem

ug(z, 8,t) = J xu(z,s,t) —u(z,s,t), for (z,5)€Q and t>0,
u(z, s, t) = g(z,s,1), for (z,5)¢Q and t>0,
u(z,8,0) = ug(z, ), for (z,5) € Q.
(1.18)
If J satisfies the following hypothesis
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(H) J is continuous, no negative with J(0,0) > 0; J have compact sup-
port and is symmetric in the variable s. We assume there exists a constant C
with [i J(2,8)a3dzds = C1, [y J(2,8)y; deds = C1, [y J(z,5)s* deds =
Ch.

We will consider the rescaled kernel

and the problem

u§(z, 8,t) = elzJ€ xu(z,s,t) —u(z,s,t), for (z,8)€Q and t>0,
ut(z,s,t) = g(z,s,t), for (z,8)¢Q and t>0,
u(z,s,0) = ug(z,s), for (z,s) € Q.
(1.19)
We prove that the solution of (1.19) approximate uniformly to the so-
lution of the corresponding Dirichlet problem for the classical heat equation,
given by

ve(z,8,t) = Lo(z,s,t), for (z,5)€Q and ¢>0,
ve(z,8,t) = g(z, 5, 1), for (z,5) €092 and t>0, (1.20)
v(z,8,0) = up(z, s), for (z,s) € Q.

Our result are as follows.

Theorem 1.5. Let 2 be a bounded C*T® domain for some 0 < o < 1. Let
v e C*rel+e/2(Q x [0,T]) be the solution to (1.20) and let u® be the solution
to (1.19) with J¢ as above and J satisfying (H) and (H). Then, there exists
C =C(T) such that

sup [[u“(-, 1) —v(s )|l pe) < Ce¥, as e—0.
te[0,T]

Remark 1.6. Observe that since the initial data wug(z,s) is not necessarily
invariant by the action of U(n), L is given by the formula (1.4) and the solution
of problem (1.19) approaches to the solution of a more irregular equation, given
in (1.20).

Finally we observe, that if J is symmetric in the variable s and as J is
invariant by the action of U(n), we have

J <z 5 s—F— ;Im<z,2>> —J (z CE—s— <—;Im<z,2>>> (1.21)
zJ(Z—z,Qé—s—;Im(%,z)).

Then, if we write K((z,s),(%,5)) = J (z — Z,s — § — Im(z, %)), K is a non-
negative and symmetric Kernel. Therefore Theorem 2 of [9] is true for the
nonlocal equation defined by the kernel K. That is to say that ¢g(z,s,t) =0 in
(1.7) and J is also symmetric in the variable s, we find an exponential decay
given by the first eigenvalue of an associated problem and the asymptotic
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behavior of solutions is described by the unique (up to a constant) associated
eigenfunction. Let Ay = A\1(€2) be given by

N %ananJ ((z— 2,5 — 5 — 3Im(z, 2))) (u(z, s) — u(Z, 2))° dzds dZds
VT ueL2 @ Jo(u(z,5)?)dzds '

(1.22)

Theorem 1.7. Let ug € L*(2) N L%(Q). Assume that J is continuous, satisfies
(H) and is symmetric in the variable s. Then the solutions of (1.18), with
g(z,8,t) =0, decay to zero as t — oo with an exponential rate

[[ul, 'at)”LZ(Q) < ||u0||L2(Q)€7)‘1t.

If ug is continuous, positive and bounded then there exist positive constants C
and C such that

[u(-, - )l Loe ) < Ce™ ™,
and

tlin(l)l(nm)( leMtu(z, 5,t) — Cor(z,t)| =0,

where ¢1 s the eigenfunction associated to \;.

We consider next the Neumann boundary conditions:

(2,5, 1) = / J (z Cs—5- %Im(z, z>) [0(2,5,8) — u(z, 5, £)]dzd3,

Q
u(z,8,0) = ug(z, ).
(1.23)
If we impose that .J is symmetric in the variable s by Eq. (1.21) the Theorem
3 of [9] is true. And, in this case, we find that the asymptotic behavior is given
by an exponential decay determined by an eigenvalue problem. Let 31 be given

by:
. % fQ fn J (Z —Z,8s—§— %Im<z, 2)) [u(z,8) — u(z, S)]QdngdzdS
uGLQ(lﬂ),fu:o Jo(u(z, 5))?dzds ’

(1.24)

Theorem 1.8. Let J be a continuous kernel symmetric in the variable s that
satisfies (H). For every ug € L'(Q) there exists a unique solution u of (1.23)
such that u € C([0,00); L*(Q)). This solution preserves the total mass in Q:

/u(z,s,t)dzdSZ/uo(z,s)dzds.
Q

Q
1
Moreover, let M = |Q/ uo(z, 8) dzds. Then the asymptotic behavior of so-
Q
lutions of (1.23) is described as follows: if ug € L*(12),
u(-, - t) = M2y < e lug — M|l 20,
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and if ug is continuous and bounded there exists a positive constant C such
that

||u(, -,t) - MHLOO(Q) < Cei’glt.

The rest of the paper is organized as follows: in Sect. 2, we prove existence
and uniqueness of the Cauchy problem given by (1.16) and we also prove The-
orem 1.2. In Sect. 3 we prove existence, uniqueness and a comparison principle
of the Dirichlet problem given by (1.18), and we also prove the convergence
result for Dirichlet problem, Theorem 1.5.

2. The Cauchy problem

In this section, we will use that the function wug is invariant by the action of
U(n), this allows us to use the spherical transform of H,, in order to obtain
explicit solutions of Cauchy problem (1.16).

Theorem 2.1. Let ug in L'(H, )V and ug in L' (X). Let J satisfy (H). Then
there exists a unique solution u € C°([0,00), L'(H,,)) of problem (1.16) and it
1s given by:

A\ k1) = TR =Diga(x k).

Proof. First observe that since [;; J(z,s)dzds = 1, then J € Cy(2) and

J(0,0) = 1.
We have
ut(z,8,t) = J xu(z, s, t) — u(z, s, t).
Applying the spherical transform to this equation, we obtain:

GO0k, t) = (T ) — D)a(x, k, t).

Hence,

a(\ k,t) = e ORIV k).

Since @y € L*(X) and e¢/~Dt is continuous and bounded, the result follows by
taking the inverse of the spherical transform. 0

Lemma 2.2. Let J € S(H,,)V™ satisfy (H) and ug = 6o (the Dirac delta in
H,, ). Then the fundamental solution of (1.16) can be decomposed as

w(z,s,t) = e 0o+ v(2,s,t),

with v(z, s,t) smooth. Moreover, if u is a solution of (1.16) with initial con-
dition a function ug invariant by the action of U(n), it can be written as

u(z, s,t) = w*ug(z,s,t).
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Proof. By the previous result, we have

~

wr (A k,t) = (J(\ k) — Dw(\ k,t).
Hence c% =1, in the sense of distributions, we have
GO\ k1) = TR =1t _ e—t(ef(/\,lc)t —1)tet.

Now let us prove that, for each fixed ¢, e/ M0t 1 ¢ LY(X). By the mean value
theorem

Z/ |ef<wt—1\|A|”dA:Z/ | TN B)te ' FH [A|mdN
R R

kEN keN

SOZ/ |T(A, k)E| A dA
R

keN
By [5] exist a function g € S(R2) such that J(\, k) = g(A, |A|(2k + n)) then
> [0 —aarar< €S [ g0 Ak + ) P
R R

keN kEN

: iU [nl"
- d
Ct”"t‘l kEN‘/R ‘g ((2k+n)t’n)‘ (2k+n)n+1 n

As g belongs in S(R?) exist constants C7 and Cy such that |g(z,y)| < C; and
l9(2,y)| < i, then

Z/ ‘eJA(A,k)t _ 1‘ |)\‘"d)\
R

keN

1 1 Co
<C / C1 \77|nd77+/ —dn| < oo
gt % (2k +n)m*t l <1 [n|>1 |n]?

Therefore the first part of the lemma follows applying the inverse spherical
transform.

Note that since J and ug are invariant by the action of U(n) it is enough
to show that there exist L") (v) and S"(v), for all » € N, to prove that v €
C*(H,,)V ™). this is shown similarly to the previous account using (1.5).

To finish the proof, we observe, that

@x (N ko t) = DOk, as (M k) = e ARG k).
By Theorem (2.1) the solution of problem (1.16) satisfies

a(\ k,t) = e ORI =D k).

Then the result is followed since the spherical transform is injective. O

Next we will prove the asymptotic behavior for the nonlocal diffusion
equation (1.16).
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Proof of Theorem 1.2. We remark that from our hypotheses on J,

T\ k) =1 = [A*(2k +n)® + o(|\|*(2k + n)®),
o((|A[(2k +n))®)

=0.
A@tm—o0 ([N (2k + n))a

with

We have that,
j()\,k:) <1 —ANY2k +n)Y + A2k + n)*h(|A|(2k + n)), (2.1)

where h is a bounded positive function and lim|y|(254n)—o0 R(JA[(2k+n)) = 0.

As [ J(z,s)dzds =1 we have that |J(A, k)| < 1, then there exist a number
& > 0 and constants D > 0 and F > 0 such that

JOLE) <1—DIN2k +n)*, if |N(2k+n) <E, (2.2)
JO k) <1-E, if A2k +n) > €
As in the proof of the Theorem (2.1), we have
Ak, ) = TR =Digo (\ k).

On the other hand, let v(z, s,t) be a solution of the problem given by the Eq.
(1.12), with the same initial datum v(z, s,0) = ug(z, s). By Eq. (1.14) we get

DNk, t) = e T CRETI (X k).

Then, by (1.8) and (1.6), we have

lu(z,s,t) —v(z,s,t)] = Z/ (@ — D)\, K, £)or i (2, 8)| A" dA

k>0

< Z/ e(f(,\,k)—l)t _ e—IM“(2k+n)“t) Uo(A, k)‘

k>0
< [A"dA.

We decompose the equation in two parts, when |A\|%(2k + n)%t > 1 and
IAY|(2k + n)*VE < 1.
|u(z, s,t) —v(z,s,t)]

< Z/ ‘(e(f(x,k)q)t _ 67\)\|°‘(2k+n)°‘t) To(\, k)‘ A" dA
IAl>——

(2k+n)t2a

e[ [ eres ) o pra

T
(2k+n)t2a
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First we work with I,

I< Z/ ‘(e(f(A,k)—l)t _ e—|/\\"(2k+n)“t> ﬂO(A,k‘)’ IA["dA
k>0 IAI> !

(2k+n)t2a
< Z/ e<f<%’€>*1>tao(k,x)‘ IA["dA
k>0 IA>——+
= (2k4n)t 2
> e MIPCRE G0 (1, B XA
k>0 A>———
= (2k+n)t2ax
= .[1 + IQ.

For I, we make the change of variables A(2k+n)ta = 1, then ||(2k+n)ta =
In| and dA(2k + n)t= = dn, and

n+1 n+1

t o lh=ta« Z/ ‘eflk\a(2k+n)at,a0()\’ k)‘ IA|"d
k>0 A>—1

(2k+n)t2a

< |ldolloo V , 6_'”'aln"dn]
[n|>t2a

Note that the sum is finite and by the dominated convergence theorem,

1
D G

k>0

lim t"+ I, = 0.

t—oo

Now, we work with I;. By (2.2) I; is bounded by

I = Z/ ’e(j(’\’k)*l)tﬂo(/\,kz)‘ A" dA
k>0 IAI> :

(2k+n)t 2a
-> [eUOR=DtG4 (1, )] A" dA
50w > A > —
= (2k+n)t2a
FX [ [k Aan
kZZO N> 55
. Z/ G,D\,\|a(2k+n)“tﬁ0(>\7k)’ A"+ [|do]| Lr (zye ™!
k207 s > N>
= (2k+n)t2ca

We now make the change of variables A\(2k + n)t= =, and then
n+1 1 @
te I < ldol| 7/ e Pl | dny
> Z 2k + )" Jerd s ppsids

k>0

N ntl
+ |ltol| 1yt = e bt

[e% ].
< Jlitolloo / P gy | S L
In|>t2a 2 (2k 4 n)ntt

k>0

. ntl
+||’LL0||L1(E)t o e Bt
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Therefore & I; — 0 when t — oo.
Finally we will estimate 1. Again we make the change of variables A\(2k+
n)te =, if t= is a sufficiently large number, by (2.1), we have
n41

t e II

_gn
s

k>0

(el CRE ) oI G g, )

(2k+n)t2a

X | A]"dA
St"fHuoHooZ/ - ‘ NI (2hetn) BN (2K-+n))t 1’ —IN* (2ktn)
k=0 (2k+n)t2a
X | A]"dA
<Cr ||u0||002/ L IA%(2k 4 n)°h(|\|(2k 4 n))te A" (Zk+n)t
k20 (2k+n)t2a
X | A]"dA
] 1
<Cliale 3 [ et (i) 7
- 1 IR 1
< Cllol| G /h<)e 1 | .
- ];)(%Jrn)"*l R \te

Observe that h (|77|) — 0 when t — oco. Also

IR e
h<tl eI "+ < | s [T e I

and then by convergence dominated theorem 11 — 0 when ¢ — oo.
Thus we have showed that

lm t"a max|u(z s,t) —v(z,s,t)| =0
t——o0 (z,8)
since
thm tha max|u(z s,t) —v(z, s, t)]
n+1
< o n =
7thmoot E / [\ K, 2) A" dX = 0.

k>0

Now we will prove that the asymptotic profile is given by

lim max [¢t"a & u(t2z t%s,t) — Gy, (z,8)] =0,

t—00 (z,s)
where G, (z, $) is the function such that éu\o()\, k) = e~ MR 5500, k).
Indeed, we have

DN K, t) = e TR G Gma N k) — e NTCR 550, k). (2.3)
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Now, taking the spherical transform and by (1.6) and (1.7), we get

tnTﬂdtaj(T, (A Kk, t) V(t2 2,1%5, 1) oy oxk(—2,—s)dzds (2.4)

\\

v(t2 2, 1%, t) @, axk(— t2 2, —t%s) dz ds

= v(z,s,t)cpt_a)\’k(fz, —s)dzds
Hyp,

=07\ Kk, ).
By (1.17), (2. 3) and (2. ) we have
(2,8,1) =Gy (2, 9)|

t—00 (z,s)

< lim max|t "« £3 6tau(z s,t)— tnTH(Stav(@&t)\
t—00 (z,s)

+ lim max [t7o & 5tav(z $,t) — Guo(2,8)] = 0.

t—oo (Z S)
Finally, since [[v(-, -, )| oo m,) < Ct="a", (see (1.15)), we have

_nt1
Hu('a"t)”L‘X’(Hn) <Ct .
and by interpolation for 2 < p < oo,

-2

2 p—2
s Dlloen,) < e, 12 gy a2, -

As (1.16) has bounded the L?(H,) norm, because it is the solution given
through the spherical transform, we have

n+1l p—

||’U,(~’ ) )HLT’ (H,,) < Ct_iT.

3. The Dirichlet problem

3.1. Existence and properties of solutions

We shall first derive the existence and uniqueness of solutions of (1.18), which
is a consequence of Banach’s fixed point theorem. The main arguments are
basically the same of [9] or [10], but we write them here to make the paper
self-contained.

Theorem 3.1. Let ug € LY(Q) and be J a kernel that verifies (H) and (H).
Then there exists a unique solution u of (1.18) such that u € C([0,0), L*(£)).

Recall that a solution of the Dirichlet problem is defined as a v € C([0, 00),
LY(Q)) satisfying (1.18).

Proof. We use the Banach’s fixed point theorem. Fix ¢ty > 0 and consider the
Banach space

Xy, = {w € C([0,to); L' (), and w(z,s,t) = g(z,s,t) if (2,5) ¢ Q},
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with the norm
= et .
lolll = g Loy

We will obtain the solution as a fixed point of the operator ¥ : X;, — Xy,
defined by

¢
T(w)(z,8,8) = wop(z, s) —l—/o Jxw(z,s,r) —w(z,s,r)dr it (z,5) €Q,

g(z,8,1t) if (z,s) ¢ Q,

where wg(z, s) = w(z, s,0).
Let w, v € X;,. Then there exists a constant C' depending on J and 2
such that

[T (w) = Z()|[| < Ctoll|w — v||| + [lwo — vol| L1 (). (3.1)
We will prove (3.1). Indeed,

/ [T (w) — F(v)] (2, 8,t)dzds < / |wo — vol(z, §)dzds
o o

¢
+/ ‘/ Jx(w—v)(z,8,71)— (w—v)(z,s,7)dr|dzds
alJo
< llwo — voll @) + (1T e + DIl = o)l

Taking the maximum in ¢ (3.1) follows.

Now, taking vgp = v = 0 in (3.1) we get that T(w) € C([0,t0]; L*(2)) and
this says that © maps X;, into Xy,.

Finally, we will consider Xy, 4, = {u € Xy, : u(z,5,0) = up(z,9)}. T
maps Xy, 4, into Xy, 4, and taking ¢y such that (C'+ 1)ty < 1, where C' is the
constant given in (3.1) we can apply the Banach’s fixed point theorem in the
interval [0, to] because ¥ is a strict contraction in Xy, ,,. From this we get the
existence and uniqueness of the solution in [0,%]. To extend the solution to
[0,00) we may take as initial data u(x,to) € L'(2) and obtain a solution up
to [0, 2tg]. Iterating this procedure we get a solution defined in [0, 00). O

In order to prove a comparison principle of problem given by (1.18) we
need to introduce the definition of sub and super solutions.

Definition 3.2. A function v € C([0,77]; L' (2)) is a supersolution of (1.18) if
u(z, s,t) > J xu(z,s,t) —u(z,s,t), for (z,5)€Q and t>0,
ue(z,8,t) > g(z,1), for (z,8)¢Q and t>0, (3.2)
u(z,8,0) > up(z, s), for (z,s) € Q.

As usual, subsolutions are defined analogously by reversing the inequalities.

Lemma 3.3. Let ug € C(Q), up >0, and u € C(Q x [0,T]) a supersolution of
(1.18) with g > 0. Then, u > 0.

Proof. Assume to the contrary that u(z,s,t) is negative in some point. Let
v(z,8,t) = u(z, s,t)+et with e > 0 small such that v is still negative somewhere.
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Then, if (2o, so,%0) is a point where v attains its negative minimum, there it
holds that ty > 0 and

ve(20, S0, to) = ut(20, S0, to) + € > J * u(zo, S0, to) — u(z0, So, to)
- /H J(E— 25— %Im(é, N (W 5. to) — v(20, 50, Lo))d3d5
> 0. '
This contradicts that (zo, So,to) is @ minimum of v. Thus, u > 0. O

Corollary 3.4. Let J € L>(H,). Let ug and vy in L*(Q) with ug > vy and
g,h € L>=((0,T); L*(H,\Q)) with g > h. Let u be a solution of (1.18) with
u(z,8,0) = ug(z,s) and Dirichlet datum g, and let v be a solution of (1.18)
with v(z,s,0) = vo(z,s) and datum h. Then, u > v a.e. Q.

Proof. Let w = u—wv. Then, w is a supersolution with initial datum wg—vg > 0
and datum g — h > 0. Using the continuity of the solutions with respect to the
data and the fact that J € L>°(H,,), we may assume that u,v € C(Q x [0,T]).
By Lemma (3.3) we obtain that w = u—wv > 0. So the corollary is proved. [

Corollary 3.5. Let u € C'(2 x [0,T]) (resp., v) be a supersolution (resp., sub-
solution) of (1.18). Then, u > v.

Proof. Tt follows from the proof of the previous corollary. O

3.2. Convergence to the heat equation

In order to prove a to prove Theorem 1.5, let # be a C?T®1+®/2 extension of
v to H,, x [0, 7], where v is the solution of (1.20). Let us define the operator

1
Lc(w)(z,s,t) := G—QJ6 xw(z,s,t) —w(z,s,t).

Then ? verifies

04(2,8,t) = Lc(v) (2, 5,t) + Fo(2,5,t), for (z,5)€Q and te[(0,T],
0(z, ) g(z,8,t) + G(z,s,t), for (z,8)¢Q and te,(0,7T]
0(2,8,0) = up(z, s), for (z,s) € Q.

(3.3)

Since Lv(z, s,t) = Lo(z, s,t) for (z,s) € 2, we have
F.(z,s,t) = Li(z,s,t) — Le(v)(2, 5, 1).
Moreover, as G is smooth and G(z,s,t) = 0 if (z,s) € OQ we have
G(z,s,t) =o(e) for (z,s) such that dist((z,s),08) < ed.
We set w® =0 — u® and we note that

w§(z,5,t) = L (w)(z,5,t) + F(z,5,t), for (z,5)€Q and te (0,7,
we(z,s,t) = (z,s,t), for (z,5) ¢ Q@ and te€,(0,T],
we(z,8,0) = for (z,8) € Q.

(3.4)
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Lemma 3.6. Let 9, L. and F, be as previously defined. Then we have that

sup || Fellpo< () = o(€”). (35)
te[0,7)

Proof. By © € C*t1+2/2(H,, x [0,T]), we have that
F.(z,s,t) = Li(z,s5,t) — L(v)(2, 5, 1)

In the global coordinate system (x,y, s), we obtain

- 207" T—x §-—y §—s 1liy—ix
LE(U)(x’y’S’t)62"+4/ﬂ§2n+1j( e e e 2 &

(v(2,9,5,1) —v(z,y, s, 1)) didyds.

555 = 2, and so,

We now make the change of variables i% =z,

71 R B R
EE(U)(x,y, s,t) = 20; / J (55,3}, . % (ex + x)y i (e + y)x)
R2n+1

€
c(v(ex + x, €5 + y, €8 + s,t) —v(x,y, s,t)) didjds

207t .. ety —egx
= J -
62 42n+1 (I’ Y,8 262

“(v(ex + x, ey +y, €8+ s, t) — v(x,y, s, t)) didjds.

By a simple Taylor expansion we have

v(el + z,eg +y,e5 + s,t) — v(z, vy, s, t)

"9
Z— (, y,stemj—i—z v(z,y, s, t)ey;

o2
+ 82 (z,y,s,t)e*5 + = Z 92,00, v(z,y, s, )34,

32

]. 82 PPN 2 A~
— —)v(x,y,s,t iYi —Fv(x,y,s8,1)e"T;y;
+ Z 8 8:1]1 ( y Y, S, )6 yjyz +; 83:]8% ( Y, )6 Jyl

1 n 2 3 n 82 s
- N353 I
+3 > 83:]-63@(%%8’ )e xgs+; 8%881;(%3/,37 )e3i);
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By the fact that J verifies the hypothesis (H),

ie(v)(:c, Y, 8, t)

Proof of Theorem 1.5. In order to prove the theorem by a comparison argu-
ment we first look for a supersolution. Let w be given by

wW(z,s,t) := K1e*t + Kae. (3.6)

For (z,s,t) € Q x [0,T] we have L (w)(z,s,t) = 0, and if K, is large by
Lemma 3.6 and Eq. (3.4):

Wi (2,8,t) — L (W)(2,5,t) = K1 > Fo(2,8,t) = wi(z,5,t) — L (w)(2, s,t).

(3.7)
Since
G(z,s,t) =o(e) for (z,s) such that dist((z, s),9) < ed,
choosing K> large, we obtain
wW(z,s,t) > wi(z,s,t), (3.8)

for (z,s) ¢ Q such that dist((z, s),98) < e and t € [0, T]. Moreover, it is clear
that

w(z,s,0) = Koe > 0 = wy(z,s,0). (3.9)

By (3.7), (3.8) and (3.9) we can apply the comparison result, Corollary 3.4,
and conclude that

w(z, 8,t) <wW(z,8,t) = K1t + Kae. (3.10)
In a similar way we prove that w(z,t) = —K1e*t — K¢ is a subsolution and
hence,

w(z,s,t) > w(z,s,t) = —K1€*t — Kae. (3.11)

Therefore by (3.10), (3.11) and since 0 < « < 1, we get

sup [|v — |10y = sup [Jw||pe o) < C(T)e™.
te[0,T] te[0,T]

This proves the theorem. ]
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