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In this paper, we consider a semi-classical version of the nonhomogeneous heat
equation with singular time-dependent coefficients on the lattice hZ™. We establish
the well-posedness of such Cauchy problems in the classical sense when regular
coefficients are considered, and analyse how the notion of very weak solution adapts
in such equations when distributional coefficients are regarded. We prove the
well-posedness of both the classical and the very weak solution in the weighted
spaces £2(hZ"™), s € R, which is enough to prove the well-posedness in the space of
tempered distributions S’(hZ"™). Notably, when s = 0, we show that for i — 0, the
classical (resp. very weak) solution of the heat equation in the Euclidean setting R™
is recaptured by the classical (resp. very weak) solution of it in the semi-classical
setting AZ™.
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1. Introduction

The solvability of the heat equation, as well as the inverse problem for the
heat equation where thermal coefficients are constant, time-dependent, or space-
dependent, has been studied extensively in many different settings.

For the case of the heat equation with singular potentials in the space variable, we
refer to papers [1, 6] for an overview of the known results in different settings. For
the case where the time-dependent coefficients are considered, we refer to papers
[7, 13-16] and [27], that apply in settings different from the lattice Z". In the
particular case of the lattice Z™ we have paper [10] where constant coefficients are
considered. In the aforesaid setting, the heat equation with constant coefficients
reads as the parabolic Anderson model, see e.g. [3] and references therein, and the
asymptotic analysis of its solution is a topic of wide interest in the field of stochastic
analysis.

The setting in the current paper is, for a (small) semi-classical parameter i > 0,
given by

"={zxeR":x=hk, keZ"},
and clearly includes the n-dimensional lattice Z" as a special case. For a > 0, the
discrete fractional Laplacian on AZ™ denoted by (—L;)% is defined by
(—Lp Z a;u(k + jh), k€ hZ", (1.1)
jezr

where the expansion coefficient a§-a)

(a) ._/ —2mij-€
a;’ = 4sin? (w& d¢. (1.2)
/ (1/2),1/2" [Z 1

For more information on the discrete fractional Laplacian, see § 3.
For the space variable k& € AZ™ in this setting, we analyse the semi-classical
analogue of the heat equation in the Euclidean setting, which reads as follows:
Opult, k) + a(t)h2* (=Lp)" u(t, k) + b(t)u(t, k) = f(t.k), (t.k) € (0,T] x hZ",
u(0,k) =ug(k), ke hnzr,

is given by

(1.3)
where a = a(t) > 0 is the thermal conductivity, b is a real-valued bounded potential
and f is the heat source.

The first aim of the current paper is to prove the well-posedness of the classical
solution of the heat equation as in (1.3) in the semi-classical setting AZ™. Let us note
that in [8, 9] the authors examine the discrete wave equation with time-dependent
coefficients and the discrete Klein—Gordon equation with regular potential and
prove that they are well-posed in ¢2(hZ"). In this paper, we are extending the
well-posedness results in [8, 9] for our consideration of the Cauchy problem by
allowing the initial data to grow polynomially. More precisely, we investigate the
well-posedness of the Cauchy problem (1.3) with regular/irregular coefficients as
well as the heat source and initial Cauchy data from the space of discrete tempered

https://doi.org/10.1017/prm.2023.84 Published online by Cambridge University Press


https://doi.org/10.1017/prm.2023.84
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distributions &’ (hZ™). A special feature in our approach in this article is that we
also allow the coefficients a, b to be distributions. Particularly, our analysis allows
a, b to have distributional irregularities; i.e. to have J-type terms, while also Heav-
iside discontinuities e.g. we can take b(t) = § + H(t). Taking into account that the
solution u(t, x) might as well have singularities in ¢, this consideration would lead
to foundational mathematical difficulties due to the problem of the impossibility of
multiplying distributions, see [25]. To overcome this problem we employ the theory
of very weak solution as introduced in [12] which allows us to recapture the clas-
sical /distributional solution to the Cauchy problem (1.3), provided that the latter
exists.

With the well-posedness of the classical (resp. very weak) solution to the Cauchy
problem (1.3) on the lattice AZ™ at our disposal, two natural questions arise:

(1) Can we recapture the classical solution to the heat equation (1.3) when the
space variable lies in the Euclidean space R™ by allowing i — 07

(2) Can we recapture the very weak solution to (1.3) when the space variable lies
in the Euclidean space R™ by allowing /7 — 07

We will see that both questions are answered in the affirmative, provided addi-
tional Sobolev regularity. In particular, we consider the semi-classical limits 7 — 0
for the following cases:

(A) regular coefficient and Sobolev initial data;

(B) distributional coefficient and Sobolev initial data,

and prove that in both cases we recover the (classical/very weak) solution in
the Euclidean setting. The idea of ensuring globally convergence for the solution
by adding Sobolev regularity, can be found in the semi-classical limit theorems
in [8, Theorem 1.2] and [9, Theorem 1.3].

Note that the Cauchy problem (1.3) is the discrete analogue of heat equation
with time-dependent coefficients in the Euclidean setting R™ given by:

Opu(t, ) + a(t)(—L)*u(t, ) + b(t)u(t,x) = f(t,x), (t,x) € (0,T] x R™,
u(0,z) =up(x), =e€R",
(1.4)
where (—£)® is the usual fractional Laplacian (—£)* on R™ defined as a pseudo-
differential operator with symbol |27&[?* = [3)L, (27&)?]%, i.e.:

(03

(~)%ula) = [ [ame a(e)em < de (1.5)

n

Theorems 1.1 and 1.2 state the well-posedness results of the Cauchy problem
(1.4) for the above cases in the Euclidean setting R”.

Before presenting the aforementioned results, let us note that, notation-wise, we
write a € L2([0, T1), if a € L*([0, T]) is m-times weakly differentiable with 8/a €
L>([0, 7)), for all j =1, ..., m. Let us recall the usual Sobolev space H™(R") and
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its dual L2 (R") defined as:
fEH™R") <= (I-L)"2f € L*(R"),
and
ge Ly [R") < (L+[¢)™?g € L*(R™), (1.6)

respectively.

In the sequel, we will be writing A < B whenever there exists a constant C,
independent of the appearing parameters, such that A < CB.

For the well-posedness of the Cauchy problem (1.4) in case (A) we have the
following result:

THEOREM 1.1. Let m €R and f € L?([0, T); H™"(R")). Assume that a €
L§°([0, T) satisfies infc(o, 1) a(t) = ap > 0 and b € L>([0, T1). If the initial Cauchy
data ug € H™(R™), then the Cauchy problem (1.4) has a unique solution u €
C([0, T]; H™(R™)) which satisfies the estimate:

[a(t, M Frm @ny < CToap (HU0||12Hm(Rn) + Hf”%z([O,T];Hm(R“)) ; (1.7)
for all t € [0, T), where the positive constant Cr qp is given by

Croap= aal||a||Looea51(||at\|L<><>+2||a||L°° [bllLoe +llallLee) T (1.8)

Similarly, for the well-posedness of the Cauchy problem (1.4) in case (B) we have:

THEOREM 1.2. Let a and b be distributions with supports included in [0, T] such
that a > ag > 0 for some positive constant ag, and let the source term f(-, x) be
a distribution with support included in [0, T, for all x € R™. Let m € R and ug €
H™(R™). Then, the Cauchy problem (1.4) has a unique very weak solution (ue)e €
L2([0, T); H™(R™))O of order m.

For more details about the very weak solutions for the Cauchy problem (1.4) in
the Euclidean setting, we refer to § 6.

To give a synopsis of the topic of very weak solution, we refer to papers [17, 22]
on Cauchy problems with singular, time-dependent coefficients in the Euclidean
setting. The concept of very weak solution with space-dependent coefficients in the
general setting of graded Lie groups has been employed in papers [4-6, 23, 24] and
[11] in the Euclidean setting.

To summarize, we are able to: use the notion of very weak solution, as introduced
in [12] in the setting of hyperbolic Cauchy problems with distributional coefficients
in space; understand distributionally the Cauchy problem (1.3); and prove its well-
posedness. Precisely, the following facts will be presented in the sequel:

e The Cauchy problem (1.3) is well-posed in the weighted spaces ¢2(hZ"), for
all s € R and admits a very weak solution even when distributional coefficients
a, b are considered.

e The very weak solution is unique in the sense of definition 2.5.
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e If the coefficients a, b are regular enough so that the Cauchy problem (1.3) has
a classical solution, then the very weak solution recaptures the classical one.
This fact indicates that the notion of very weak solution as adapted to our
setting is consistent with the classical one.

e We are able to approximate both the classical and the very weak solution to
the heat equation as in (1.3) in the Euclidean setting R™, by the corresponding
solution in the semi-classical setting AZ".

The structure of the paper is as follows: in § 2 we present our main results. In § 3
we discuss the basics of the Fourier analysis in the case of the lattices Z" and hZ™
and of the torus T}. In addition to this, the functions of spaces and distributions
necessary for our analysis are recalled. In § 4 we provide the proofs of the results on
the existence and uniqueness of the very weak solution of the problem we consider,
as well as the consistency of it with the classical solution. In § 5 we prove the results
on the approximation of the (classical/very weak) solution on R™, by the one on
hZ™. Finally, in § 6, we make some remarks about the very weak solution in the
Euclidean setting.

2. Main results

In this section, we will present our main results for the well-posedness of the Cauchy
problem (1.3) with regular/irregular coefficients and the discrete tempered distri-
butional initial data. We will also present the semi-classical limit theorems for the
classical as well as very weak solution.

First, we consider the Cauchy problem (1.3) with discrete tempered distributional
initial Cauchy data and the regular coefficients a € L§°([0, T]) and b € L*°([0, T)).
In the light of relation (3.2), proving the well-posedness in the space of weighted
spaces ¢2(hZ™) is sufficient to prove the well-posedness in the space of discrete
tempered distributions S’(hZ™).

Let us start our exposition of results with the one on the well-posedness theorem
(in the classical sense) for the Cauchy problem (1.3):

THEOREM 2.1 (Classical solution). Let s € R and f € L%([0, T); 2(hZ™)). Assume
that a € L°([0, T) satisfies infycjo 1) a(t) = ag > 0 and b € L*([0, T1]). If for the
initial Cauchy data we have ug € (2(hZ"™), then the Cauchy problem (1.3) has a
unique solution u € C([0, T); (2(hZ")) satisfying the estimate:

[u(t, Iz (nzny < CroaplwollZznzny + 11720702z (2.1)
for allt € [0, T] and h > 0, where the positive constant Cr 4 is given by

Cr.ap = ag||af| pees (latllzoe+2lalzoe bl oo HllallLoe)T (2.2)

Next, we are considering the Cauchy problem (1.3) with discrete tempered dis-
tributional initial Cauchy data and, also allowing the coefficients and the source
term to have singularities in the time variable. As we discussed earlier in § 1, in
order to deal with such equations where fundamental mathematical difficulties may
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arise when adapting the classical approach, we have to introduce the notion of a
very weak solution. To this end, let us quickly recall the important points for the
upcoming analysis.

Let a € D'(R) be a distribution. Using the Friedrichs-mollifier, i.e. a function ¢ €
C§°(R), ¢ > 0 and [, =1, we are able to construct families of smooth functions
(ac)e by regularizing the distributional coefficient a as follows:

1 t
ac(t) == (a* o) (1), ww@(t)w@w(w(e)), e, (23

where w(g) > 0 and w(e) — 0 as ¢ — 0. Let us note that since for the purposes of
this article, the distributions a and b, as in (1.3), are distributions with domain
[0, T, it is enough to consider that supp(¢)) C K, with K = [0, T] throughout this
article.

The notions of moderateness and the negligibility for a net of func-
tions/distributions as follows:

DEFINITION 2.2.

(i) A net (a.)e € L(R)OU 4s said to be LS -moderate if for all K € R, there
exist N € Ng and ¢ > 0 such that

HﬁkaEHLm(K) <ce MR forallk=0,1,...,m,

for all e € (0, 1].

(ii) A net (ac). € L2 (R)OY is said to be L -negligible if for all K € R and
q € Ny, there exists ¢ > 0 such that

||8ka5HLOO(K) <ceel, forallk=0,1,...,m,

for all e € (0, 1].

(iii) A net (uc)e € L2([0, T]; £2(hz"))OY is said to be L2([0, T];¢2(hZ"))-
moderate if there exist N € Ny and ¢ > 0 such that

lluell L2 o, mse2 (hzny) < g™ Y,
for all e € (0, 1].

(iv) A net (u.). € L2([0, T); £2(hZ™)) 0N s said to be L2([0, T]; £2(hZ™))-
negligible if for all ¢ € Ny there exists ¢ > 0 such that

lluellL2(o,)se2(hzm)) < e,
for all e € (0, 1].

We note that the moderateness requirements are natural in the sense that dis-
tributions are moderately regularized. Moreover, by the structure theorems for
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distributions, we have the following inclusion:
compactly supported distributions £'(R) C {LQ—moderate families} .

Therefore, it is possible that the Cauchy problem (1.3) may not have a solution in
the space of compactly supported distributions £’(R) but it may exist in the space
of L?-moderate families in some suitable sense.

The notion of a very weak solution to the Cauchy problem (1.3) can be viewed
as follows:

DEFINITION 2.3. Let s € R, f € L?([0, T); 2(hZ")), and ug € ¢*(RZ™). The net
(ue)e € L2([0, T); 2(hZ)) O is a very weak solution of order s of the Cauchy
problem (1.3) if there exist

(1) L$°-moderate regularization a. of the coefficient a;
(2) L*-moderate regularization b. of the coefficient b; and
(3) L%([0, T); £2(hZ™))-moderate regularization f- of the source term f,

such that (u:). solves the regularized problem:

Opuc(t, k) + ac(t)h=2% (—Lp)" uc(t, k) + b-(t)us(t, k) = f-(t, k), te (0,T],
ue(0,k) = uo(k), ke hnzr,
(2.4)

for all e € (0, 1], and is L*([0, T); 2(hZ"™))-moderate.

It should be noted that theorem 2.1 provides a unique solution to the regularized
Cauchy problem (1.3) that satisfies estimate (2.1).

A distribution a is said to be a positive distribution if (a, ¥) > 0 for all ¢ €
C§°(R) such that ¢ > 0. Similarly, a distribution a is said to be a strictly positive
distribution if there exists a positive constant « such that a — « is a positive distri-
bution in the previous sense. In other words, a > « > 0 in the support of a, where
a > «, means that

(a —a,) >0, forallye C(R), ¥ = 0. (2.5)

Now, we can state the existence theorem for the Cauchy problem (1.3) with
distributional coefficients as follows:

THEOREM 2.4 (Existence). Let a and b be distributions with supports contained in
[0, T] such that a > ag > 0 for some positive constant ag, and let the source term
(-, k) be a distribution with support contained in [0, T, for all k € hZ™. For s € R,
we assume that the initial Cauchy data ug satisfies ug € £2(hZ™). Then, the Cauchy
problem (1.3) has a very weak solution (u.). € L([0, T]; 2(hZ™))O of order s.

Next, we define the uniqueness of the very weak solution obtained in theorem

2.4 for the Cauchy problem (1.3). This should be regarded as if the family of
very weak solution is not ‘significantly’ affected by the negligible changes in the
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approximations of the coefficients a, b and of the source term f. This can be also
regarded as a ‘stability’ property.

Strictly speaking, the notion of the uniqueness of the very weak solution for the
Cauchy problem (1.3) is formulated as follows:

DEFINITION 2.5. We say that the Cauchy problem (1.3) has a L*([0, T); ¢2(hZ"))-
unique very weak solution, if

(1) for all L3 -moderate nets a., a. such that (a. — a.)e is L3 -negligible;
or a -moderate nets b, NE such that (b, — NE e are L™ -negligible; an
2) for all L™ d be, b h that (be — b L ligibl d

(3) for all L*([0, T; £2(hZ™))-moderate nets f., f. such that (f. — f.)e is
L2([0, T); £2(hZ™))-negligible,

the net (ue — @c)e is L?([0, T); £2(hZ™))-negligible, where (u.). and (iic)e are the
families of solution corresponding to the e-parametrized problems:

Opuc(t, k) + ac(t)h™2% (= Ly)" uc(t, k) + be(t)uc(t, k) = f-(t, k), te (0,77,
ue(0,k) = uo(k), ke hnz",

and

Qe (t, k) + e ()2 (— L) e (t, k) + be(t)ie (t, k) = fo(t, k), t€(0,T),
(0, k) = ug(k), ke hzn,

respectively.

REMARK 2.6. The Colombeau algebra G(R) defined as:

- C*°-moderate nets

R) =
9(R) Cc-negligible nets ’

can also be used to formulate the uniqueness for the Cauchy problem (1.3). For
more details about the Colombeau algebra, we refer to [18]. The uniqueness of
very weak solution in the sense of Colombeau algebra was introduced by Garetto
and the third author in [12] and subsequently used in different settings, see
c.g. [21, 22].

The following theorem gives the uniqueness of the very weak solution to the
Cauchy problem (1.3) in the sense of definition 2.5.

THEOREM 2.7 (Uniqueness). Let a and b be distributions with supports contained
in [0, T| such that a > ag > 0 for some positive constant ag, and let the source term
f(, k) be a distribution with support contained in [0, T, for all k € hZ™. For s € R,
let also ug € (2(AZ™). Then, the very weak solution of the Cauchy problem (1.3) is
L3([0, T); 2(hZ™))-unique.
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In the following theorem, we prove the consistency results with the classical case:

THEOREM 2.8 (Consistency). Let s € R" and f € L*([0, T], 2(hZ")). Assume
that a € L°([0, T]) satisfies inficpo,rya(t) = ap >0 and b e L>([0, T]). Let also
ug € 2(RZ™) for any s € R. Then, the reqularized net u. converges, as € — 0, in
L2([0, T); 2(hZ™)) to the classical solution of the Cauchy problem (1.3).

The following theorem shows that the classical solution of (1.3) in the semi-
classical setting AZ"™ obtained in theorem 2.1 for s = 0, recaptures the classical
solution in the Euclidean setting R™ as in theorem 1.1, provided the latter exists.

THEOREM 2.9. Let o € (0, 1] and s = 0. Let u and v be the classical solution of the
Cauchy problems (1.3) on hZ™ and (1.4) on R™, respectively. Assume that for the
initial Cauchy data we have ug € H™(R™) for some m > 4a. Then, we have the
following uniform in t € [0, T| convergence:

lo(t, ) — ul(t, ~)||52(hzn) — 0, ash—0. (2.8)

REMARK 2.10. Let us point out that the solution u, v as in theorem 2.9 are regarded
as solution to the Cauchy problems (1.3) and (1.4), respectively, with the same
Cauchy data wug, source term f and time-dependent coefficients a, b. The same
hypothesis holds true in theorem 2.11 on the convergence of the nets of the very
weak solution in the semi-classical and Euclidean settings of the corresponding
regularized heat equations.

The analogous to theorem 2.9 statement in the ‘very weak sense’ reads as follows:

THEOREM 2.11. Let a € (0, 1] and s =0. Let (uz)e and (ve)e be the very weak
solution of the Cauchy problem (1.3) on RZ™ and (1.4) on R™, respectively. Assume
that for the initial Cauchy data, we have ug € H™(R™) for some m > 4a. Then,
we have the following uniform in t € [0, T| convergence:

[ve(t, ) — ue(t, ')”p(hzn) — 0 ash—0, (2.9)

and pointwise for e € (0, 1].

3. Preliminaries

The Fourier analysis related to the discrete lattice Z™ and the torus T™ has been
developed by Turunen and the third author in [20]. The pseudo-difference operators
and the related symbolic calculus on the weighted sequence space ¢£(Z"™) have been
extensively studied in [2]. The aim of the section is to recall the preliminaries and
important tools related to the discrete lattice AZ"™ and the torus T} that will be
necessary for the analysis that we will follow.

3.1. Spaces of functions and distributions on the lattice hZ™

The Schwartz space S(AZ™) on the lattice AZ™ is the space of rapidly decreasing
functions ¢ : AZ™ — C; that is, we write ¢ € S(RZ"™) if for any M < oo there exists
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a constant C, a7 such that

lo(k)| < Cpar(1+ k)M, for all k € hZ",

where |k| stands for the Euclidean norm of k € hZ"™; i.e. for k = hi(ky, ..., k), we
have |k| = h(3";—, k?)'/2. The topology on S(hZ™") is given by the semi-norms p;,
defined as:

pi(p) = Sup (L+ &Y |o(k)], ¢ € S(hZ") and j € No.
Chin

The topological dual of S(AZ™) is the space of tempered distributions defined as:
S'(hZ") = L (S(hZ™),C),

i.e. S'(RZ™) is the space of all linear continuous functionals on S(AZ™) of the form

o= (u0) = > uk)p(k), @ eSHhZ).
kehzn

We note that, in contrast to S'(R™), the tempered distributions in S’(AZ™) in the
semi-classical setting are pointwise well-defined functions on AZ". Furthermore, a
tempered distribution w : hZ™ — C has polynomial growth at infinity, i.e. there
exist positive constants M and C,, s such that

(k)] < Cunr (1 + KDY, k€ hZ™.
For s € R, one can extend the usual space £2(hZ") to the weighted space ¢2(hZ")

of order s as follows: for f : hZ™ — C we write f € £2(hZ™) whenever the following
norm is finite:

1/

1/2
e(nzn) = ( > (1+|k)23f(k)l2> :

kehzr

Clearly, the weighted ¢?-spaces also include £2(hZ") as a special case when s = 0.
Observe that the weighted space ¢2(hZ™) is a Hilbert space when endowed with
the natural inner product:

(w )z = (L+ k) *u(k)o(k), (3.1)
kehzr

where v(k) stands for the complex conjugate of v(k).

Let us point out that the structure of the space of tempered distributions S’ (hZ"),
as well as this of the Schwartz space S(RZ"), are closely related to the weighted
£2-spaces. In particular, we have the following useful relations:

S(hz") = () (hz") and S'(hz") = | ) E2(hZ"). (3.2)
seR seR
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3.2. Space of periodic functions and distributions on the torus T}

Let us now introduce the torus denoted by T} that will be useful for the subse-
quent analysis, especially when the semi-classical limit & — 0 is taken. The torus
T} can be realized via the identification

1 17"
T = |——, — h> 0.
n [ 271’271} e

Consequently, the space C* (T}) consists of functions that are 1/A-periodic and k-
times continuously differentiable functions on torus T}. The space C*°(T}) of test
functions on the torus T} can then be defined as:

C=(Tp) := () C¥(T}).
k=1

The Fréchet topology on the space of smooth functions C°°(T}) is given by the
semi-norms p; defined as:

pj(’(/J) = max{H(?awHC(qu) . |CY‘ < ]}, j S N(),CY S Ng

The topological dual of C*°(T}) is the space of periodic distributions defined as:
D(T}) == L(C™(T3),C),

i.e. it is the space of all linear continuous functionals on C*°(T}) of the form

daly e(E)v(§)dg, v € C™(Ty).
h
3.3. Related semi-classical Fourier analysis
The Fourier transform operator:

Frzn : S(RZ") — C(TE)

is defined as:

Frgnu(€) :=h"? Y u(k)e>™*E e Ty
kehzn

For the inverse Fourier transform operator
Frzn : C%(T) — S(hZ")
we have

Fiho(k) = /2 / o(E)FTHE e, ke BT

T

implying that the Fourier inversion formula is given by

u(k) = K2 / a€)e2m ke de, k€ ham. (3.3)
T

n
h
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The Fourier transform Fpz» can be uniquely extended to the space of tempered
distributions &’ (AZ™) when realized via the distributional duality:

(th"uv 1/1) = (uv Lo f}{zlnw)v (34)

where u € S'(RZ"), ¢ € C*(T}), and (vo f)(x) = f(—x).

Hence, for the operator Fpz» we can write in more generality Fpzn : S'(RZ™) —
D'(T}), and consequently we can define the inverse operator ). : D'(T}) —
S'(hZ™). With the use of the latter, we can define the periodic Sobolev spaces
H#(T%), for s € R as follows:

1/2
7] S — 2
H*(Tp) := qu € D'(T) : [[ull g=(rp) = < > @+ [N | Frgnulk)| ) < o0
kehzm

For any s € R the periodic Sobolev space H*(T}) is a Hilbert space endowed with
the inner product given by

(1, 0) o () = ST+ KD Frgh ulk) Figv(k). (3.5)
kehzn

Clearly, the periodic Sobolev space also includes L2(']I”g) as a special case when
s =0.

We have the following relation between the space of test functions C*°(T}) and
the space of periodic distributions D'(T%) and the periodic Sobolev spaces H*(T}):

= () H*(Tp) and D'(Tp) = | J H*(T}).
seR seR

Combining the inner product (3.1) and (3.5) with the Fourier transform, we obtain
the following Plancherel formula:

sozmy = L+ 1D Olluzmy = 1Tl [ € BGZY.  (3.6)

3.4. The discrete fractional Laplacian

The discrete fractional Laplacian on the lattice AZ™ can be defined by restricting
the usual fractional centred difference operators in the Euclidean setting R™, see
[19, Section 5.4]. For more details about the fractional difference operators on R”,
we refer to [26].

Rigorously, for a positive @ > 0 and for u being a complex-valued grid function
on AZ™, the discrete fractional Laplacian (—L)® is defined by

(—Ln)*ulk) = > aulk + jh), «>0, (3.7)
JEL™

where the generating function aga)

(c) .7/ —2mij-€
a\ = 4 sin? (m& d¢.
/ (1/2),1/2]" [Z ]

is given by
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Discrete heat equation with irreqular thermal conductivity 13

The Fourier transform and the Fourier inversion formula, allow to verify that

Z (@) 2mij-& _ [Z4S1H ng] , &eTy. (3.8)

JjeEZ™

Further, using relation (3.8) and the shifting property of the Fourier transform,
we can compute the Fourier transform of the discrete fractional Laplacian (—Lp)*
as follows:

(Frzn (=Lp)"w) (&) = Z (—Ln)* u(k)e—2ik€

kenzn
= > | X afulk+jh) | ek
kehzn \ jezn

— Zaga)e%rijhf ae)

Jer

[Z4sin2 (whfl)] u(e), (3.9)
=1

for all ¢ € T}, and consequently the Fourier transform of fractional Laplacian is
(Frzn (—L)"w) (€) = ((—L£)" u, *™*<)
= (u7 (—L£)* e2m’k~§)
= (u, |2mg 22e>m )
= |2m¢*u(€), (3.10)

for all £ € T;. For more details about the construction and other properties of
discrete fractional Laplacian on hZ", see [9].

The consistency of formula 3.7 for the discrete fractional Laplacian (—Lp)® with
the usual discrete Laplacian introduced in the monograph [8], can be understood by

explicitly computing the expansion coefficients a§a), for a =1 and j € Z". Indeed,
it is easy to check that

aél) = 2n, a(ill),l =—1, and a( ) = =0, forall j+#0,=tuv,

where v; is the [th basis vector in Z™, having all zeros except for 1 at the ith
component. This gives

(—Ln)'u(k) = 2nu(k) — Y ulk+ jh)

j=%u

= 2nu(k) — Zn: (u(k + vih) + u(k — vih)),
=1

which is usual discrete Laplacian on AZ".

https://doi.org/10.1017/prm.2023.84 Published online by Cambridge University Press


https://doi.org/10.1017/prm.2023.84

14 M. Chatzakou, A. Dasgupta, M. Ruzhansky and A. Tushir

4. Proof of the main results

In this section, we give the proofs of all the results presented above in § 2. Before
moving on to proving our first result, let us note that the proof of theorem 1.1 in
the Euclidean setting R” follows the same arguments as the ones that are used in
the proof of theorem 2.1 in the setting hZ™ except for using the inner product of
L2,(R") instead of H®(T%}). Therefore, we just prove theorem 2.1 and the proof of
theorem 1.1 should be considered verbatim.

Proof of theorem 2.1. Taking the Fourier transform of the Cauchy problem (1.3)
with respect to k € hZ™ and using (3.9), we obtain:

{(%ﬂ(t,f) +a(pE)at, &) + b(t)a(t, &) = f(t,€),  with (£,€) € [0,T] x Ty,
ﬂ(O,g) = ib\o(g), §€ T%7

(4.1)
where
v2(€) = 2™ i4sin2 (ﬂh{l)] a > 0. (4.2)
Define the energy functional for the C;Luchy problem (4.1) by
E(t,€) := (a(t)u(t,§),u(t,§)), (t,€) €[0,T] x T, (4.3)

where (-, -) is the inner product in the Sobolev space H*(T}) given by (3.5). It is
easy to check that

inf {a(t)}(u(t,§), ult,€)) < (a(t)u(t,§), u(t, €)) < sup {a(t)}(u(t,§), ult,)).

t€[0,7] t€(0,T]
(4.4)
Since a € L§°([0, 1), there exist two positive constants ap and a; such that
inf {a(t)} =a9 and sup {a(t)} =a;. (4.5)

t€[0,T] t€[0,T)

Combining equations (4.3) and (4.5) together with inequality (4.4), we obtain the
following bounds for the energy functional:

aol[a(t, Mz < E(t,€) < arlfa(t, )., (t,€) € [0,T] x Ty (4.6)

Differentiating the energy functional E(t, £) and using (4.1), we obtain:

OHE(t,€) = (ar(t u(t,€)) + (a(t)ue(t, &), u(t, €)) + (a(t)u(t, ), us(t,€))
= (a(t u(t, ) — (@ (v (&)u(t, ), ut, €))
(a()b()a(t, &), (t,€)) + (a(t) F (1, €),A(1,€))
(a(t)u(t, €), a(t)v*(§)u(t, ) — (a(t)a(t, £), b(t)u(t,§))
()u(t,

+ (a(t)a(t, &), f(t,€))

Ju(t, §),
Ju(t, §),

t,

~
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Discrete heat equation with irreqular thermal conductivity 15
= a, (1) ((t,€),u(t, €)) — 20> () (v(€)u(t, £), v(€)u(t, €))
— 2a(t)b(t)(@(t,€), @t ) + a(t)(f(£,€), (t, €))
+a(t)(@(t,€), F(t,€))
< (lae(®)] + 2la@®)|[b@)]) [[a(t, ) 137 + 2la®)]| Re(F(¢,€), a(t, €))].
Using the hypothesis that a € L$°(]0, T]) and b € L>([0, T]), we obtain:

E(t,€) < (latllzo + 2llallz [bllzoe) @t )7 + 2llallpoe 1F ¢, )= @, )| e
< (lallz= +2flall e bl Lo + llallz=) [[a(t, )z + lallze [t )F--
(4.7)
If we set k1 = ||at||n= + 2||a||p<||bl|L + ||la||r= and ke = ||a|]|p~, then putting
together (4.6) and (4.7), we obtain:
E(t,€) < ag 'k E(t,€) + ral () 137+ (4.8)
Applying the Gronwall’s lemma to inequality (4.8), we get:
¢
B <o (B0.0+ [Calfrolar), @)
0

for all (¢, £) € [0, T] x T}. Again combining estimates (4.6) and (4.9), we obtain:
R ot —1 t ~
it e < 50.8) < 750 (50,0 + [l e do)
0

T
-1 N ~
et <a1||U(07 e + f@z/ 1F (e dT) :
0
Further, using the Plancherel formula (3.6), we obtain the required estimate:

lu(t, Mz hzny < Oroab (||Uo||§g(mn) + ||f\|%2([o,T};eg(th))> , forallte|0,T],
where the constant Cr 4 is given by

Croap = ag ' ||al|p~e (oelzet2lalie bl tlalz)T,
The uniqueness of the solution follows immediately from the above estimate. This
completes the proof. O

Thus, we have obtained the well-posedness for the Cauchy problem (1.3) in the
weighted spaces ¢2(hZ") for all s € R and consequently we have distributional
well-posedness for the Cauchy problem (1.3) in the space of tempered distribu-
tion S’'(RZ™). We will now prove the existence of the very weak solution to the
Cauchy problem (1.3) in the case of distributional coefficients.
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Proof of theorem 2.4. Consider the regularized Cauchy problem:

Opuc(t k) + ac()h™2% (=Lp)" uc(t, k) + b ()us(t, k) = f-(t, k), te (0,7,
us(0,k) = uo(k), ke hnz,
(4.10)
where the coeflicient a. is L°-moderate, b, is L>°-moderate, and the source term f.
is L2([0, T); 2(hZ™))-moderate regularization of the coefficients a, b and the source
term f, respectively. Taking the Fourier transform with respect to k € hZ", we
obtain:

Ovc(t,€) + ac ()2 ()Ta (t,€) + b-(t)Te(t,€) = fo(t,€),  (t.€) € (0,T] x T,
U:(0,8) =up(€), keTy,
where v2(£) is given by (4.2). Define the energy functional for the Cauchy problem

(4.10) by

E(t,€) = (ac(t)u=(t,€), u=(t,€)),  (£,€) €[0,T] x Tf, (4.11)
where (-, -) is the inner product in the Sobolev space H*(T}). It is easy to check
that

inf {ac(t)}(ue(t,8), Ue(t, €)) < (ac(t)us(t, ), ue(t,€))

te[0,T]
< sup {ac(t)}(@e(t,€), T (t, E)).
te[0,7]

Since a and b are distributions, by the structure theorem for compactly supported
distributions, there exist Ly, Lo € N and ¢y, ¢ > 0 such that

|8§as(t)} < cw(e) P 7F and |8§bs(t)} < cawle) P27k ke Ny, (4.12)
for all t € [0, T'], where w(e) is given by (2.3). Since a
aa(t) = (a * ww(s)) (t) = <a7 Tt&w(a))

where ¢)(x) = $(~2), & € R and 7(€) = $(§ — 1), £ €R.
Now, applying theorem 2.1 to the Cauchy problem (4.10
estimate:

e (t, ) (hzny < CT,a0b (||u0||§§(h2n) + ||fEH%2([0,T];£§(hZ"))> , forallte[0,T],

ag > 0, we can write:

=
> ag > 0, (4.13)

0), we have the following

(4.14)
where the constant Cr,_ 4. is given by
Croap. = g |ac||poeedo (I19waclzoet2laclzo lbcllzoe +lac]Lo)T
< —1e\|aaIILoo+&51(H3ms||L°o+2|\aa|\m°HbaHLooJrllaaIILoo)T
< afl K max{flacllLoe,|0cacllLoesllacllLoe flbellLoe} (4.15)

where K7 = max{1, a; '4T}. Combining estimates (4.12) and (4.14) with (4.15) we
get:

~—1 cKrw(e) 3k1-L2=1

[Jue (2, )||e2(th) Sag e (HUOH%g(th) + ”fs”%2([0,T];€§(hZ"))) )
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for some ¢ > 0. Putting (w(e)) 3517 L2~1 = ]og(e~!), we obtain:

et My S &5 (lwollEauzny + 15 2o rpezaznyy) . (416)

for all t € [0, T] and € € (0, 1].
Since (f-)e is L*([0, T]; £2(hZ™))-moderate regularization of f, there exists a
positive constants L3 such that

Il fell L2 o, Tpse2(nznyy S €02 (4.17)

Now, by integrating estimate (4.16) with respect to ¢ € [0, T] and then using (4.17),
we obtain:

el 2o,z hznyy S €T, (4.18)

Thus, we conclude that (uc). is L?([0, T]; £2(hZ™))-moderate. This completes the
proof. O

Therefore, we have established the existence of very weak solution for the Cauchy
problem (1.3) with irregular coefficients. We will now prove the uniqueness of the
very weak solution of it in the sense of definition 2.5.

Proof of theorem 2.7. Let (uc)e and (). be the families of solution corresponding
to the Cauchy problems (2.6) and (2.7), respectively. Denoting w. := u. — ., we
get:
Opwe(t, k) + ac(t)h 2% (= L) " we(t, k) + b-(H)w-(t, k) = g-(t, k), te (0,T],
w.(0,k) =0, ke hz",

(4.19)
where
gg(t, k) = (ds - aa)(t)h_za (_‘Ch)a as(ta k) + (65 - bs)(t)ﬁs(t7 k) + (fe - fe)(ta k)
(4.20)

Since the nets (. —ac)s, (b —b.)., and (f. — fg)g are L{°-negligible, L°°-
negligible, and L?([0, T; ¢2(hZ™))-negligible, respectively, it follows that g. is
L3([0, T]; 2(hZ™))-negligible.

Taking the Fourier transform of the Cauchy problem (4.19) with respect to k €
hZ™, we obtain:

Oe(t,€) + ac()r*(€)We (¢, §) + be () W=(t, &) = ge(t,€),  (t,€) € (0,T] x T},
@6(07§> =0, € € Tg’

(4.21)

where 12(£) is given by (4.2). The energy functional for the Cauchy problem (4.21)
is given by

EL(t,8) = (ac(t)We(t,€), we(t,€)),  (£,€) € [0,T] x T, (4.22)

where (-, -) is the inner product in the Sobolev space H*(T}). Then, using (4.12),
we have the following energy bounds:

ol|@e (t, )| Fre < Ee(t,€) < cxw(e) "M@ (8, )| Fer  (£,6) € [0,T] x Tj.  (4.23)
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Further, we can calculate:
E.(t,€) < (Jal(t)] + 2lac(t)][b=(8)] + lac (£)]) 10 (¢, M Frs + la=O)[1[9= ()17
< (lazllpoe +2)lac]| oo [1be | oo +llacl zoe) 1@ (t, ) s+ lae | oe [1e ()l
Combining the above estimate with (4.23), we obtain:
E.(t,€) < g (lazlze + 2]l ac| oo |[be] L
+llacll L) Ex (8, €) + lla || o [1g- (¢, ) 77 - (4.24)
Applying the Gronwall’s lemma to inequality (4.24), we obtain:

BL(t,€) < oo @0 (lalluos 42llaczocbe oo +lac o ) dr

(Esm,f) +locle= [ 197 dT) | (4.25)

Putting together (4.23) and (4.25), and then using the fact that w.(0, £) =0 for
all € € (0, 1], we get:

T
(| e (t, - HZ a01||a€||Looe Y(laLll oo +2llac || oo [[be |l Loo +lac | oo ) T /0 ||’g\5(7'7~)||§{sd7'

T
< aytelloclloe+ag (Hatae”Lw-i'QHasHLoo||be\|L°°+HasHL<>°)T/ 1. (7, )13 dr
0

T
< g ter maxllaclpoe, [9uacl os lacl o oe um}/ 15 (7, )% dr,
0

where ki = max{1, a; '4T}. Combining the above estimate with (4.12), we obtain:

T
~ - 3Ly —Lo—1 =N
||wa(t,-)|| <a 1 mTw(s) 1—La— /O ||gg(7—7')||%—15 dr,
for some ¢ > 0. Putting (w(e)) 3F1-L2~1

formula (3.6), we obtain:

= log(¢7!) and using the Plancherel

[Jwe (2, )||z2 (hzmy S E_CHT”gsH%Q([O,T];Z';‘(FLZ"))’
for all t € [0, T). Since g. is L?([0, T]; 2(hZ™))-negligible, we obtain:
[lwe (¢, )He2 (hzm) S gTERT AT — ¢4 for all g € Ny,

for all ¢ € [0, T]. Now, by integrating the above estimate with respect to ¢t € [0, T,
we get:

||w5HL2([0,T];Z§(th)) ,S Eq, for all ¢ € Np.

Thus, (ue — @) is L2([0, T; £2(hZ™))-negligible. This completes the proof. O

Next, we prove that the very weak solution obtained in theorem 2.4 is consistent
with the classical solution obtained in theorem 2.1.
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Proof of theorem 2.8. Let @ be the classical solution given by theorem 2.1, that is,
u satisfies the Cauchy problem:

Byia(t, k) + alt)h=2o (— L) a(t, k) + b(t)a(t, k) = f(t,k), (t,k) € (0,T) x hZ",
w(0,k) = uo(k), k€ hz,

(4.26)
and let (uc). be the very weak solution obtained by theorem 2.4, that is, (u.)e
satisfies the regularized Cauchy problem:

Opuc(t, k) + ac ()2 (—=Ly)" uc(t, k) + be(H)uc(t, k) = f-(t,k), t€(0,T],
ue(0,k) = uo(k), k€ hnz".
(4.27)

Note that by the hypothesis the nets (a. —a)e, (b —b)e, and (f: — f)e are
converging to 0 uniformly. Using (4.26) and (4.27), we have

det(t, k) +ac(t)h=2 (—Lp)™ a(t, k) +be(t)a(t, k) = fe(t, k) + g=(t, k), t € (0,77,
w(0,k) = uo(k), ke hz™,
(4.28)
where

9e(t.k) 1= (ac — a) (A7 (=Lr)" a(t, k) + (b = b) (D)alt, k) + (f = fo) (t. k),

ge € L2([0, T); ¢2(RZ™)) and g. — 0 in L2([0, T); ¢2(RZ")) as € — 0.
Combining the Cauchy problem (4.27) and (4.28), we deduce that the net w. =
(4 — u,) solves the Cauchy problem:

By (1, k) + ac ()2 (—Lp)* wo(t, k) + be(we(t, k) = g-(t, k), te (0,T],
we(0,k) =0, ke hzn.

(4.29)
Taking the Fourier transform of the Cauchy problem (4.29) with respect to k € hZ",
we obtain:

{at@(t, &) + ac ()2 () We(t,€) + be (1) We(,£) = ge(t, &), (t,€) € (0,T] x Ty,
@6(075) = 07 5 € T27
(4.30)

where v2(£) is given by (4.2). Define the energy functional for the Cauchy problem
(4.30) by

Ee(t,€) = (ac(t)we(t,8), e(t,€)),  (£,€) € [0,T] x T,

where (-, -) is the inner product in the Sobolev space H*(T}).
Since the coefficients are sufficiently regular, following the lines of theorem 2.1,
the next energy estimate holds true:

OB (t,€) < k1 E=(t,€) + k2 |5 (£, ),

for some positive constants x; and k9. Then, using the Gronwall’s lemma and the
energy bounds similar to (4.6) along with the Plancherel formula (3.6), we obtain
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the following estimate:

[Jwe (2, ')||§§(th) S Jwe (0, ')H?E(EZ") + ”96H%Z([O,T];ZE(EZ"))a
+ for all t € [0, T]. Now, by integrating the above estimate with respect to ¢ € [0, T
and using the fact that w.(0, k) = 0 for all € € (0, 1], we get:
||we||2L2([o,T];eg(hzn)) S ||ga||2L2([0,T];zg(hzn))-

Since g. — 0 in L2([0, T]; ¢2(hZ")), we have

w. — 0in L*([0, T]; £2(hZ™)), & — 0,
implying also that

ue — @ in L2([0, T); £2(hZ™)), € — 0.

Furthermore, the limit is the same for every representation of u, since they will differ
from (uc). by a L2([0, T; £2(hZ™))-negligible net. This completes the proof. O

5. Semi-classical limit 7z — 0

In this section, we will prove the semi-classical limit theorems for the classical
solution as well as for the very weak solution.

Proof of theorem 2.9. Consider two Cauchy problems:

Oru(t, k) + a(t)h=2(—=Lp)%u(t, k) + b(t)u(t, k) = f(t, k), (t,k) € (0,T] x hZ",
u(0,k) = ug(k), k€ hz™,

(5.1)

and
Ov(t,x) + a(t)(=L)*v(t, ) + b(t)v(t, x) = f(t,z), (t,z)€ (0,T] xR",
v(0,2) = up(z), x=€R",

(5.2)
where (—L£)% is the usual fractional Laplacian on R™ given by (1.5). We have
assumed that f and wug in (5.1) are the restrictions in hZ™ of the corresponding
ones in (5.2) defined on R™. From equations (5.1) and (5.2), denoting w := u — v,
we get:

Opw(t, k) + a(t)h=2(=Ly)*w(t, k) + b(t)w(t, k)
= a’(t) ((_‘C)a - h_Qa(_‘Ch)a) U(tv k)? (5.3)
w(0,k) =0, ke hzZ™.
Since wy = 0, applying theorem 2.1 with s = 0 for the Cauchy problem (5.3) and
using estimate (2.1), we obtain:

[[w(t, ')”?2(th) < Crap Ha ((_[')a - h72a(_£ﬁ)a) UHi?([O,T];Z?(hZ"))

« —zQ « 2
S Crab ||‘1Hi°°([o,T]) [((=£) = (L) )”Hm([o,ﬂ;@(hz")) J
(5.4)
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for all ¢ € [0, T'], where the constant Cr 4 is given by

-1 a ! atl|| oo +2||al| oo ||b]| oo +]||a|| oo )T
Crap = a5 Y lal| e Qlaellz +2lalos Iolloe+lall oo )T

Now, we will estimate the term H((—L)‘X — h™2%(=Ly) HL2 (0, T]:62(hZnY) * Using
the Plancherel formula (3.6) for s = 0, (3.9) and (3.10), we have
a —2a @
||((_’C’) —h (_’Ch) ) 'U(t, ')Hp(hzn)
H <l2(27r§l)2 — h2 [Z 4 sin? (ﬂhfl)] ) o(t,-) (5.5)
=1 =1 Lz(Tn)

Since |-|*:R — R is a-Hdlder continuous for 0 < a < 1, we have the following
inequality:

|z = [y**] < [l = [yP?*, 2,y € R",

and |z| = \/2? 4+ --- + 22. Now, using the above inequality and the Taylor expan-
sion for sin’(7h&;), we get:

[2(271'&)21 — h2 [Z 4 sin? (ﬂhfl)]

=1 =1

[e3

2 —h? Z4Sin2(ﬂ'h§l)

=1

n [e3

> {47{2512 —h % (thng - %4714@4 cos (200)}

=1

()

< K [Z sz‘]
=1
<SPl (5.6)

where |£[** = [30L, &]°* and 6, € (0, 7h&;) or (mwh&, 0) depending on the sign of
&. Now, combining estimate (5.6) with (5.5), we get:

[((=£)% = W72 (L)) v(t, W 2 nzny S WA+ 12225, M L2y
SE+ ] P20, pacryy,  (5.7)

whenever m > 4a. Since ug € H™(R"™) with m > 4«, using theorem 1.1, we have
v e H™(R™) with m > 4a. Therefore, using (5.4) and (5.7), we deduce that
lw(t, le2(nzny — 0 as i — 0. Hence, we have

n

Zfl cos(26;)

[v(t,) = w(t, ) 2pzny — 0 as h— 0, forall t € [0,T7].
This finishes the proof of theorem 2.9. (]
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Proof of theorem 2.11. Without making any significant changes to the proof of
theorem 2.9, we can prove theorem 2.11. a

6. Remarks

We conclude the paper with a few remarks related to the very weak solution for
the Cauchy problem (1.4) in the Euclidean setting:

(1) For a net u. = uc(t, x), where € R™ is a variable in the Euclidean space,
the definitions of moderateness and negligibility are adapted accordingly from
definition (2.2); i.e. the net (u.). € L2([0, T); H™(R™)) is L2([0, T]; H™(R™))-
moderate if there exist N € Ny and ¢ > 0 such that

l|vell 2o, 775 (R )) < ce N,

for all € € (0, 1] and is L?([0, T]; H™(R"))-negligible if for all ¢ € Ny there
exists ¢ > 0 such that

||u€||L2([O’T];H1n(Rn)) < CEq,
for all € € (0, 1].

(2) The notion of a very weak solution for the Cauchy problem (1.4) can be
adapted from definition 2.3 by simply replacing the L2([0, T];¢2(hZ"))-
moderate regularization by the L2([0, T]; H™(R"))-moderate regularization
for the source term f and the net (u.)..

(3) The proof of theorem 1.2 will be similar to the proof of theorem 2.4 except
for using the inner product of L2 (R") instead of H*(T7) in (4.11).

(4) The notion of the uniqueness of very weak solution for the Cauchy problem
(1.4) can also be formulated by making similar modifications to definition 2.5.

(5) If the coefficients a, b are regular, the very weak solution obtained in theorem
1.2 recaptures the classical solution obtained in theorem 1.1 in the limit
L2([0, T]; H™(R™)) as € — 0. More precisely, we have the consistency result
similar to theorem 2.8 with the same modifications as above.
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