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FUNDAMENTAL SOLUTIONS FOR PARABOLIC EQUATIONS AND
SYSTEMS: UNIVERSAL EXISTENCE, UNIQUENESS, REPRESENTATION

PASCAL AUSCHER AND KHALID BAADI

ABSTRACT. In this paper, we develop a universal, conceptually simple and systematic method to
prove well-posedness to Cauchy problems for weak solutions of parabolic equations with non-smooth,
time-dependent, elliptic part having a variational definition. Our classes of weak solutions are taken
with minimal assumptions. We prove the existence and uniqueness of a fundamental solution which
seems new in this generality: it is shown to always coincide with the associated evolution family
for the initial value problem with zero source and it yields representation of all weak solutions.
Our strategy is a variational approach avoiding density arguments, a priori regularity of weak
solutions or regularization by smooth operators. One of our main tools are embedding results
which yield time continuity of our weak solutions going beyond the celebrated Lions regularity
theorem and that is addressing a variety of source terms. We illustrate our results with three
concrete applications : second order uniformly elliptic part with Dirichlet boundary condition on
domains, integro-differential elliptic part, and second order degenerate elliptic part.
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1. INTRODUCTION

Linear parabolic problems have a long history. The standard method usually begins by solving
the Cauchy problem, with or without source terms, and representing the solutions through what
is called fundamental solution. Abstractly, starting from an initial data wug, the evolution takes
the form dyu + Bu = f where time describes an interval (0,7), the sought solution w and the
source f are valued in some different vector spaces and B is an operator that could also depend on
time. Modeled after the theory of ordinary scalar differential equations, it is assumed some kind of
dissipativity for —B. One issue toward extension to non-linear equations is to not use regularity,
but measurability, of the coefficients. We stick here to the linear ones. The amount of literature
is too vast to be mentioned and we shall isolate only a few representative works for the sake of
motivation.

In the abstract case, when B does not depend on time, that is the autonomous situation, the
approach from semi-group of operators and interpolation has been fruitful, starting from the earlier
works (see Kato’s book [Kat13]) up to the criterion for maximal regularity in UMD Banach spaces
(see L. Weis [WeiO1] or the review by Kunstmann-Weis [KW04]). In the non-autonomous case,
results can be obtained by perturbation of this theory, assuming some time-regularity; see, for
example, Kato’s paper [Kat61].

A specific class of such problems is when B originates from a sesquilinear form with coercivity
assumptions. Lions developed an approach in [Lio57] which he systematized in [Liol3]. The nice
thing about this approach is that there is no need for regularity with respect to time; its drawback
is that it is restricted to Hilbert initial spaces.

In parallel, there has been a systematic study of concrete parabolic Cauchy problems of dif-
ferential type starting when the coefficients are regular. In this case, several methods exist for
constructing the fundamental solution. The most effective technique involves a parametrix in com-
bination with the freezing point method [Fri08]. This approach simplifies the problem to one where
the coefficients become independent of space, leading to explicit solutions represented by kernels
['(t,x,s,y) with Gaussian decay. When the coefficients are measurable (and possibly unbounded
for the lower order terms), the theory of weak solutions, developed in the 1950s and 1960s, applies.
This theory culminated in the book of Ladyzenskaja, Solonnikov and Ural’ceva [LSUGS]. Although
we shall not consider it here, the specific situation of second order parabolic equations with real,
measurable, time-dependent coefficients was systematically treated by Aronson [Aro67, [Aro68]: his
construction of fundamental solutions and the proof of lower and upper bounds relied on regularity
properties of local weak solutions by Nash [Nash8] and its extensions, and by taking limits from op-
erators with regular coefficients. A recent result [AN24] follows this approach for non autonomous
degenerate parabolic problems in the sense of As-weights. In contrast, not using regularity theory,
the article [AE23] developed a framework for a Laplacian (and its integral powers), extending the
Lions embedding theorem (see below) as a first step to obtain new results on fundamental solutions
for equations with unbounded coefficients.

A natural question is whether one can develop a framework, going beyond the one of Lions, that
provides us with

(1) An optimal embedding theorem with integral identities,
(2) The largest classes of weak solutions for which one obtains existence and uniqueness,
(3) Definition, existence and uniqueness of a fundamental solution.
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The answer is yes. The arguments can be developed in a very abstract manner, bearing on functional
calculus of positive self-adjoint operators. We next present a summary of our results as a road
map. Clearly, when it comes to concrete applications, our results do not distinguish equations from
systems, the nature of the elliptic part (local or non-local) and its order, boundary conditions, etc.
We give three examples at the end as an illustration.

The first example deals with second-order uniformly elliptic parts under Dirichlet boundary
conditions on domains. This situation may not seem original but we still give the main consequences
for readers to be able to compare with literature. Our second example is parabolic equations
with integro-differential elliptic part. The typical example is the fractional Laplacian and such
equations arise in many fields from PDE to probability [Lio69, [CS07, [BJ12]. The usual theory for
the fractional Laplacians yields the fundamental solution as a density of a probability measure. The
fundamental solution for general integro-differential parabolic operators with kernels are considered
in the literature, assuming positivity condition and pointwise bounds. We refer to the introduction
of [KW23] and the references there in. In that article, a proof of the poinswise upper bound is
presented. Here, we do not assume any kind of positivity and we show the existence of a fundamental
solution as an evolution family of operators. At our level of generality, these operators may not
have kernels with pointwise bounds. Still, this family can be used to represent weak solutions
without further assumptions. In any case, it gives a universal existence result. For example, the
fundamental solution used in [KW23] must be the kernel of our fundamental solution operator.
The third example is for degenerate operators as in [AN24], without assuming the coefficients to be
real. It directly gives existence of a fundamental solution not using local properties of solutions. In
a forthcoming article, the second author will use this to give a new proof of the pointwise estimates.

2. SUMMARY OF OUR RESULTS

2.1. Embeddings and integral identities. Lions’ embedding theorem [Lio57] asserts that if V'
and H are two Hilbert spaces such that V is densely embedded in H, itself densely embedded in
V*, the dual of V in the inner product of H, we have the continuous embedding

L*((0,%); V) N H'((0,%); V*) = C([0,%); H),

and absolute continuity of the map ¢ > |ju(t)||%, which yields integral identities. The triple
(V, H,V*) is said to be a Gelfand triple. One of our main results is the following improvement.

Theorem 2.1. Consider a positive, self-adjoint operator on a separable Hilbert space H. Let
I = (0,%) be a bounded, open interval of R. Let uw € L*(I; H) such that Su € L?(I; H). Assume
that du = Sf + SPg with f € L*(I; H) and g € L (I;H), where B = 2/p € [0,1) and p' is the
conjugate Holder exponent to p. Then u € C(I, H) and t — |u(t)||3; is absolutely continuous on I
with, for all o,7 € I such that o < T, the integral identity

T

(2.2) ()17 — lu(o) |3 = QRe/ (f(0), Su()m + (9(t), SPu(t))r dt.

As a consequence, u € L"((0,%); D(S%)) for all r € (2,00] such that a = 2/r with for a constant
depending only on 5,

23) 1%l qomyim S WSull2omym + Iz + 9o o m)m + 0L ()l

Let us comment this result. Its core is the continuity and the integral identity proved in Corollary
when S is injective and Proposition in the general case. If u had belonged to L?(I; H) then
u € L?(I; V) with V the domain of S. Here we only assume u € L!(I; V'), which is used qualitatively,
and Oyu is taken in the sense of distributions on I valued in V*. We allow an extra second term S%g
in the time derivative expression of u. In fact, S%g belongs to SL?(I; H) + L'(I; H) c L'(I;V*)
(see Proposition when S is injective and the proof is the same otherwise). Note that it could
be a finite combination of such terms and the integral identity would be modified accordingly. The
L™ estimate follows a posteriori: one first proves with 7 = oo using (2.2)), together with
the interpolation inequality

15 ullzr oy < 1Sl §aqosmym lulb o.myery
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for « = 8 when 0 < 8 < 1. Then we reuse this inequality for different « € [0,1). See Proposition
when S is injective together with the remark that follows it and the proof applies verbatim
when S is not injective.

Theorem admits versions on unbounded intervals. On the half-line (0,00) (resp. on R), it
holds assuming that u € L*((0,%); H) for all T < oo (resp. u € L. (R; H)) when S is not injective.
In this case, u is bounded in H on (0,00) (resp. R), see Proposition When S is injective,
the local integrability condition of v in H can be dropped using completions of V' and V* for the
homogeneous norms || Sul|g and || S~ u||g. In this case, not only u is bounded, but it also tends
to zero at infinity (resp. at +o00) in H, as shown in Proposition and Corollary As a
consequence, we can eliminate the last term in .

Our strategy is to prove the embedding first when I = R, proceed by restriction to (0, 00). When
it comes to bounded intervals, although the condition u € L!(I; H) does not appear in , the
condition Su € L?(I; H) alone does not suffice as an example shows. We added strong integrability
in H but in fact, as the proof shows, it suffices that w exists as a distribution on I valued in V* and
there exists one t for which u(t) € H. But for applications to Cauchy problems, it is more natural
to have the integrability condition and we stick to that.

Our proof of the embedding already has a PDE flavor using dyu + S%u = S?u+ Sf + SPg. This
leads us to a thorough study of the abstract heat operator d; + S? (hence the notation dyu rather
than u’) which has some interest on its own right. This is done in Sections

2.2. Weak solutions and Cauchy problems. The embedding and its variants allow us to con-
sider the largest possible class of weak solutions to abstract parabolic operators d; + B with a
time-dependent elliptic part B associated to a family of bounded and sesquilinear forms on the
domain of S. We do not assume any time-regularity on B apart its weak measurability. This can
be done either with estimates being homogeneous in S if we decide to work on infinite intervals,
(see Section or inhomogeneous (See Section we called the elliptic operator B there).

Let us state the final result in the latter case, that is with inhomogeneous B as in Section
combining Theorems and on a finite interval (0,%). We fix p € (2,00) and set 8 = 2/p.
Given an initial condition ¢ € H and source terms f € L2((0,%);H) and g € L”((0,%); H),
h € L'((0,%); H) we wish to solve the Cauchy problem

{ ou+Bu=Sf+S%g+h in D'((0,%);D),

(24) u(0) = a weakly in D,

where D is a Hausdorff topological dense subspace of the domain of S, equipped with the graph
norm, that is, a core of D(S). The first equation is thus understood in the weak sense against test
functions in D((0,%); D). The meaning of the second equation is by taking the limit (u(t),a)y —
(a,a)p for all a € D along a sequence converging to 0.

Theorem 2.5. There exists a unique weak solution u € L'((0,%); H) with Su € L*((0,%); H) to
the problem (2.4). Moreover, v € C([0,%]; H) N L"((0,%); D(S%)) for all r € [2,00) with o = 2/,
and we have the estimate
sup (0l + 15wl 0390 £ Oz + 1911 oy + s omyan + el
telo,
where C is a constant independent of f,g,h and a. In addition, we can write the energy equality
corresponding to the absolute continuity of t — |lu(t)||%.

Theorem also contains a variant on the interval (0,00) (case (b) there) where we replace S
by the operator S = (S? + 1)1/ 2 and we also obtain decay of the solution at oo while the class of
uniqueness is v € L'((0,%); H) for all T < oo with Su € L?((0,00); H).

We note that we consider classes of solutions in L'((0,%); H) rather than L*>((0,%); H) as is
customary. This condition suffices to obtain a priori continuity in time by Theorem There is a
similar theorem for the backward parabolic adjoint operator —d; + B* with final condition & at ¥.

The estimates and the energy equality are a consequence of Theorem Uniqueness relies on
the energy equality. Existence is obtained by restriction from constructions first on R and then on

(0, 00).
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The role of the core D of D(S) is in fact irrelevant here and is only for the purpose of having
a weak formulation with a small space of test functions. It can be equivalently replaced by D(S)
itself (see Theorem and its proof). However, for concrete partial differential equations where
D can be taken as a space of smooth and compactly supported functions of the variable x, we can
work with smooth and compactly supported functions of the variables (¢, x).

Homogeneous variants on (0, 00) and R will be found in the text (see Section |§[), where we had to
develop an appropriate theoretical functional framework in Sections Actually, we start the
proof by implementing a result of Kaplan (see Lemma proving the invertibility of a parabolic
operator on a sort of variational space involving the half-time derivative. This result has been central
to other developments in the field of parabolic problems recently (see e.g., [Nys17, [AEN20, [AE23]),
while it was more like a consequence of the construction of weak solutions in earlier works of the
literature, including Kaplan’s work [Kap66]. As this result can only be formulated when time
describes R, this explains why we proceed by restriction from this case.

2.3. Fundamental solution. We come to the notion of fundamental solution and evolution family
(or propagators, or Green operators, as suggested by Lions) to represent weak solutions. Although
it seems well known that they are the same, we feel it is essential to clarify the two different
definitions. This distinction eventually leads to easy arguments, even in this very general context.
We assume that 9; + B is a parabolic operator as above for which one can prove existence and
uniqueness of weak solutions on I with test functions valued in the core D of the Cauchy problems
with the absolute continuity of ¢ — |ju(t)||% as in Theorem and similarly for its backward
adjoint.
Definition 2.6 (Fundamental solution for d; + B on I). A fundamental solution for d; + B is a
family I = (I'(¢, s))¢,ser of bounded operators on H such that :
(1) (Uniform boundedness on H) sup; o1 [|[T'(Z, 8)|| gy < +00.
(2) (Causality) I'(t,s) =0 if s > t¢.
(3) (Measurability) For all a,a € D, the function (¢, s) — (I'(t, s)a, @)y is Borel measurable on
I2.
(4) (Representation) For all ¢ € D(I) and a € D, the weak solution of the equation dyu+ Bu =
¢ ® a in D'(I;D) satisfies for all a € D, (u(t),a)y = ffoo o(s)(T'(t,s)a,a)mg ds, for almost
every t € I.
One defines a fundamental solution I = (I'(s, ) ser to the backward operator —d,+B* analogously
and (2) is replaced by I'(s,t) = 0 if s > ¢.
Such an object must be unique (see Lemma in the case where I = R, whose proof applies
verbatim).

Definition 2.7 (Green operators). Let t,s € I and a,a € H.
(1) For t > s, G(t, s)a is defined as the value at time ¢ of the weak solution to the equation
Oyu + Bu = 0 with initial data a at time s.
(2) For s < t, G(s,t)a is defined as the value at time s of the weak solution % of the equation
—0s0 + B*u = 0 with final data a at time ¢.
We set G(t,s) = 0 = G(s, t) if s > t. The operators G(t, s) and G(s, t) are called the Green operators
for the parabolic operator 0; + B and the backward parabolic operator —0s + B*, respectively.

Uniqueness and the integral identities allow to obtain the identification of the two objects as
follows, with proof being verbatim the ones of Proposition and Theorem [6.25

Theorem 2.8. The following statements hold.

(1) (Adjoint relation) For all s < t, G(t,s) and G(s,t) are adjoint operators.
(2) (Chapman-Kolmogorov identity) For any s < r < t, we have G(t,s) = G(t,r)G(r, s).

(3) (Exzistence) The family of Green operators (G(t,s)), .7 is a fundamental solution.

With this in hand, we may first combine the estimates obtained for both families. See Corollary
for the ones for the Green operators (again, transposed wverbatim). Next, we obtain full
representation for the weak solutions in Theorem (again, combining Theorems and [8.1)).
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Theorem 2.9. Consider the fundamental solution (I'z(t, s))o<s<t<z of Oy + B as in Theorem .
For all t € [0,%], we have the following representation of the weak solution u of (2.4]) :

u(t) = I’g(t,O)a—i—/O L(t,s)Sf(s)ds —i—/o L5(t, s)Sﬁg(s) ds —i—/o L;5(t,s)h(s) ds,

where the two integrals containing f and g are weakly defined in H, while the one involving h
converges strongly (i.e., in the Bochner sense). More precisely, for all a € H and t € [0,%], we
have the equality with absolutely converging integrals

(u(t),a)g = (U'z(t,0)a,a)yp +/O (f(s), Sf‘g(s,t)@H ds

+/0 (g(s),Sﬁf‘B(s,t)@H ds—l—/o (Ti(t,s)h(s),ayp ds.

As before, this is obtained from the variants on (0,00) and R which in fact come first. We refer
the reader to the text for details.

3. THE ABSTRACT HOMOGENEOUS FRAMEWORK

Throughout this article, we are working in a separable complex Hilbert space H whose norm is
denoted by ||| ; and its inner product by (-,-)m, and S is a positive and self-adjoint operator on
H. From Sections [3| to we assume that S is injective and shall not repeat this in
statements. The general case when S might not be injective will be considered in Section[7] We do
not assume that 0 € p(.9), that is, S is not necessarily invertible. The spectrum of S is contained in
R+ = [0,00). To make our approach accessible, it is useful to present facts from functional calculus
and give the construction of spaces of test functions and distributions in an abstract context given
that 0 might be in the spectrum of S.

3.1. A review of the Borel functional calculus. For general background on self-adjoint oper-
ators and the spectral theorem, we refer to [RS80] and [Dav95].

By the spectral theorem for self-adjoint operators, there is a unique application f +— f(S) from
the space of all locally bounded Borel functions on (0,00) that we denote L% ((0,00)) into the
space of closed linear maps on H, which sends 1 to the identity, (t — (2 —t)™1) to (z — S)~! for
all z € C\ Ry and its restriction to the space of all bounded Borel functions on (0, 00) denoted
L°((0,00)) is a x-algebra homomorphism into £(H ), the space of bounded linear maps on H. More
precisely, we have

Vi e L2((0,00) = [IF(SI < 1flloo -
Moreover, for all f,g € L. ((0,00)), we have f(S)g(S) C (fg)(S) with equality if g(S) € L(H).
We also recall that f(S)* = f*(S) with f* = f.
We shall use that if ¢ : (0,00) — C is a Borel function such that

(3.1) ()] < Cmin([t]*, []77),

for some constants C,s > 0 and for all ¢ > 0, then the operators f;/a v(as) % are uniformly

bounded for 0 < & < 1 and converge strongly in £(H), namely for all v € H,

(3.2) lim e p(aS)v % = (/O+OO (p(t)dt> v,

e—0 /. t

where the limit is in H. This is the so-called Calderén reproducing formula.

In this entire section, we fix a function ® € D((0,00)) such that f0+°° ®(t)4 = 1. Remark that

for all @« € R, t — t*®(t) € D((0,00)) and in particular verifies for some constants C',3 > 0
and for all ¢ > 0.

For a € R, let S denote the closed operator t*(S), which is also injective, positive and self-
adjoint. We recall that for all a, 8 € R, we have

goth — gagh,
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Denote by D(S%) the domain of S*. For any element u € D(S%), we set

[ulls o = [15%ull g -
We insist on the fact that |-||g, denotes the homogeneous norm on the domain of S and the
(Hilbertian) graph norm is (| - |2, + || - [|%)"/?
(3-3) S (D(S), ||

is isometric with dense range.

. The operator
sa) = (H|-ll5)

3.2. An ambient space. We construct an ambient space in which we can perform all calculations.
Consider the vector space

E_o = (] D(5%),
a€R
endowed with the topology defined using the norms family (||-||g,)acr. We recall the following
moments inequality 7
157wl g < 15%ull G| SPulli® (v € E—oo),
for all v = e+ (1 — 0)p and 6 € [0,1] and o and B with same sign [HaaO6, Proposition 6.6.4].
Using the moment inequality with the closedness of the powers S¢, one can see that E_., endowed
with the countable norms family (||-||g,)aez is in fact a Fréchet space. Notice that for all a € R,
S : E_o — E_ is an isomorphism. 7
The space E_, is to be the test space as evidenced in the following lemma.

Lemma 3.4. E_o is dense in (D(5%),][[g,) for all a € R.
Proof. Let v € D(S%). We regularise v by setting for all € € (0,1),

1/e
Ve ::/ ®(aS)v @.
. a

Indeed, we show that v. € F_, and S%. — S% in H as ¢ — 0. First, for all § € R, since
t > t9®(at) € £>((0,00)), we have v. € D(S?) with S%v, = fel/s SB®(aS)v 94, Hence, v: € E_.
Furthermore, as v € D(S%), we have S“®(aS)v = ®(aS)5%v, so that S*v. converges to S*v by
the Calderén reproducing formula. O

Remark 3.5. The approximation is universal, in the sense that if v € D(S%) N D(S?), then the
approximation occurs simultaneously in both semi-norms. In particular, F_., is dense in D(S¢)
for the graph norm.

Let E+ denote the topological anti-dual space of E_,,. The reason for which we are interested
in such a space is that it provides an ambient space containing a copy of a completion of all spaces
(D(5%),[Ils,)- To clarify this claim, we define

o(v)]
lellg, == sup
vEE_o\{0} HUHS,—O[

and the vector space
Eoi=1{¢ € Bus : ¢, < oo}.
The space (Eq, ||-|| Ea) is a Banach space. We set
j:H — Ex, v jv):=(v,)q.
The application j is injective by the density of E_, in H in Lemma |3.4

Lemma 3.6. For all a €R, jipse) 1 (D(S?), [|'lsq) — (Ba, Il g, ) is isometric with dense range.
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Proof. If v € D(S®) then we can write for all o € E_, j(v)(0) = (v,0)g = (S*, S™*0)gr. This
implies that j(v) € Ey and [|j(v)[lg, = S|y = [[vllg,- Now, if ¢ € Eq, then ¢ o S has a
bounded extension on H. Using the Riesz representation theorem, there exists v € H such that
oS = (v,-)y or equivalently ¢ = (v, S™%) y. Moreover, we have [|¢|| = [|v][5. Since the range
of S% is dense in H, there exists a sequence (v5,)nen € D(S*)N such that S%v,, — v in H. Now, we
have for all v € F_,

J(op) (D) — (D) = (v, 0)g — (v, STy g = (S%y — v, 5 V) g.
Therefore, [|7(v) — ¢llg, = 9% —v||g — 0. O

To make clear the identification we will adopt in the next paragraph, we temporarily define the
operator T' on the Hilbert space j(H) = H* by setting

D(T) = j(D(S)), T:=joSoj"

Since j : H — j(H) is a unitary operator by Lemma when a = 0, T' is unitarily equivalent
to S. It follows that T" has the same properties as S. More precisely, T is injective, positive and
selfadjoint and we have for all « € R

D(T) = j(D(5%)), T*=joS%j ! |T*G()l;m = 15| -

Using Lemma we have for all o € R, D(T'%) C E, with dense and isometric inclusion for the
homogeneous norm of 7% which means that E, is a completion of D(T%) for the homogeneous
norm. Moreover, it follows from that 7% : D(T®) — j(H) is isometric with dense range.
Notice that by combining Lemma and Lemma J(E-x0) = Naer D(T%) is dense in all the
spaces E,. Furthermore, we have for all @« € R, E, N j(H) = D(T%). The advantage is that all
the spaces mentioned here are contained in F,, an anti-dual space of a Fréchet space, which is in
particular a Hausdorff topological vector space.

From now on, by making the identification of H with j(H) and S with j o S o j~! as above, we
assume that H is contained in a Hausdorff topological vector space E, that contains a completion
of all the domains of % for the homogeneous norms and we denote by Dg, this completion of
D(S%) in Es. Moreover, we have that for all & € R, Dgo N H = D(S*). By Lemma [3.4] the space
E_o = (Naer D(S?) is dense in all these completions. Moreover, there is a sesquilinear continuous
duality form (w,v) on Es X F_o which extends the inner product on H. The functional calculus
of S extends to E by (f(S)w,v) = (w, f*(S)v) whenever f € Li¥ ((0,00)) and f(t) = O(t*) at
0 and f(t) = O(t*) at oo as f*(S) : E_oo — F_ is bounded. In particular, S : E, — E is
an automorphism and we have Dg, = {u € Ey : S*u € H}. The restriction of S* to Dg , agrees
with the unique extension of S : (D(S%), [‘lls,) — (H,[[‘[lg) (see (3.3)). The norm on Dg, is
5% ||y and we keep denoting it by [|-||g ,, (and it makes it a Hilbert space). We record the following
lemma.

Lemma 3.7. Let a € R. Then, there are dense inclusions
E_o = D(SY) — Dgq — Fx.
Moreover, the family (Ds.q),cg 95 @ compler (and real) interpolation family.

Proof. For the first statement, the first two inclusions are already known to be dense. We show
it for the last one. Indeed, if w € E, then let F, be a finite subset of F such that we have
[(w,v)| < Cysup,ex, [S7v||x for all v € E_. The approximation procedure using the duality
form and using that ®* = ® shows that w. converges to w in E,. We claim that w. € Dg for all
a (hence, w: € E_). Indeed, if we pick v € E_,, then S®v. € E_, and S*™v. € H with norm
controlled by C; o4+||v|z. Thus, we have
(8% w2, 0)] = [{(w, 8°0.)] < Cyp sup [ Tu i < Cop sup Ceais 0]l
YEFw YEFw

from which the claim follows. Finally, the fact that family (Dga),cg is a complex (and real)
interpolation family is proved in [AMNO97]. O



FUNDAMENTAL SOLUTIONS FOR PARABOLIC SYSTEMS 9

For any real «, the sesquilinear form (u,v) — (S%u, S™%v) g defines a canonical duality pairing
between Dg, and Dg_, which is simply the inner product (-,-)n extended from E_, X E_ to
Ds o x Dg_q. In fact, we have for all (u,v) € E_ X E_,

[(u, w)u| [(w, v) |
sup = ”uHSa , sup ’ = |Jullg_q-
web_\ oy wlls_q web_\ 0y wlsa
For (u,v) € Dgq X Dg _o, we denote (u,v)pgqo = (%, S™%v)g. It also coincides with the

sesquilinear duality (u,v) on Ey X E_o when u € Dg, and v € E_,. We have the following
lemma.

Lemma 3.8. Let o, €R. Ifu € Dso,NDgg and v € Ds_o N Dg_g, then
(0, V) o = (W, 0) 1 p-

Proof. The approximations u. and v, belong to E_o; 50 (U, V) H,a = (Ue, Ve) i = (U, Ve) fr,p for all
€ > 0. The result follows when ¢ tends to 0 as u. converges to u in both spaces Dg, and Dg 3 and
ve converges to v in both spaces Ds _, and Dg_g. ]

3.3. Spaces of test functions and distributions. For I an open interval of R, we denote
by D(I; E_) the space of E_s-valued C* functions on I with compact support. The space
D(I; E_) is endowed with the usual inductive limit topology and contains span(D(I) ® E_) as
a dense subspace.

We refer to [HYNVW16] for Banach-valued LP(I; B) spaces. The density lemma below explains
why it is relevant to take D(I; E_,) as the space of test functions.

Lemma 3.9. D(I; E_) is dense in LP(I; Dg ) for alla € R and p € [1,00).

Proof. Tt is enough to consider the case a = 0, that is to prove the density of D(I; E_) in LP(I, H)
since S7% : E_oo — F_ is an isomorphism and therefore S™* : D(I; E_«) — D(I; E_), where
we set (SYf)(t) = SY(f(t)) for all t € I and f € D(I[;E_). It is enough also to prove that
D(I; E_) is dense in D(I; H) for the LP norm since the latter is dense in LP(I; H). To do so, we
fix f € D(I; H) and regularize it by setting for all e > 0, and ¢t € I

1/e a 1/e a
= [ <1><as>f<t>da=</ <1><a5>d>f<t>.

a
It is obvious that f. € D(I; E_) and by the Calderén reproducing formula f. () e f(t) point-
e—

wisely in H. The uniform boundedness in H of the approximate Calderén operators yields the
domination allowing to apply the dominated convergence theorem. O

We can now define a space of distributions in which S plays the role of a differential operator.
Specifically, we denote by D'(I; E) the space of all bounded anti-linear maps u : D(I; E_,) — C.
Bounded means that for any compact set K C I, there exist two constants C'x > 0 and mg € N,
and a finite set Ax C Z such that

Vo € D(I, E_co), supp(y) C K = [(u, p)pp| <Cx  sup  sup[|9)S%p(t)| -
l7|ISmE, ae Ak tEK
For convenience, we use the notation with partial derivative in ¢ for the derivative in ¢ thinking of
future applications to concrete PDE. We also use a double bracket notation for dualities between
vector-valued functions and distributions.
For a € R, we can embed L (I; Ds,) in D' (I; Es) through the classical identification :

loc

Jo: Lio(I; Dso) — D' (I; Bs)

fosdaf s /I (), (1)) 1. dt = / (S (1), S (b)) dt.

1
This is well defined by the following lemma.

Lemma 3.10. For all o, € R, Jo, = Jg on LIIOC(I; Dgq) N Llloc([; Dgp).
Proof. Straightforward corollary of Lemma [3.8 0
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Finally, the identification is achieved thanks to the following lemma.
Lemma 3.11. J, is injective for all a € R.

Proof. Testing with ¢ = 6 ® a, with § € D(R) real-valued and a € E_.,, we easily conclude that
Jo(f) = 0 implies (S*f, S~ %)y = 0 a.e. on I. This implies that S*f = 0 in H a.e. on I, hence
f=01in Dg, a.e. on I. O

Consequently, the space LP(I; Dg,) can be identified to a sub-space of D'(I; E). We would
like to apply powers of S to a distribution like we apply them to functions valued in E_.,. The
definition below covers this.

Definition 3.12. For a € R and u € D/(I; E), we define the distribution S*u by setting
(S%u, o) p = (u, S v ,p, Vo € D(I; E_o).

Remark 3.13. For v € D'(I; Es), S“u € LP(I; H) is equivalent to u € LP(I; Dg,). Furthermore,
powers of S commute with derivatives in ¢ : for all K € N and « € R, 9FS® = SOF.

When I = R, we can use the space of tempered distributions adapted to S. Let us start by the
Schwartz class S(R; E_o) defined by

S(R;E_s) = {w € C®°R;E_s) : Vk,LeN, t*dfp(t) — 0in E_oo},

[t| =00

which is a Fréchet space for a suitable countable family of norms. Moreover, D(R; E_) is dense
in S(R; E_) by the same argument as for the usual distributions. We denote by S'(R; Es) the
topological dual space of S(R; E_). It is a subspace of D'(R; Ey) containing LP(R; Dg ) for all
a € R and p € [1,00]. For the proofs of this and the theorems below, we refer to [Zui02] for the
classical distributions and the same proofs work here. It can be proven that S(R; F_) is dense
in §'(R; Es), and more generally, that D(I; E_) is dense in D'(I; E,) for any open set I C R.
However, this is not important for the discussion that follows, so we leave the verification to the
interested reader.

As in the classical case, we will first define 7 on L'(R; H), then on S(R; E_o,) and finally on
S'(R; Es) by duality.
Definition 3.14. The Fourier transform is defined on L'(R; H) by setting for all f € L'(R; H) and
T€ER

F)(r) = f(r) = / R () dt,

R
We define F by changing —itt to i7t in the integral.

The Fourier transform on S(R; F_,) enjoys many properties as we recall below.

Proposition 3.15. The Fourier transform F enjoys the following properties :
(1) F:S(R;E_) = S(R; E_&) is an automorphism verifying for all ¢ € S(R;E_), k € N
and o € R

F(5%) = 8°F(p), 05F(p) = F((—it)*0), F(fp) = (ir)"F(p).
(2) For all o € R, F extends to an isomorphism on L*(R; Dg,) which verifies a Plancherel
equality.
We can now transport the Fourier transform F to S'(R; Ex) by sesquilinear duality.
Definition 3.16. We define the Fourier transform F on S'(R; Ex) by setting
(Fu, ohs s = (o) ss = (. F(@))ss: u€S' (R Exc), ¢ € S(RiE_o0).
From Proposition we deduce the following proposition regarding the Fourier transform on
S'(R; Ex).

Proposition 3.17. 7 : §'(R; Ey) — S'(R; Ex) is an automorphism and satisfies the property (1)
and its restriction to L?(R; Dg o) agrees with the operator in (2) as in the statement above.
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For a € R, we denote by D{* the time-derivative of order a. More precisely, if u € S'(R; Ex) is
such that |7|* Fu € §'(R; Ex), we set

D¢ = F (7% Fu).
4. ABSTRACT HEAT EQUATIONS

In this section, we study well-posedness of the abstract heat equation dyu + S?u = f where the
role of the Laplacian is played by the square of the self-adjoint operator S. These well-posedness
results will imply embeddings and energy inequalities in the spirit of Lions that will be described
in the next section. The abstract heat operator in R is 0; + S?. The backward operator —9; + S?
corresponds to reversing time, and the results are exactly the same and are often proved and used
simultaneously.

4.1. Solving the abstract heat equation using the Fourier method. Working on the real
line makes the Fourier transform in time available and is a key tool to obtain homogeneous estimates
in a simple way.

4.1.1. Uniqueness in homogeneous energy space. We begin with a uniqueness result which is key
to our discussion.

Proposition 4.1 (Uniqueness in homogeneous energy space). Let u € D'(R; Ex,) be a solution of
O+ S*u =0 in D'(R; Ex). If u € L3(R; Ds ) for some a € R, then u = 0.

Proof. As S% is an isomorphism on F, which commutes with time derivatives, v = S%u satisfies
the same equation, hence we may assume a = 0 and u € L*(R; H). As this is a subset of S'(R; Ex),
by applying the Fourier transform to this equation, we have for all ¢ € S(R; E_)

(4.2) /R (), (=it + S2)p(r)) dr = 0.

Take a sequence (¢r)ken € D(R; E_oo)N such that o — 4 in L2(R; H) and 0 ¢ supp(pz), for all
k € N. Taking 7 — (—iT + S?)"lor(7) as a test function in (4.2)) and letting k — +oco, we have

/R la(r)Il% dr =o.

By Plancherel, we have then u = 0. g

Corollary 4.3 (Invertibility on abstract Schwartz functions and tempered distributions). The
operator Oy + S? is an isomorphism on S(R; E_u) and on S'(R; E).

Proof. We begin with the result on S(R; F_,). The boundedness is clear. The injectivity follows
from the above proposition. The surjectivity is as follows. By Fourier transform, it suffices to
show the surjectivity for it + S2. If f € S(R; E_w), then S72f ¢ L?*(R; H) and by the uniform
boundedness of (iT 4 S2)71S2, g(7) = (it + S?)"182(S~2f(7)) € L*(R; H) with itg(7) + S%g(7) =
f(T) Shifting with powers of S, we have g € L?(R; E_,). Setting & = g, we see that dyu = f — S?u,
so Oyu € L*(R; E_w) and by iteration, we have u € C°°(R; E_). The decay is easily checked
following the argument and using 7-derivatives of the resolvent (i + S?)~!.

This applies to the backward operator —8; + S2. Hence, by duality, we obtain the result on
S'(R; Ew). O

Remark 4.4. In the sequel, we shall focus on a@ = 1 in Proposition to make H the pivotal space,
but clearly, one can shift to this case by applying powers of S.

4.1.2. Solution and source spaces. We begin with recalling the following result of Lions for the sake
of completeness, but we shall not use this result and prove a stronger one.

Proposition 4.5 (Solving the abstract heat equation & la Lions). If f € L*(R; Ds 1), then there
exists u € L*(R; Dg 1) such that dyu+ S?u = f in D'(R; Ex).

Proof. Tt is straightforward application of the Lions representation theorem [Liol3, Théoreme 1.1]
in the Hilbert space L?(R; Dg.1). O
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As we said, we now argue with in mind that H, or rather L?(R; H), is the pivotal Hilbert space.

Define
Vi := L*R; Ds.1),
Voi:={u€e L*R;Dsy) : Oue L*(R;Ds_1)}.

V1 is the uniqueness space and V_; is the space to which the solution belongs when the source is
taken in L?(R; Dg _1) according to Lions’ result. However, for the heat equation, Fourier methods
are particularly handy to prove this and also allow more source spaces.

We introduce a hierarchy of intermediate solution and source spaces. For o € [—1, 1], define the
following respective solution and source spaces

1—a

Vo = {u € L*(R; Dsy): D, ? ue LQ(R;DS,a)} ’

1ta
Weo = {Dt 2g:g€ L2(R;D57a)}.
with
9 l-o 1/2
full, = (Welamog + 10 Wan,.)

_lta
| fllw, == 1Dy * f||L2(R;DS,a)-

We can think of V,, = L?(R; Dg1) N HI_TQ(R; Dg ) using homogeneous Sobolev spaces on the real
line but this presentation avoids having to define these spaces. In the same manner, we think of

Wo = H™ 2" (R; Dg,). Remark that W_; = L%(R; Dg_1).
The following lemma summarizes some properties of the spaces V,, and W, and their relation.

Lemma 4.6 (Properties of intermediate spaces). Fiz —1 < a < o/ < 1. We have the following
assertions.

(1) Vo is a well-defined subspace of S'(R; Ex), (Va,|Illy,,) is a Hilbert space, and we have
Vo= {u€ SR Ew): $%S+ Ir[*) 0 € LR H)}, ully, ~ I1S7(S + 7~ 0l 2.
(2) We have the following chain of continuous and dense inclusions:
S(R;E_o) = Vo = Vo = §'(R; Exo).
(3) Wy is a subspace of S'(R; Ex), and (Wa, |lly.) is a Hilbert space. We have a dense
inclusion So(R; E_s) — Wy, where So(R; E—_) :={f € S(R; E_«) | f(0) = 0}.

(4) Let Vi denote the anti-dual space of Vi with respect to (-,-)r2rim)- 1t is a subspace of
S'(R; Ex) and VX = L*(R; Ds,—1) + W_, with the following estimate

1—a
HW”VJ ~ inf {Hf’LZ(R;H) + H9HL2(R;D57,Q) rw=5f+D,* 9} .

Proof. Let us first prove (1) : V, is a well-defined subspace of §'(R; Ex). In fact, if u € L?(R; Dg1),
then, by Proposition it follows that \T!l_Ta Sa € LL (R; H). Furthermore, for ¢ € S(R; E_),
we have using Cauchy-Schwarz inequality

(—c)

l—a R _ ~
/R (715 S, S el dr < [l 2y 7] 2

S_ISOHLQ(R;H)a
and one can define ]T\I_Ta @ € 8'(R; Ex) by
l1—a l—a _
(2" tphsrs = [ (17l St 57 o)

l1—a 1—a
Finally, S |7| 2 4 exists in 8'(R; Ex) and agrees with |7| 2 S*G. The Hilbert space property
(in particular, the completeness) is easy. Next, the proof of the set equality and the norms
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equivalence in (1) is easy using the boundedness of the operators S1=%(S + ]T|1/2)_(1_°‘) and
17|25 (S + |7|Y?)~(1=¢) on L2(R; H).

For the point (2), the inclusion of S(R; E_) in V,, follows easily from (1). To check V, — Vi
if o < o, write

S(S + [7]2)1 70 =SS + |V S (S + M),

and use (1) together with the boundedness of S (S + |T]1/2)a*a/ on L?(R; H). The density
of S(R; E_) into V,, can be deduced using Lemma and that of V,, into V,, follows. Finally,
although we do not need this later on, the density of V,, in §'(R; Ex) hold as S(R; F_) is dense
in §'(R; Exo).

For point (3), since —1 < « < 1, the inclusions are clear together with the Hilbert space
property. The density is as follows. Let f € W,. By definition, let g € LQ(R;DS,Q) such that

= |7'|1+Ta g in 8'(R;Ex). Note that the right hand side also belongs to Li (R;Dgq). Take
a sequence (pg)ren € S(R;E_xo)N such that ¢, — § in L2(R; Dg,) and 0 ¢ supp(gpy). Take
fr = F (7|2 50) then fi, € So(R; B—oo) and fr— f in W,

The proof of (4) is standard, using Fourier transform and that powers of S commute with

multiplication by powers of ||, and the calculus occurs using the duality between S'(R; Eo) and
SR;E_). O

4.1.3. The main Theorem. Now, we come to the main result of this subsection.

Theorem 4.7 (Invertibility on intermediate spaces). For all a € [~1,1], the operator 0; + S?,
defined on S(R; E_), extends to a bounded and invertible operator Ay : Vo, — V*,,, which agrees
with the restriction of 0y + S? acting on S'(R; E).

Proof. From Fourier transform, u € V,, if and only if St € L?(R; H) and |7'| 7 5% e L*(R; H).
Hence, f = Ou + S%u is easily seen to belong to L?(R;Dg_1) + W, = V*,. The density of
S(R; E_4) in V, yields the bounded extension operator A, and notice that A, = d; + 5% on V.
To show the invertibility, it suffices to prove that the restriction of the inverse of 9; + S? on
S'(R; Ex) to V*, is bounded into V,. Let w € V*, and again, by Fourier transform, write
W = Sf +|7|"2" 57, with f,g € L3(R; H). Define u € 8'(R; Eno) by (1) = (i +52) " §(7).
That S@ € L*(R; H) follows from the uniform boundedness (with respect to 7) of S?(it + §2)~1
and |7| 25 S12(iT + S2)~! and that |7| 2" 5% € L2(R;H) from that of |7|(it + S2)~! and
\T|1_TaS Ha(ir + 82)~1. Hence u € V, and the estimate follows by taken infimum over all choices
of f and g. O

Remark 4.8. When o = —1, we recover Proposition (Lions’ result) : existence in V_;, and
uniqueness follows from Proposition Note however that uniqueness occurs when u € V; which
is the largest possible space in that scale.

Remark 4.9. The Fourier method is rather elementary once the setup has been designed, but does
not furnish time continuity: we mostly used that d; and S commute. Something specific to time
derivatives is the classical embedding theorem of Lions [Lio57] mentioned earlier. This embedding
is not true any longer when V = D(S) and V* = D(S™!) are replaced with their completions Dg ;
and Dg _ if I is bounded. Indeed, as the embedding Dg; — H fails, pick v € Dg; \ H and define
the function u(t) = v, 0 <t < 1. We have u € L?((0,1); Dg1) and dyu = 0 but u ¢ C([0,1]; H).

However, this counterexample is ruled out if / = R or I unbounded and in fact, the continuity
holds. This can be obtained when o« = —1 by approximation from Lions’ result but we present
a different approach, which has the advantage of allowing o < 0 to conclude for regularity. Note
however, that when oo = 0, continuity cannot hold for all sources in V{j* by the isomorphism property.
We would have otherwise that any u € Vj is continuous, valued in H, but this is not the case.

4.2. Solving the abstract heat equation using the Duhamel method. Since —5? generates
a Cj contraction semigroup on H, the Duhamel formula
t

(4.10) Tf(t) := / e~ (t=)5% £(5) ds

—0o0
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is a way of constructing solutions to d;u+S%u = f in D'(R; E ). Remark that the adjoint Duhamel
formula

(4.11) Tf@):i/me<t@§f@)a

is a way of constructing solutions to the backward equation —dy& + S%0 = finD (R; Es). All
what we shall prove for the (forward) heat equation applies to the backward one. We leave to the
reader the care of checking it. For the moment, we assume f to be a test function.

Lemma 4.12 (A priori properties for the Duhamel solution). If f € S(R; E_~), then T'f defined
by ([@.10) belongs to S'(R; Es) and is a solution of Oyu + S*u = f in S8'(R; Ex).

Proof. First using the regularity and contractivity of the semigroup,

//R2 Liss [ (€795 f(5), (t))| dsdt < £l 22 romny 1l 2t (ro )

for any f,¢ € S(R; E_). In particular u is defined for all ¢ by a Bochner integral and belongs to
L>(R; H). Hence we may apply Fubini’s theorem freely, exchanging integrals and inner products
in the calculation below:

/<U@w Ng dt = — //' =952 9,0(1)) iy dsdt
//+°O ~=9590(t)) r dtds

:_A s»l =950, () i dtds
== [ ()=o) + | SIS ) dty ds

:/R<f( ) e(s))m ds‘// =95 £ (s), S%p(t)) g dtds.

Using Fubini once more, this shows that —((u, dp)s s = (f, o) s'.s — (u, S*¢)s’ s, which means
O+ S?u = f in S'(R; Ex). O

We now gather a number of a priori estimates which are related to solving the heat equation
within L*(R; Dg1).

Lemma 4.13 (A priori estimates for the Duhamel operator). Let f € S(R;E_o), and define
u="Tf. For the inequalities involving || f||w, , we additionally assume that f € Sp(R; E_).

(1) uw e Co(R; H) and one has the following uniform bounds
sup [u(®) | < Il wsm
teR

1
sup ||u(t < — )
tegll Oy < ﬂ\lfllm(R,Ds,_l)

Sup lu(ll g < C(@)| fllwe, o€ [-1,0).
(2) u € L*(R; Dg 1) and one has the following energy inequalities

1
lull L2(r;pg 1) < EH]CHLl(R;H)

lull L2rspg 1) < IFl22R;Ds, 1)
lull 2 m;ps.) < € (@ f I o € [=1,1].
(3) u eV, for all a« € [—1,1] and one has the following bound

1—a
1Dy * S%ullp2rem) < [ fllwe-
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Proof. That u belongs to L*°(R; H) with [[u|| oo r;ry < [|f]|11(r;zr) has been already observed above.
Note that dyu = f—T(S%f) € L°(R; H). Thus u is Lipschitz, hence continuous. The limit 0 at —oo
is clear from the fact that || f(s)||z has rapid decay and the contraction property of the semigroup.
As for the limit at 400, we write for fixed and large A and ¢t > A,

t
u(t) = e =Ny (A) + / e~ (=95 £ () ds.
A

The first term tends to 0 in H by properties of the semigroup and, for the second term, one uses
again the contraction property and rapid decay of || f(s)]| -
We are left with proving the remaining estimates.

Step 1: ||u(t)]y; < % HfHLQ(R;DS’_l) for all t € R. Using Cauchy-Schwarz inequality, we have for

allte Rand a € H,
1/2

[ s se oSl as < o ([ sl as) el

where we have used the quadratic equality

o0 1
/ IS¢~ al%ds = = [lall%
0 2
As .
(ultha)n = [ (S7H(5). 8¢ a) s,

— 00

we obtain the desired bound for ||u(t)||z.

Step ~2 Hu||L2(R;DS’1) < %Hf”Li(R;H)- We observe that by Fubini’s theorem, we have (Su, f) =
(u,Sf) = (f,u), where u = T(Sf). Thus

- L 1 -
(5w, A < 1Al pr oy IT (S F) oo miry < 7 12 rsry 1Nl 2 rsm
using step 1 for T.

Step 3: lull2r.pg) < 1fllL2Rips _y)- We already know from step 2 that [|ul| ;2(r.p, ) 1s finite. To
obtain the desired bound, we use again Fubini’s theorem several times and obtain

1SulZs ) = / (Su(t), Su(t) m dt

_// / (52 (=95 51 £ (5), 52~ (=05 5= ¢()) ;y dsds'dt

/ / / 54 —(2t— (SJrs/))SQSflf<8)7 Sflf(sl»H dtdsds’
_ 2/ /<S26 (2 max(s,s )*(s+s’))SQS71f(S),Sflf(s/»H dsds’
R JR

:/ / (26~ g7 (5), 7L (s')) m dsds’
R Js<s’
= /R<Su(5/),S1f(s/)>H ds’

Using Cauchy-Schwarz inequality, we deduce that

HSUH%Q(R;H) < HSUHL2(R;H) HfHLZ(R;DSY,l) :

Therefore

lull p2m;pg ) < Nl 2@ips_y) -
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Step 4: ||u(t)||y < C(a)|| fllw,, € [=1,0). For all a € E_, we define
VEER; @alt) = L nog(t)e! a.
Remark that when a € H, ¢, € L*(R, Dg1), hence ¢, € L*(R, E_). For t € R,
0
(withahn = [ (515~ t)a)u ds

—0o0

=/U@4MMWH®
R

1t+a
=(119, Dy * S™%0a) 2(R;H), L2 (R H)-
14+

In the calculation, we used f(0) = 0 (see Lemma point (3)) and wrote f = D, ? S~ g with
g € L3(R; H), defined 73g(s) = g(s —t) and used that translations commute with D;. If we show
that

14a
1D, 2 S™0allr2r:my = C(a) |lallg

then
[(u(t), a)u| < C() 9]l L2rmry ol g7

and we may conclude using the density of F_., in H. To see this, applying Fourier transform to
Pa, We get

V1T €R; QGu(r) = (—iT + 52)_1a,

so that )
T[S (—ir + 5%)al[y = T (172 S)a, a)m
with ¢ (t) = t=2%(1 4 t*)~!. Using simple computations and Calderén’s identity

00 0o 1—2«
R = At
—00 0

Il 1+ttt
we obtain
0o 41—2«
1 s 2 t dt 9
L= s ol ar= [T el

and conclude using Plancherel identity that C(a)? = 5= [;° if; dt

Step 5: ||ullp2r.pg,) < C'(a)|fllw.,, « € [-1,1]. Since f € S(R; F_), we know a priori that
u € L?(R; Dg1) from Step 2 and u agrees with the solution given by Fourier transform of Theorem
Hence, we can use Fourier transform to compute. We have

a(r) = (it + 8271 |7 2" SO (r).

1+«

where f = D, ?> S~%g with g € L?(R; H). Hence
ISa(r)|7 = (72 + SH 7 | TS* 2 (r), g(r)) i
= [I([728) (1 + (29 T e
< C"(@)?9(r) 5

with C'(a) = supy-q t'~*(1 + t4) 712 < 0o when —1 < a < 1.
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1—a
Step 6: ||D;* S%ul p2rimy < || fllwa, @ € [=1,1]. We proceed as in step 5, and compute

l—a . _ N R R
7172 S*a(m)|17 = (7> + S rPa(), 9 < §(0)|1 -
The conclusion follows. O

Remark 4.14. As noted in the proof, we can identify the Duhamel solution with the Fourier solution.
So this gives an indirect proof that the Duhamel solution belongs to S(R; E_) for f € S(R; E_o).

4.3. Regularity of solutions. We can now deduce existence and uniqueness results together with
regularity. We begin with the simplest case.

Theorem 4.15 (Regularity for source in L'). Let f € LY(R;H). Then there erists a unique
u € L?(R; Dg1) solution of the equation dyu + S*u = f in 8'(R; Ex). Moreover u € Co(R; H)
with 1
sup ||u(t < _ and U ) < — Y -
teg” Ol < HfHLl(R,H) | HL2(R,DSJ) =2 HfHLl(R,H)
Proof. Uniqueness in L?(R; Dg 1) is provided by Proposition
The existence of such a regular solution with the estimates follow from Lemmas and
when f € S(R; E_).
Density of S(R; E_s) in L*(R; H) allows us to pass to the limit both in the weak formulation of

the equation and in the estimates. That the limit stays in Cy(R; H) follows from the closedness of
this space for the sup norm. O

We turn to the second result extending Proposition (the case § = —1).

Theorem 4.16 (Regularity for source in W_g). Let 5 € (0,1] and fix f € W_g. Then there exists
a unique u € L*(R; Dg1) solution of dyu + S*u = f in S'(R; Ex,). Moreover u € V_g N Cy(R; H)
and there exists a constant C = C(B) > 0 independent of f such that

sup [lu(t)] g + llully_, < Cllfllw_, -
terR
Proof. Tt is a repetition of that of Theorem gathering uniqueness of Proposition estimates
of Lemma [£.13) with 8 = —a, and density from Lemma O
Remark 4.17. For 8 < 0, there is a solution in V_g by Theorem @ but it does not belong to
Co(R; H).
5. EMBEDDINGS AND INTEGRAL IDENTITIES

The study of the abstract heat equation leads to embeddings for functions spaces in the spirit of
Lions and then to integral identities expressing absolute continuity.

5.1. Embeddings.
Corollary 5.1 (Extended Lions’ embedding). For o € [—1,0), we have V,, — Cy(R; H).

Proof. Fix o € [~1,0) and let u € V. We have d,u € W, and S?u € L?>(R; Ds._1) = W_1, hence
f=0u+S*ueW_1+W, = VZ, As 'V, C L2(R;D5,1), by Proposition u is the unique
solution in L?(R; Dg1) of the equation

Oyt + S%u = f in S'(R; Ewo).
Using linearity and Theorem for § = —a and 8 = 1, we deduce that u € Cy(R; H) and we
have

1 oo )
sup )]y < Cla) Wl + (1+ 75 ) 1% e,y < CC@)
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Remark 5.2. The case a = —1 is the homogeneous version of Lions result mentioned before. For
a € [0,1], there is no chance to have an embedding V,, < Cy(R; H). In fact, the embedding
HY2(R; H) < L™®(R; H) fails (case a = 0), as the scalar embedding H'/?(R) < L>(R) for the
classical inhomogeneous Sobolev space of order 1/2 already fails.

We complete the embeddings by exploring further the cases a € [0, 1] although this does not
require the heat operator 9; + S2.

Lemma 5.3 (Hardy-Littlewood-Sobolev embedding). Let o € (0,1] and let r = 2/a € [2,00).
Then, we have Vo — L"(R; Dg o) and there is a constant C = C(r) > 0 such that for all u € V,,

1—a
||u||LT(R;D57a) <C(n)|D,* UHLQ(R;DS@)-
Consequently, we have LT,(R; Dg _qo) <= W_q, where v’ is the Holder conjugate of r.
Proof. The inequality holds for u € S(R; E_) using the Sobolev embedding in R extended to Dg -
1—a

valued functions as the inverse of D, 2 is the Riesz potential with exponent I_Ta We conclude by
density and a duality argument. ]

The next result shows that Vy and V3 N L*°(R; H) share similar embeddings.

Proposition 5.4 (Mixed norm embeddings). Forr € (2,00) and a = 2/r, we have ViNL*(R; H) —
L"(R; Ds) and Vo — L"(R; Dgq), with

lull e reps oy < Nl o el oy
and 12
1—
HUHLT(R;DS,Q) < HUH%%R;DSJ)HDt UHLz(OE;H)-

Consequently, L' (R; Ds _o) <= L*(R; Ds,_1) + L'(R; H) and L' (R; Ds,_) < L*(R; Dg._1) + Wo.
Proof. For the first inequality, use the moment inequality
1S%u(®)llzr < [ Su@®)IF w5 < ISu)lIlull =g,

and integrate its r-power.
For the second inequality, start with the moment inequality expressed in Fourier side when
u € S(R; E_), for fixed T,

12 o ~ « ~ —a
712" s%a(m) | < [Sa() g2 alr)| 5

Next, take its square, integrate in 7, use Holder inequality, Plancherel identity and density to
conclude.
The consequences are standard by density and duality and we skip details. O

Remark 5.5. Note that the first inequality and its dual version in the statement hold whenever R

is replaced by any interval. However, the second one and its dual version have a meaning only on
R.

Remark 5.6. Let a € (0,1]. Let S? = —A,, more precisely S = (—Ax)l/z, where A, is the usual
Laplace operator defined as a self-adjoint operator on L?(R"). When 2a < n, Sobolev embedding
in R™ gives us

2n
n—2a
This is true for 0 < < 1ifn>3,0or a € (0,3) if n=1o0r a <1if n =2. Thus Dg, — LI(R").
When r = 2/«, we have then V,, — L"(R; L4(R™)). The constraints are equivalent to

D(S%) c LYR"™), with ||v|ra < C||S%|| 12, ¢ =

1
;+2£q:% and 2 <rq < oo.

Thus, we recover the mixed space L} L% that appears in the classical theory [LSU6S| chp. 3] and
deduce for them the classical embedding ||ul|z; 2 < CHquHi/QTLQ 2;222
z t - x t T

in Proposition This argument is inspired from the one in [AE23].

||| from the first inequality
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5.2. Integral identities. The Lions’ embedding using domains of S and S~! comes with integral
identities. We now prove they hold using completions of the domains of S and S~!, and allowing
more general right hand sides.

Proposition 5.7 (Integral identities: the real line case). Let u € L*(R; Dg1) and let p € (2, 00].
Assume that Oyu = f + g with f € L*(R; Dg_1) and g € Lp,(R;D&_B), where f=2/p € [0,1) and

o' is the Holder conjugate of p. Thenu € Co(R; H), t — ||u(t)||3; is absolutely continuous on R and
forallo < T,

(5.8) ()7 = llu(o)ll7 = QRe/ (f @), u®))m,—1 + (9(t), u(t)) n,—p dt.
In particular, if p = oo, then we infer that
(5.9) sup [u(®)||a < \/2 lull 2 pg.) 122 Rips 1y + (14 V2) 9l 1 Ro) -

Remark that with our notation, Re(f(t), w(t))n,—1 = Re(u(t), f(t))m1-

Proof. The assumption u € L*(R; Dg) is equivalent to S?u € L*(R; Dg 1), hence u verifies the
equation

o+ S%u=S?u+ f+g=:h.

Using Theorem when p < oo and Theorem when p = oo, we know that u € L?(R; Dsi)N
Co(R; H). It remains to prove the identity.

Let fi, gx € S(R; E_oo) with f, — S?u+ f in L?(R; Dg_1) and g — g in Lp/(R;DS,_g) and set
hi = fr + gr. Let u, € L%(R; Dg 1) be the unique solution of the equation dyuy + S2uy, = hy, given
by Corollary We have u, € S(R; E_o).

The regularity of uy allows us to write for all o < 7,

T

k(7)1 — llun(o) 1 = 2Re/ (Opur(t), ur () dt.

o

Since dyuy, = —S2%uy, + hy by the equation, we have for all o < T,
(P17 = llus (o)l = 2Re/ (i) = SPur(t), ur () g + (gr(t), ur(t)) g dt.

To pass to the limit when k — oo, we observe that uy — u in L?(R; Dg1) and in Cy(R; H) in all
cases, and also in L(R; Dsg) when p < oo. In particular fy — S?u, — f in L?*(R;Dg_1). We
obtain at the limit.

In the case p = oo, letting 0 — —oo and taking 7 at which ||u(7)||g = sup ||u(t)||z = X, we
obtain

X2 = [lu(r)[3 < 2 / 1S~ £l Sult) | dt + 2X / Lo dt.

—00

Solving the inequality for X, we obtain the conclusion. O

We stress that the above result is false on bounded intervals as evidenced by the counter-example
in Remark But it remains valid on half-lines. On (0, 00) say, it can be shown either using the
backward heat equation or an extension method. We describe the second method below.

Corollary 5.10 (Integral identities: the half-line case). Let I be an open half-line of R. Let
u € L*(I;Dg1) and let p € (2,00]. Assume that dyu = f + g with f € L*(I;Dg—1) and g €
LF(I; Ds,_g), where B = 2/p € [0,1). Thenu € Co(I, H), t = ||u(t)||3 is absolutely continuous on
I and holds for all o, 7 € I such that o < 7.

Proof. We assume that I = (0,00) because it is always possible to go back to this case. We will
construct an even extension u. of u and odd extensions g,, f, of g, f to R. These extensions belong
to the same spaces as u, f, g but in R and dsu. = f, + go. Thus, Proposition applies to u.. We
obtain the conclusion by restricting to 1.
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We start by defining for all a € E_ the distribution (u,a) on (0, c0) by setting
¥6 € D((0,50: ) (u,0). Yo i= (.6 @ a)rip = [ (Sult), 5™ ahmle)
0

Hence (u,a) is locally integrable and agrees with (u,a)(t) = (Su(t), S 'a)y almost everywhere.
We have

S (w.a) = (g,0)m, -+ (o)1 0 D((0,00):C).

The assumptions on u, f, g imply that (u,a) € W(0,T) for any T' > 0. It follows that (u,a) can
be identified with a absolutely continuous function on [0,00). We define u, € D'(R; Ex) by

(e, 6 ® A p = /0 "l a) (£)(B() + (1) dt.

using that distributions D’'(R; E,) are uniquely determined on tensor products ¢ @a with ¢ € D(R)
and a € E_. We have u, = u in D'((0, 00); Eo) by taking ¢ supported in (0, 00). Next, integration
by parts shows that

(s g6 © o == [ (S 70(0). %) + (S F10), Sy ) (1) + )

- /R (g0(8), abir—p + (folt), @) 1)B(2) dt,

where g, and f, are the odd extensions of g and f, respectively. Hence dyu. = g, + fo in D'(R; Ex).
Lastly,

(Stter & ® aYpr.p = (1o, S(6 ® ))prp = / " (Su(t), ) (B(1) + B(—t)) d
- /R (Su)e(t), ) d(2) dt,

where (Su). is the even extension of Su, so that Sue = (Su), in D'(R; Ex). O

The conclusion of Corollary can be polarized, given two functions u, @ that verify the
assumptions of Corollary with the same exponent p € (2,00] and = 2/p. Thanks to the
extendability seen in the previous proof, the same also works with open, half-infinite intervals and
the conclusion is as follows.

Corollary 5.11 (Polarized integral identities). Assume that u, 4 satisfy the same assumptions
as in Corollary on two open infinite intervals I and J with non empty intersection. Then
t— (u(t),a(t)) g is absolutely continuous on I NJ and we have for all o,7 € INJ such that o < T

T

(u(r), a(r))m — (ulo), u(0))n = / (F@),a(t)) -1+ (g(t),u(t))m,—p dt

o [t P + (w0, 50

Remark 5.12. We note that by linearity, the above identities hold with g replaced by a sum of several
terms in L”/(R; Dg _p) for different pairs (p, 3) and similarly for the polarized version. However,
the inequality (5.9)) should be modified accordingly.

On a bounded interval there is a statement with an extra L'(I; H) hypothesis on u.

Corollary 5.13 (Integral identities: the bounded case). Let I be a bounded, open interval of R. Let
uw€ L?(I;Dg1) N LY(I; H) and let p € (2,00]. Assume that dyu = f + g with f € L*(I; Dg_1) and
g € LF(I; Ds,_p), where 3 = 2/p € [0,1). Thenu € C(I, H), t — |Ju(t)||3; is absolutely continuous
on I and holds for all 0,7 € I such that o < T.
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Proof. Assume that I = (0,%). If we take x a smooth real-valued function that is equal to 1
near 0 and 0 near T and set v = yu on (0,00) then we can see that v € L%((0,00); Dg 1) and
dyv € L*((0,00); Ds,—1) + LP'((0,00); Ds,_5) + L'((0,00); H). We may apply Corollary with
the above remark, and by restriction we have the conclusion on any subinterval [0, '] with ¥ < ¥.
If we now do this with a smooth real-valued function that is equal to 0 near 0 and 1 near ¥, and
apply Corollary on (—o00, %) we have by restriction the conclusion for u on any subinterval
[Z', %] with 0 < '. We conclude on [0, %] by gluing. O

6. ABSTRACT PARABOLIC EQUATIONS

In this section, we study parabolic equations of type
8tu + Bu = f,

where 0; + B is a parabolic operator with a time-dependent elliptic part B under “divergence struc-
ture”. Here, we do not assume any time-regularity on B apart its weak measurability. We provide
a complete framework to prove well-posedness and to construct propagators and fundamental so-
lution operators avoiding density arguments from parabolic operators with time regular elliptic
part. We also avoid time regularization like Steklov approximations. Uniqueness implies that our
construction agrees with others under common hypotheses.

6.1. Setup. Throughout this section, we fix an operator
T:D(T)CH—K

which is injective, closed and densely defined from D(T') C H to another complex separable Hilbert
space K. The operator T*T is an injective, positive self-adjoint operator on H, sois S := (T*T)I/Q.
Moreover, by the Kato’s second representation theorem [Katl3], we have

D(S)=D(T) and Yu,v € D(T), (Su,Sv)g = (T"Tu,v)g = (Tu,Tv) k.
As a result, Dg; is a completion of D(T") for the norm ||T"|| .
Next, (Bt)ter is a fixed family of bounded and coercive sesquilinear forms on D(T') x D(T') with

respect to the homogeneous norm on D(T') and with uniform bounds (independent of t). To be
precise, B, : D(T) x D(T') — C is a sesquilinear form verifying

(6.1) |Bi(u, v)| < Mullgy Iollgy > vllullgy < Re(Be(u,u)),

for some M,v > 0 and for all t € R and u,v € D(S). This is the equivalent to saying that for all
t € R, there exists a bounded and strictly accretive linear map A(t) on ran(7") such that

(6.2) Vu,v € D(T'), Bi(u,v) = (A(t)Tu, Tv)k.

We assume in addition that the family (By)ier is weakly measurable, i.e., t — By(u,v) is a mea-
surable function on R, for all u,v € D(T).

We keep denoting by B; the unique extension of B; to Dgi x Dgi. Remark that the family
(Bt)ter is automatically weakly measurable for the reason that for all u,v € Dg; the function
t — By(u,v) is a pointwise limit of a sequence of measurable functions.

Note that the adjoint forms B} defined by B} (u,v) = B¢(v,u) have the same properties and are
associated to A(t)*.

As

/R!Bt(U(t)W(t))\dt < M Jull p2r;pg ) 10l 22D )
the operator B defined by

{(Bu,v)) = /RBt(u(t),v(t)) dt when u,v € L*(R; Ds 1)

is a bounded operator from L?(R; Dg1) to L*(R; Ds 1) with

1Bull p2r;pg 1) < M llull2r;py ) -
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Next, the partial derivative is a well-defined tempered distribution given by

(O, o) s1.s = —(u, dp) s ,s-
When u € L*(R; Dg 1), one can compute the right hand side as

(0 01)s1s = (50,57 Dughsrs = [ (Su(t), 5™ duplt) .
Definition 6.3 (The forward parabolic operator associated to the family (B;)ier). The operator

Oy +B:L*R;Dg1) — S'(R; Ex)

defined using the weak formulation
Vu € L*(R; Ds,1), ¥y € SRy E—co), (O + Bu, ¢))s,s = —{(u, dp))s'.s + / Bi(u(t), (t)) dt
R

is called the parabolic operator associated to the family (B;)icr. The definition is the same as
above when R is substituted by an open interval I C R, replacing S'(R; Es) by D'(I; Es) and
S(R; E_w) by D(I; E_). In both cases, we formally write 0; + B = 0; + T*A(t)T.

Remark that this definition needs no assumption u € L{ (R; H) but if it is the case one can use
also ((u,0p))sr.s = Jg(u(t), p(t)) g dt (see Section . For u,v € S(R; F_~), an integration by
parts then yields

<<8tu + BU, ’U»g/,g = ((—(%v + B*’U, U»S’,S’
where —0;+B* is the backward parabolic operator associated to the adjoint family of forms (B} )ier
defined similarly.

We wish to find (weak) solutions u € L%(R; Ds 1) to dyu + Bu = f for appropriate source terms.
The challenge here is that we cannot use Fourier Transform anymore, nor a semi-group. We could
start with Lions representation theorem but we choose a different route, introducing a variational
parabolic operator.

We denote by H; the Hilbert transform with symbol it/ |r|. More precisely, if u € S'(R; Ex) is
such that we have i7/|7| Fu € §8'(R; Ex), then we set

Hu = F! (iT]:u> .
7]

We define a bounded sesquilinear form By, : Vo x Vy — C by

Va,v € Vo, Buy(u,0) = /R (D2 u(t), DY 20(t)) i + Bi(u(t), o(t)) dt.

By the Riesz representation theorem, there exists a unique H € L(Vp, V) such that
(Hu, v)vr vy := By (u,v), u,v € Vj.

We have
@+ B)y, =H, (~0,+BY),, = H",

where H* : Vi — V' is the adjoint of H. Indeed, we have the almost everywhere equality
(HD?u(t), D} *o()n = —(u(t), 00 (t)) i = —(Sult), 57 Do (t))

when u,v € S(R; E_) so that H and 0; + B agree on S(R; E_) and we conclude by density in
Vo. Thus, we may call H the variational parabolic operator associated to B as it comes from the
sesquilinear form By, and Vj plays the role of a variational space.

6.2. Existence and uniqueness results. We now prove our main results.
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6.2.1. Source term in Vg : Kaplan’s method. The following lemma is essentially due to Kaplan
[Kap66]. It expresses hidden coercivity of the variational parabolic operator H. We reproduce the
argument for completeness.

Lemma 6.4 (Kaplan’s lemma: invertibility on the pivotal variational space). For each f € V{,
there exists a unique u € Vo such that Hu = f. Moreover,

[ully, < CM,v) [ £y, -

Proof. By the Plancherel theorem and the fact that the Hilbert transform H; commutes with Dt1 /2

and S, it is a bijective isometry on Vj. As it is skew-adjoint, for all § € R, 14+§H; is an isomorphism
on Vp and ||(1+ 5Ht)u|]%/0 =(1+ (52)||u||‘2/0 The same equality holds on V(.

Let 6 > 0 to be chosen later. The modified sesquilinear form By (-, (1 + 6H;)-) is bounded on
Vo x Vp and for all u € Vy

Re By, (u, (1 + 6H)u) = Re / (H,D}*u, D*(1 + §Hy)u) g + By(u(t), (1 + 6Hy)u(t)) dt
R

= Re / S(H, Dy *u(t), H, D) *u(t)) i + By(u(t), u(t)) + 6By (u(t), Hyu(t)) dt.
R
where we have used that H; is skew-adjoint, hence

Re / (H,D}*u(t), Dy *u(t)) g dt = 0.
R

We obtain
1/2
Re(By, (u, (1 + 6Ho)w) > 31D 22y + (v = 6M) a2z ) -
Choosing § = 17757, it becomes
v 2
Re(By, (u, (1 + 0H¢)u)) > T, [ully, , Vu € Vo.

Fix f € V. The Lax-Milgram lemma implies that there exists a unique u € V such that
Buy(u, (14 0Hy)) = (1+ GHy)* o f.
Furthermore, we have the estimate
1+ M ||
v

July, < (L4 6H) o fly

Using the fact that (1 4+ 0H;)* is an isomorphism on Vj with operator norm equal to V1 + 2, we
have that for each f € V" there exists a unique u € Vj such that By, (u,-) = f with

1+ M v 2
lully, < =5 X\/1+<1—|—M> 17l -

Now, we come to the uniqueness result below.

Proposition 6.5 (Uniqueness in energy space). Let I be an interval which is a neighbourhood of
—o0o. Ifu € L*(I; Dg 1) is a solution of dyu+ Bu =0 in D'(I; Ex), then u = 0.

Proof. We have u € L*(I; Dg1) and iu = —Bu € L3(I; Dgs _1). Using Corollary we have
u € Co(I; H) and verifies for o, 7 € I such that o < 7,
lu()IIF = llu(o) 1 = 2R€/ By(u(t),u(t)) dt <0 .

g

When o — —oo, we deduce that u(7) = 0, for all 7 € T. g

Remark 6.6. When I = R, one can directly prove Proposition [6.5 using uniqueness in Lemmal6.4 In
fact, if u € L?(R; Dg,1) is a solution of dyu + Bu = 0 in D'(R; Ex) then dyu = —Bu € L*(R; Dg._1),
sou € V.1 C Vg and Hu = 0, therefore u = 0 by Lemma
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6.2.2. Source term in W_g, B € (0,1]. Let us start with the following theorem.

Proposition 6.7 (Existence and uniqueness for W_g source). Let 8 € (0,1] and let f € W_g.
Then, there exists a unique u € L*(R; Dg1) solution to Oyu + Bu = f in D'(R; Ex). Moreover,
u e Co(R; H) NV_g and there exists C = C(M,v,B) > 0 such that

Sup lu@l[m + lully_, < Cllfllw_, -

Proof. Since W_g Vﬂ* — V', Lemma provides us with a solution u = H~'f € V, with the
. < . . : < Uni
o L5 Do e by Fiopetion B Weting i coion e S
Ou+ S*u=S?u—Bu+ f in D'(R; Ey),
we may combine Theorems together with Bu € L?(R; Dg 1), to see that u € Cy(R; H) N
V_p with
sup [u(t) [ + [l < COLY.B) ([l gy + 1w, )
Therefore,
sup [u(®)s + ully, < COLY.B) [ fly
O
Corollary 6.8 (Boundedness properties of H~1). Fiz p € [2,00) and set 3 =2/p € (0,1]. Then,
H™': LF(R; Ds_3) — V_5N Co(R; H) is bounded.
The same holds for (H*)~1.
Proof. Combine Proposition Lemma [5.3] and Proposition O

Remark 6.9. For fixed f € LPI(R; Dg _3), we have H™1f € V_g C V;. In particular, using Proposi-
tion we have H™1f € L"(R; Ds,) for any r € (2,00) where o = 2/r and there exists a constant
C =C(M,v,) > 0 such that

1

L™(R;Dg,qa) =C HfHL”'(R;Ds,—ﬂ) )
The same is true for (H*)~!.

6.2.3. Source term in L'(R; H). The previous theorems rely on Lemma to prove the existence,
so they do not apply anymore when f € L'(R; H) since L*(R; H) ¢ V{. Yet, we can solve with
such source terms using a duality scheme.

Proposition 6.10 (Existence and uniqueness for source in L'). Let f € L'(R;H). Then there
exists a unique u € L*(R, Dg1) solution to dyu+ Bu = f in D'(R; Ex). Moreover, u € Co(R; H) N
L*(R; Dg1) and there exists a constant C = C(M,v) > 0 such that

(6.11) sup [l + 1wl 2 mipg) < C Il LRy -
Proof. Uniqueness is provided by Proposition[6.5] To prove the existence, we remark that Corollary

for the backward operator H* in the case p = 2 implies that (H*) ! is bounded from L?(R; Dg 1)
into Cy(R; H). We define

T:L'R;H) = D'(R; Exo), (Tf.0o)pp = (f. (H) ') 11 (R, o (Rt
and we have
(6.12) ITfl2rps.) < COM ) 1Nl vy -
Next, let f in D(R; E_). We write for all ¢ € D(R; E_,), observing that D(R; E_) C V{,
(TFehpo=(HHF(H)  ohvgve = (o) D
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Hence, Tf = H ' f € Co(R; H) and
(6.13) Vo € DR E_os), —(Tf,00)p D +/RBt(Tf(t),<p(t)) dt = /R<f(t),90(t)>H dt.

Using , we obtain
(6.14) Sup ITF @)l < V2M T fll 2gopsy) + 0+ V2 Il oy < COLY) 1 fll o -

Now, let us pick f € LY(R; H). Let (fi)ren € D(R; E_oo)N such that f, — f in L'(R; H). By
(6.12) and (6.14), we have T fx — T f in L?(R; Dg1) N Co(R; H). Using (6.13)) with 7 fi, for a fixed
¢ € D(R; E_,) and letting k — oo imply that O;(T f) + B(Tf) = f in D'(R; Ex)- O

6.2.4. Source term is a bounded measure on H. First, we define the space of bounded H-valued
measures on R, denoted M(R; H), as the topological anti-dual space of Cy(R; H) with respect to
the sup-norm. We denote by ((-,-))m,c, the anti-duality bracket. We equip the space M(R;H)
with the operator norm, that is
[, ) Mm.col
[allpg = sup e
peCo®EN0} Pl Lo (ror)
It is a Banach space containing a subspace isometric to L'(R; H).
For € M(R; H), supp(u) is the complement of the largest open set of R on which p is equal to

0. More precisely, we say that p equals 0 on an open set 2 C R if for all ¢ € Cy(R, H) with support
contained in Q, (1, ) m,c, = 0. Let N denotes the set of all such open sets. We have

supp(u) :=R\ [ J @
QEN

An important example are Dirac measures. For any s € R and a € H, we denote by §; ® a the
Dirac measure on s carried by a which is defined by

«58 ® a, ¢>>M,Co = <a7 ¢(3)>H7 RS CO(R; H)
We first state the classical lemma below for later use.

Lemma 6.15. Let u € M(R; H). Then there exists a sequence (f:)e>o in L' (R; H) such that f- — p
(weak-* convergence) and sup.sq || fell L1 roery < 1l g -

Proof. We obtain the sequence (f:)->0 by convoluting p with a scalar mollifying sequence (¢¢)e>0
and we easily check that we have all the required properties. ]

Proposition 6.16 (Existence and uniqueness for bounded measure source). Let u € M(R; H).
Then there exists a unique u € L*(R;Dg1) solution to dyu + Bu = p in D'(R; Ex). Moreover,
u € L>®(R; H) f and there is a constant C = C(M,v) > 0 such that

(6.17) [ull 2 (ripg, ) + [l oo riry < CMv) [l g -

If I C R\ supp(p) an unbounded open interval, then u € Co(I,H) and t — ||u(t)|ﬁq is absolutely
continuous on 1. Moreover, if I is a neighbourhood of —oco, then u =0 on I.

Proof. Uniqueness is provided by Proposition To prove the existence, we use lemma [6.15] to
pick (fn),en € L' (R; H)N such that f, — p and sup,ey [ fall L2 mimry < llell o - By Proposition

for all n € N, there is a unique u, € L2(R;D571) solution of the equation dwu, + Bu, = f, in
D'(R; Ex) and we have (6.11]), implying

(6.18) unll L2 (ripg ) + [unll ooy < C(Mv) [l pg -

Using the Banach-Alaoglu theorem, there exists u € L*(R;Dg1) N L°(R; H) such that, up to
extracting a sub-sequence, u,, — u weakly in L?(R; Dg1) and weakly-x in L>(R; H) for the duality
pairing L>°-L'. We have ([6.17) and easily pass to the limit in the equation to obtain the desired
solution.



26 PASCAL AUSCHER AND KHALID BAADI

Now, if I C R is an unbounded open interval such that I Nsupp(u) = @, then by Corollary
u € Co(T, H) and t — |ju(t)||3; is absolutely continuous on 1. If I is a neighbourhood of —oo, then
u = 0 by Proposition [6.5{on I. O

The next corollary is crucial to construct fundamental solution and Green operators.

Corollary 6.19 (Existence and uniqueness for Dirac measure source). Let s € R and a € H.
Then there exists a unique u € L*(R; Dg1) solution to Oyu+ Bu = ds®a in D'(R; Ex). Moreover,
u € Co(R\ {s};H), equals 0 on (—o0o,s) and lim;_,.+ u(t) = a in H, and there is a constant
C =C(M,v) >0 such that
sup ||u(t)|| g + [lull L2 ripg ) < Cllally -
teR\{s} :

Furthermore, u)s ) 5 the restriction of an element in V_1.

Proof. Applying the previous result Proposition [6.16] we have existence and uniqueness of u with
the estimates and u € Cy(R \ {s}; H), equals 0 on (—o0, s) and has a limit u(s*) when ¢t — s*.

That u(, ) is a restriction to (s,00) of an element in V_; follows from the fact that u = f
in D'((s,00); Ex) with f = —Bu on (s,00) and the method of Corollary by taking the even
extension of v and the odd extension of f with respect to s.

It remains to show u(s™) = a. Let a € E_o, and § € D(R) with 6(s) = 1 and set ¢ = 0 ® a.
Using the absolute continuity of ¢ — (u(t), ¢(t)) m on both [s, 00) and (—oo, s] using Corollary [5.11]
we have

—(u(st), ah = / " By(ult), () + (ult), Dup(t)) r

u(s), a)i = / —By(u(t), o(1) + (u(t), drp(8)) i dt

—00

By the equation for u on R, and since u € LL (R; H), we obtain

loc
/_Oo By(u(t), ¢(t)) — (u(t), Op(t)) i dt = (05 @ a, @) m,co = (@, @) p-

Summing up, —(u(s™),a)g + (u(s™),a)g = —(a,a)y. As u(s™) = 0, this yields (u(s™),a)y =
(a,a)y and we conclude by density of E_o in H. d

6.3. Green operators. The notion below of Green operators was first introduced by J.-L. Lions
[Liol3].
Definition 6.20 (Green operators). Let t,s € R and a,a € H.
(1) For t # s, G(t,s)a is defined as the value at time ¢ of the solution u € L?(R; Dg) of the
equation dyu + Bu = §; ® a in Corollary
(2) For s # t, G(s,t)a is defined as the value at time s of the solution u € L*(R; Dg) of the
equation —0su + B*u = ¢; ® a in Corollary
The operators G(t, s) and G (s,t) are called the Green operators for the parabolic operator 9; + B
and the backward parabolic operator —0; + IB*, respectively.

The properties discussed in the last section can be summarized in the following corollary.

Corollary 6.21 (Estimates for Green operators). There is a constant C = C(M,v) > 0 such that
one has the following statements.
(1) For allt < s € R, G(t,s) = 0 and for all a € H, t — G(t,s)a € Co([s,0); H) with
G(s,s)a = a and it is a restriction to (s,00) of an element in V_1, and for any r € [2,00),
a€ H and s € R, we have G(-,s)a € L"((s,00); Dg.,o) where o = 2/r with

+0o0
sup |G, 5) |y < € and / IG(t, 8)ally o dt < C7 [lalffy
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(2) For all s >t € R, G(s,t) = 0 and for all a € H, s — G(s,t)a € Co((—o0,t]; H) with
G(t,t)a=a and it is a restriction to (—o0,t) of an element in V_1, and for any r € [2,00),
t € R, we have G(s,-)a € L"((—00,t); Dg o) where o = 2/r with
t
sup |Gls, ey < € and [ Gsit)allsods < Ol
t>s — 0o
Proof. The properties follows from construction in Corollary [6.19) and the interpolation inequalities
in Proposition [5.4] for 2 < r < cc. O

Moreover, expected adjointness and Chapman-Kolmogorov relations hold.

Proposition 6.22 (Adjointess and Chapman-Kolmogorov identities). The following statements
hold.

(1) For all s <t, G(t,s) and G(s,t) are adjoint operators.

(2) For any s <r <t, we have G(t,s) = G(t,r)G(r,s).
Proof. We first prove point (1). We fix ¢, s € R such that s < ¢t. For a,a € H, we can apply the
integral identity of Corollary to u := G(+,8)a and v = G(-,t)a between s and t. Note that by
duality the integrand vanishes almost everywhere, hence

(G(t,s)a,a) g = (G(t,s)a, G(t,t)a) g = (G(s,s)a,G(s,t)a)g = (a,G(s,t)a) g

The adjunction property follows. For point (2), we apply the same equality between r and ¢ and
use that the adjoint of G(t,r) is G(r,t) from point (1), to obtain

(G(t,s)a,a) g = (G(t, s)a, G(t,t)a) g = (G(r, s)a, G(r,t)a) g = (G(t,r)G(r, s)a,a) g
([l

6.4. Fundamental solution. We define the fundamental solution as representing the inverse of
o+ B.

Definition 6.23 (Fundamental solution for d; + B). A fundamental solution for 9; + B is a family
I' = (I'(t, 5))t,ser such that :
(1) supgser 1T, $)ll 2oy < +o0.
(2) T'(t,s) =01if s > t.
(3) For all a,a € E_, the function (t,s) — (I'(¢,s)a, a)y is Borel measurable on RZ.
(4) For all ¢ € D(R) and a € E_n, the solution u € L?*(R; Dg 1) of the equation dyu+Bu = ¢®a
in D'(R; Ex) satisfies for all a € E_oo, (u(t), @)y = [*__ &(s)(T(t,s)a,a)p ds, for almost
every t € R.
One defines a fundamental solution (T'(s,))ster to the backward operator —ds + B* analogously
and (ii) is replaced by I'(s,t) = 0 if s > .

Lemma 6.24 (Uniqueness of fundamental solutions). There is at most one fundamental solution
to Oy + B in the sense of Definition 6.2

Proof. Assume I'1, I'y are two fundamental solutions to d; + B. Fix a and @ in E_,,. The function
(t,s) — (Tk(t, s)a a)p is bounded and measurable for k € {1,2} by (1) and (3), hence Fubini’s
Theorem with (2) and (4) yield for all ¢,¢ € D(R),

/‘¢ P (¢, $)a, @) dsdt = /ﬁ¢ S(1)(Ta(t, s)a, @) g1 dsdt.
R2 R2

Therefore, we obtain (I'1(¢,s)a,a)y = (Ia(t,s)a,a)y for almost every (t,s) € R% At this stage,
the almost everywhere equality can depend on a and a. Applying this for test elements a,a € F_
describing a countable set in E_, that is dense in H and using that the operators I'i (¢, s), T'2(¢, s)
are bounded on H by (1), one deduces that I'; and 'y agree almost everywhere. t
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6.5. The Green operators are the fundamental solution operators. The two notions are
well defined and we show that they lead to the same families. We borrow partially ideas from
[AE23].

Theorem 6.25 (Green operators and fundamental solution operators agree). The family of Green
operators is the fundamental solution (up to almost everywhere equality) and (4) holds for allt € R.

Proof. As there is at most one fundamental solution, it suffices to show that the family of Green
operators satisfies the requirements (1)-(4) in Definition

The Green operators verify (1) and (2) of the Definition by Corollary For the mea-
surability issue (3), remark that for all a,a € E_., we have (t,s) — (G(t,s)a,a)m is separately
continuous on R%\ {(¢,t),t € R}, so Borel measurable on R2. We only have to prove (4), namely
that for any ¢ € D(R) and a,a € F_, if u is the weak solution for the source term ¢ ® a, we have
for all (not just almost all) ¢t € R,

t
(6.26) (wlth @)y = [ 6(6) (Gt s)a iy ds.
—00
Fix ¢t € R. Introduce @& = G(-,t)a. Using the absolute continuity of s — (u(s),@(s)) s on (—oo, ]
with its zero limit at —oo, and seing ¢ ® a € L'(R; H), we have by Corollary
t

Mmagzw@m@mz/’w@mmmH®.

—0o0

For s < t, using Proposition [6.22| in the last equality below

(6(s)a, a(s))m = ¢(s){a, G(s, t)a)n = ¢(s)(G(t, s)a, @)

and we are done. O

6.6. Representation with the fundamental solution operators. Having identified Green
operators to fundamental solution operators, the latter inherits the properties of the former. From
now on, we use the more traditional notation I'(¢,s). We can now state a complete representation
theorem for all the distributional solutions seen in the last subsections, with specified convergence
issues.

Theorem 6.27. Let s €R, a € H, g € L” (R; H), where p € [2,00] and 8 =2/p. Then the unique
solution u € L?(R; Dg.1) of the equation

du+ Bu=0,®a+ 5% in D'(R; Ey)

obtained by combining Propositions and Corollary[6.19 can be represented pointwisely by

the equation
t

u(t) =T(t, s)a+ / D(t,7)S%g(r) dr,

—0o0

where the integral is weakly defined in H when p < oo and strongly defined when p = oo (i.e., in
the Bochner sense). More precisely, for all a € H, we have the equality with absolutely converging
integral

t
(6.29) (ult), @) = (Ot 0@+ [ lo(r).S*(r ) dr.

—0o0
Remark 6.29. Remark that by Proposition [5.4] one could even reduce to proving the result when
p=2and p = oo.

Proof. It is enough to prove . By uniqueness and linearity, we start by writing u = u; + uo
where uy, is the solution of the equation considering only the k** term in the right-hand side of the
equation. Recall that we have identification of G and I'. Fix t € R.

The first term involving a is u1(t) = I'(¢, s)a by construction and identification.
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The argument for uy is as follows. According to the proof of Theorem [6.24] the weak solution v
obtained from source ¢ ® ¢, where ¢ € D(R) and ¢ € E_, satisfies for any @ € F_, and t € R,

H_/ o(T)(T(t,7)e,a)g dr

- / (6 ® &)(r), T(r, 1)) m dr.

For any p € [2, 00|, we have

t
| 1) i@l dr < Clbl ol

— 0o
by using Cauchy-Schwarz inequality in H and Hélder inequality invoking estimates for G in Propo-
sition Writing ((¢ @ ¢)(7),T(1,t)a) i as ((¢ @ ¢)(7),T(7,t)a) ., we can conclude for ug by
density of the span of tensor products ¢ ®c in LPI(R; Dg __p), and density of E_o, in H. For p = oo,
we may also verify the strong convergence. ([l

We record the following operator-valued Schwartz kernel result.

Proposition 6.30. Let ¢, $ € D(R) and a,a € H. Then,

(H ' (p®a),¢o®a D/D—//¢ tsaa}HgZ)()dsdt.

In other words, one can see (D(t,s)a,a)mg as the Schwartz kernel of the sesquilinear map (¢, ¢) —
(H Y d®a),éd®a)pp on D(R) x D(R).

Proof. By density of F_ in H and boundedness of the Green operators, we may use ([6.26) for
a,a € H and we obtain,

<<%—1<¢®a>7q3®a>>pf,pz/< “Up@a)(t),apnd(t) dt

/(/¢ tsaa>Hds)¢3<>
//(b [(t,s)a,a)y gE(t) dsdt,

where we have used Fubini’s theorem and I'(s,t) = 0 for s > t in the last line. O

6.7. The Cauchy problem and the fundamental solution. In this section, we consider the
Cauchy problem on the interval (0,00). The coefficients B, are defined on (0, 00) and satisfy (6.1))
there. We fix p € [2,00] and set 5 = 2/p. The Cauchy problem with initial condition a € H and
g € L ((0,00); H) consists in finding a weak solution to

{ Ou+ Bu = SPg in D'((0,00); Exo),

(6.31) u(0) =a in Ex

Remark 6.32. Note that when f € L?((0,00); K), there exists g € L?((0,00); H) such that T*f =
Sg, hence the 8 = 1 case covers the classical Lions equation.

Definition 6.33. A weak solution to (6.31)) is a function u € L?((0,0); Dg1), with
(i) u solves the the first equation in D’'((0,00); Ew ), that is, for all ¢ € D((0,0); E_)

| w0 000) s + Biu(v) ) at = [Tta(0)5%p(0hn .
(ii) Va € E_, (u(t),a)um — (a,a)n, along a sequence tending to 0.

A weaker formulation testing against functions ¢ € D(]0,00); E_o) with right hand side con-
taining the additional term (a,¢(0))y is often encountered. In the end it amounts to the same
solutions thanks to a prior: continuity in H, which only uses the upper bound on B;.
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Proposition 6.34. Any weak solution to (i) belongs to Co([0,00); H) and t — ||u(t)||3; satisfies
the energy equality for any o, € [0, 00] such that o < T,
.

()17 + 2Re/ By(u(t), u(t)) dt = u(o)|l3 +2Re/ {g(t), 8%u(t))y dt.

g o

T

Proof. We assume u € L*((0,00); Dg 1) and the equation implies that dyu € L?((0,00); Dg—1) +
L7 ((0, 00); Dgs _g). We may apply Corollary O

The main result of this section is the following theorem which puts together all the theory
developed so far.

Theorem 6.35. Consider the above assumptions on By, p, 5 and g, a.
(1) There exists a unique weak solution u to the problem (6.31). Moreover, u € Co(]0,00); H)N
L"((0,00); H) for any r € (2,00) with a« = 2/r (if p < oo, then u is also the restriction to
(0,00) of an element in V_g) and

o Ol + el s0r) + Il (00nps) < C (gl sty + Nl )
€(0,00

where C = C(M,v, p) > 0 is a constant independent of g, a.

(2) There exists a unique fundamental solution T' = {I'(t, s) }o<s<t<oo for O¢ + B in the sense of
Definition in (0,00). In particular, for all t € [0,00), we have the following represen-
tation of u :

(6.36) u(t) =T(t,0)a + /tf(t, $)SPg(s) ds,
0

where the integral is weakly defined in H when p < oo and strongly defined in H when
p = oo (i.e., in the Bochner sense). More precisely, for alla € H and t € [0,00), we have
equality with absolutely converging integral

(6.37) (u(t),a)g = (I'(t,0)a,a) g —I—/O (g(s),Sﬂf‘(s,t)@H ds.

Proof. We start with the existence of such a solution. We extend g by 0 on (—o0, 0] and keep the
same notation for the extensions. We also extend the family (B;); to R by setting By = v(S-, S}y
on R\ (0,00) and we keep calling B the operator associated to this family.

Using Proposition [6.7] when p < oo or Proposition [6.10] when p = oo and Corollary there
exists a unique @ € L*(R; Dg 1) solution of the equation

i+ Bii =06y ®a+ 5% in D'(R; Es).

Moreover, 4 € Co(R\ {0}; H), @ = 0 on (—o0,0) with lim; ,o+ @%(t) = a in H and if p < oo then
the restriction to (0,00) of @ is an element in V_g. Furthermore, we have @ € L"(R; Dg ) for any
r € (2,00) with a = 2/r by Proposition and we have the estimate

il oy + 1 g + e oy < COL020) (1570l iy + )
In addition, (6.28]) in Theorem implies (6.37) and (6.36) for u(t) for all ¢ € R with the

fundamental solution defined on R. The candidate u := (. satisfies all the required properties
of the theorem, proving existence and representation.

Next, we check uniqueness in the space L%((0,00); Dg1). We assume that u is a solution to
with a =0, f =0 and g = 0. By Proposition [6.34]

2Re/°° By(u(t), u(t)) dt = 0.
0

Using the coercivity of By, we deduce that u = 0 on (0, 00). Definition, existence and uniqueness
of the fundamental solution in (0, c0) is verbatim as in Section O

Remark 6.38. Uniqueness in the previous proof does not work if we are working on a bounded

interval (0, %) because Corollary fails in this case.
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Remark 6.39. Of course, by linearity, we can replace S%g by a linear combination of terms in
L¥ ((0,00); Ds._g) for different p.

7. INHOMOGENEOUS VERSION

One would like to treat parabolic operators with elliptic part being B plus lower order terms
allowing T to be not injective (e.g., differential operators with Neumann boundary conditions).
Here is a setup for doing this effortlessly given the earlier developments.

7.0.1. Setup for the inhomogeneous theory. As before, consider T and S = (T*T)l/2 without as-
suming that T is injective. One can still define a Borel functional calculus associated to S as in
Subsection by replacing (0,00) by [0,00). In the right hand side of the Calderén reproducing
formula , v is replaced by its orthogonal projection onto ran(S). The most important fact is
that for any o > 0, we can still define S* as the closed operator t*(S), which is also positive and
self-adjoint but not necessarily injective, having the same null space as S.

Let T : D(T) = D(T) — H & K the operator defined by Tu := (Au, Tu) where A € Ry. Assume
A > 0. Then T is injective and Sy = (T*T)/? = (A2+52)1/2 is a self-adjoint, positive and invertible
operator on H, with domain D(Sy) = D(T) = D(T) = D(S).

Using that Sy = (A2 + 52)1/2, we have that for A > 0 and a > 0,

Dg o = DY), - llgy o= llsa+ -l

For a < 0, we know that the sesquilinear form (u,v) — (S§u, S’;O‘v) g defines a canonical duality
pairing between DSVA ., and DSVA Therefore, for any u € DS‘A . there exists (w,w) € H 2 such
that

—o

(SSu, g;avhq = (w, S™ %)y + (w,v) g,
for all v € D(S™%). In this sense, we write Dg = S™*H + H with norm equivalent to the quotient
norm

inf  (wlla + 1@ #)-
u=S"*w+w

From now on and as before, we set S := S; = (1 + 5?)
fractional spaces for S become the “homogeneous” fractional spaces for S, so that applying the
above theory with S leads to the inhomogeneous theory for S (even if S is non injective).

Finally, we set

lullg, o =

/2 In conclusion, the “inhomogeneous”

E o= () D(SY).

7.0.2. Embeddings and Integral identities. We begin by noting that Proposition holds verbatim
with the same proof, even if S is not necessarily injective. As for continuity and integral identities,
we have to modify the statement as follows.

Proposition 7.1. Let T € (0,00]. Let u € L'((0,%); D(S)) with fos | Su(t)||3 dt < oo if T < o0,
oru € LY((0,'); D(S)) for all T < oo, with [;°||Su(t)||}; dt < co if T = co. Assume that Oyu =
Sf+88g in D'((0,%); Eso), where f € L*((0,%); H) and g € LP ((0,%); H), with 5 =2/p € [0,1).
When T < oo, then u € C([0,F]; H), and the function t — |lu(t)||%; is absolutely continuous on
[0,%]. For all 0,7 € [0,%] such that o < T, the following integral identity holds:

lu(r) 3 — lu(o)ll% = 2Re / (1), Sult)) m dt + / (g(t), SPu() g dt.

g [

T

If ¥ = oo, then the same conclusion holds on any bounded interval, and u is bounded in H.

Proof. Using Proposition we can express Sf + SPg = Sf + h, with f € L?((0,%); H) and
h e LY((0,%); H).

We start with the case T < co. Consider the orthogonal decomposition H = ran(S) @ nul(S),
and write u = uj + ug, where u; € L'((0,%);ran(S)) satisfies fOTHSul(t)H%{ dt < oo, and ug €
LY((0,%);nul(S)). Similarly, we decompose f = fi + fo and h = hy + ho. We have dyu; =
Sfl + h1 and OQus = hs where both equalities hold in D’((O,T);E’Oo). We obtain that Oyus €
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LY((0,%);nul(S)), hence us € WHi((0,%);nul(S)) — C([0,%];nul(S)). Using Corollary with
%m which is injective, we conclude that u; € C([0,%];ran(S)). Finally, we obtain the energy
equality using orthogonality.

When T = oo, the conclusion is already valid on [0,00). To see the behavior at oo, we can use

the same decomposition and u; € Cp([0,T];ran(S)) from Corollary As for up we have by
direct integration, that for all t > 0, [luz(t)||g < infr>o [lua(7) |l + Rl L1((0,00)mul(s))- O

7.0.3. The Cauchy problem. In this section, we are interested in the Cauchy problem on segments
and half-lines, in a non-homogeneous manner. Recall that Sy = (A2 + §2)1/2 with D(Sy) = D(T)
and we assume A > 0 for the moment. Let 0 < T < oco. First, let us consider (Bt)te(o,T) a weakly
measurable family of bounded sesquilinear forms on D(T') x D(T'). More precisely, we assume that

(7.2) |Be(u,v)| < M|Sxull || Sxvll,

for some M > 0 and for all u,v € D(T) and t € (0,%). In addition, we assume that the family

(Bt + K)te(0,3) is uniformly coercive for some x € Ry, i.e.,

(7.3) Re(By(v,v)) + & [|vl7; = v Sxollf,

for some v > 0 and for all v € D(T) and ¢ € (0,%). Notice that By + & satisfies the lower bound in
with S replacing S and the upper bound with M + x on (0,%). We denote by BB the operator
associated to the family (Bt)te(()’cy/). One may represent B, as T*A(t)T, where A(t) is bounded on
H @ ran(T). If we decide to represent A(t) in 2 x 2 matrix form, then B writes as B plus lower
order terms with bounded operator-valued coefficients.

On segments, say (0,%), we can consider the Cauchy problem for all possible values of A > 0
and £ > 0. On half-lines, say (0,00), we restrict the range of the parameters. This leads to the
following cases (we will not attempt to track A and x quantitatively).

(a) T < o0.
(b) T=00,A>0and kK =0.
See Remark [.9] and Remark [7.8] for more when ¥ = oc.

We fix p € [2,00] and set 8 = 2/p. Given an initial condition a € H and g € L ((0,%); H), we
wish to solve the Cauchy problem

{ dyu+ Bu=S8g in D'((0,%); Exo),
(7.4) s
u(0) =a in F.

Recall that SP¢ can be written as S%g; + g2, with g; € LP/((O,I); H),i=1,2.

Definition 7.5. A weak solution to (7.4)) is a function v € L((0,%T); D(S)) with f(;z | Su(t)|)3; dt <

00 if T < 0o or u € L'((0,%'); D(S)) for all T < oo with [ | Su(t)||3; dt < oo if T = oo and such
that

(i) u solves the first equation in D'((0,T); EOO), that is, for all ¢ € D((0,%); E_Oo)

T B T -
/O —(ult), Do ()1 + Be(u(t), o(t)) dt — / (9(t), 5P () dt.

(i) Va € E_w, (u(t),a)g — (a,a)m along a sequence tending to 0.

The difference with the homogeneous situation is the global or local L!(H) condition.

Again, a weaker formulation testing against functions ¢ € D([0,%); E_y) with right hand side
containing the additional term (a,¢(0)) g can be considered. In the end it amounts to the same
solutions thanks to a prior: continuity in H, which only uses the upper bound on B,.

Lemma 7.6. In case (a), any weak solution to (i) belongs to C([0,T|; H), and t — |lu(t)||% satisfies
the energy equality for any o, 7 € [0,%] such that o < T,
.

lu(r)|7; +2Re /T Bi(u(t), u(t)) dt = ||u(o)||7 + 2Re/ (9(t), S7u(t) at.

g g
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In case (b), we have the same conclusion on any bounded interval.

Proof. Case (b) follows directly from case (a). To prove the latter, using Proposition with
S replacing S, we can write g = Sf + h with f € LZ((O T);H) and h € L'((0,%); H). This
can be expressed as Sf + h with f € L2((0,%); H) and h € L'((0,%); H). We conclude on using
Proposition [7-1} O

The main result of this section is the following theorem which puts together the inhomogeneous
version of all the theory developed so far.

Theorem 7.7. Consider the above assumptions on By, \, K, f,g and a.

(1) There exists a unique weak solution u to the problem (7.4). Moreover, u € C([0,%]; H) N
L™((0,%); D(S%)) for all r € [2,00] with o = 2/r, with u(oco) = 0 in case (b) where T = o,
and we have the estimate

sup [lu(®) |l + 15wl e (0.2):8) < CUGN Lo (0.7 + el ),
t€[0,%]
where C' = C(M,v,p,k,%T) >0 is a constant independent of g and a.

(2) There exists a unique fundamental solution Iz = (I'z(t, s))o<s<i<z for O + B in the sense
of Definition [6.25 in (0,%) (by convention, set I'(co,s) = 0 if T = oo). In particular, for
all t € [0,%], we have the following representation of u :

u(t) :FB(t,O)a—i—/O T5(t,5)5g(s) ds,

where the integral is weakly defined in H when p < oo and strongly defined when p = oo
(i.e., in the Bochner sense). For alla € H and t € [0,%F],

t ~ o~
<u(t),d>H = (FB(t,O)a,EL>H +/O <g(s),SBFB(s,t)d>H ds.

Proof. We begin with existence.

Ezistence in case (b). Apply Theorem with S replacing S and as the right hand side belongs
to L* ((0, o0); Dg ). This shows the existence of a weak solution v in L2((0,00); D(S)), which
also belongs to Co([0,00); H) and L"((0, o0); (5’“))

Ezistence in case (a). Extend g by 0 and B; by v(S-,5-)5 on (T,00) if T < co and use the same
notation. Let v > k. Apply Theorem “ with S replacing S and with right hand side in
L7 ((0,00); Dg ) to the auxiliary Cauchy problem

o+ (B+ v =8P(e"tg) in D'((0,00); Ex),
{ v(0) = a in E,
and obtain a weak solution v in L2((0,00); D(S)). The function u := e"*v restricted to [0, ¥] gives
us a weak solution with the desired properties.
Next, we prove uniqueness. Assume u is a weak solution to with a = 0 and g = 0.
Uniqueness in case (b). We have u € L'((0,%'); D(S)) for all ¥ < oo and [;° |Su(t)||3 dt < oco.
Applying Lemma [7.6] we have u € C([0,%']; H) for all ¥ > 0, u(0) = 0 and

T
Hu(s’)HfH + 2Re/ By(u(t),u(t)) dt = 0.
0

Using the coercivity of By, we deduce that u = 0 on (0,%’) and therefore, u = 0 on [0, oo)
Uniqueness in case (a). We have u € L'((0,%); D(S)) with fo |Su(t)||3; dt < co. Let &' > k. Set
v =e """ on (0,%) so that v € L((0,%); D(S)) with fo 1Sv(t)||3; dt < oo and By + (B+K')v = 0
in D'((0,%); Es). Applying Lemma we have v € C([0,%]; H), v(0) =0 and

T ~
(D)2 + 2Re / Bu(o(t), v(t) + ' [o(t)|% dt = 0.
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Using the coercivity of B; + £ resulting from (7.3), we deduce that v = 0 and therefore, u = 0 on
[0, F].

Finally, definition, existence and uniqueness of the fundamental solution I'z can be obtained
easily by proceeding as in Section [6.4] O

Remark 7.8. If T = oo with k > 0, then we can construct a weak solution but it does not satisfy
00 2
Jo ISu(®)|17; dt < oco.

Remark 7.9. For T = oo, A = 0, kK = 0 and S'Bg replaced by S?g, we can apply Theorem m
provided that 7T is injective. However, when T' (hence S) is not injective then the proof of Theorem
provides us with a global solution but not with limit 0 at co. In fact, the zero limit at oo fails.
Take up € nul(S) \ {0} and set u(t) = ug for all t > 0. We have u € L*((0,%'); H) for all ¥’ < oo
with [° |Su(t)||3; dt =0 < co. Moreover, u is a weak solution to the abstract heat equation

{ du+ S*u=0 in D'((0,00); Exo),

u(0) = ug in Fu,
with limy oo u(t) = ug.

Remark 7.10. Consider the special case B = B + w, w > 0, on (0,00), keeping the condition
for B with T (and S) injective. We have (b) with A = 1, constant sup(M,w) in and
constant inf(v,w) in . The theorem above applies and gives us fundamental solution operators
Ipiw(t,s), defined for 0 < s < ¢t < oo. Call I'p(t,s) the one obtained in the previous section.
Uniqueness for the Cauchy problem for d; + B + w holds in L?((0,%), D(S)) for all T < co and
this shows that 'z, (t,s) = e “=9)'g(t,s). Working on R, then we obtain the equality for
—o0 < s<t<oo.

8. THE FINAL STEP TOWARDS CONCRETE SITUATIONS

The reader might wonder how to apply our theory in concrete situations, where the abstract
spaces of test functions D(I; E_s) or D(I; E_) might not be related to usual spaces of test
functions. The following result gives us a sufficient condition showing that one can replace F_, or
E_, by an arbitrary dense set in the domain of S, sometimes called a core of D(S) = D(T).

Theorem 8.1. Let D be a Hausdorff topological vector space with continuous and dense inclusion
D < D(S), where D(S) is equipped with the graph norm. Assume a priori that weak solutions
belong to Li (I;H), and replace the test function space by D(I;D) in their definition, with in the
latter case, Oyu computed via :

Ve € D(I,D), (D p) = - /I (ult), Bup(t)) .

Then our well-posedness results are the same: this means that existence with estimates, uniqueness
(requiring additionally u € Li _(I; H) in the uniqueness class), and energy equalities hold.

The proof relies on the following density lemma. Denote by ||lul|pcs) = (||ullF; + || Sul|%)/? the

Hilbertian graph norm and (-, -) B(s) the corresponding inner product.

Lemma 8.2. Let D be as in the above theorem. For all open interval I C R, D(I;D) is a dense
subspace of D(I; D(S)) in the following sense : for all ¢ € D(I;D(S)), there exists a sequence
(¢r)k>0 € span(D(I) @ D)N such that
(1) For all k > 0, supp(¢x) C supp(yp).
(2) Forallk>0andte I,
ekl < 3lle@llpesys 10e®)lpes)y < 3110ep(t)ll sy -
(3) For allt € I, llpn(t) — o(8)ll pgs) + 19uea(t) — Buot) | ps) — 0 as k — oo.

(4) Forall€0,1],t €I andk >0, [|SPor(t)llz < 3 lo(t)lpes) and ||SP (or(t)—o(t) |z — 0
as k — oo.
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Proof. The space (D(S),[|*[|p(s)) is separable as it is isometric to a subspace of H x H which
is separable. Let (wj)jen € D(S)N be a Hilbertian basis of (D(S), ||~HD(S)>. As D is dense

in D(S) then for all j > 0, one can find a sequence (Uf)keN € DN such that for all k& > 0,
lw; — UfHD(S) < ﬁ For h =3 ;5 ajw; € D(S), one can see using Cauchy-Schwarz inequality

and Plancherel that || Zf 0@ (V3 vk —wj)|lps) < SOk ol < 3; |l p(s), so that hy = Zf 0 QY5 vy

j=0 27+k =
satisfies ||hr — b peg) < 32th||D(S + | Ej>k+1 ajw;llpsy and ||l psy < (3 + DRl ps)- NOW
fix p € D(I; D(S5)) and set forall k >0 and t € I,
k
SOk(t) = Z((P(t),’wj)D(S)Uf :
5=0
Clearly, the sequence (¢g)ren € span(D(I) ® D)N with (1), and (2) and (3) follow from the above
estimates. Finally, (4) follows from the moments inequality combined with (2) and (3). O

Proof of Theorem [8.1. The case using D(I; E_ o) being simﬂar, it only suffices to show that with the
a priori requirement that weak solutions also belong to L10 .(I; H), the formulations of the equations
against test functions in D(I; F_,) and in D(I; D) are equivalent, because then they have the same
solutions. In fact, they are equivalent to a formulation against test functions in D(I; D(S)). Indeed,
if u e L(I; DS,l) N L. (I; H) then by Lemma we have for all ¢ € D(I; E_«),

loc

«%3MWDp=iK@@%@ﬂﬂﬁmdﬁ:A@W@%S1@¢Wﬁ{&=i[W@%@¢@h{&-

Applying that D(I; E_) is dense D(I; D(S)) as in Lemma and dominated convergence, we
can see that the weak formulation for all ¢ € D(I;D(S)) holds. Of course we can conversely
restrict to test functions D(I; E_« ), showing that the formulations testing with ¢ € D(I; E_«) or
v € D(I; D(5)) are equivalent. This would be the same starting from another dense set D. Finally,
the initial data property in the Cauchy problems testing against elements in E_, is equivalent to
testing against arbitrary elements in H by density as u(t) belongs almost everywhere to H. This
would be the same replacing E_, by another dense set D in D(S) as it would also be dense in
H. O

9. THREE APPLICATIONS

9.1. Parabolic Cauchy problems on domains with Dirichlet boundary condition. Let
n > 1and 2 C R” an open set. We denote by L?(Q) the Hilbert space of square integrable functions
on  with respect to the Lebesgue measure dz with norm denoted by ||-||, and its inner product by
(-,+). As usual, we denote by D(2) the class of smooth and compactly supported functions on €.
We set H'(Q) := {u € L*() : V,u € L?(Q)} and it is a Hilbert space for the norm [ull g1y =
(lull3 + [V2ull3)/2. Finally, H}(Q) is defined as the closure of D(Q) in (H'(Q), 1l 2 2))-

We denote by —Ap the unbounded operator on L?(f2) associated to the positive symmetric
sesquilinear form on HE(Q) x H}(2) defined by

(u,v) — /ﬂvxu(ar) - Vgu(x) dz.

Let A: 1 x Q — M,(C) be a matrix-valued function with complex measurable entries and such
that

(9-1) At 2)6 - <] < MIENICT, v < Re(A(t,2)€ - €)
for some M,v > 0 and for all (,£ € C" and (t,xz) € I x Q. We let —div, be the adjoint of
Vi@ Hi(Q) — L*(Q)" and use the customary notation B = —dlva(t V.

Fix € > 0, p € (2,00), set 8 = 2/p € (0,1) and let p' be the Holder conjugate of p. For
f e L2((0,%); L2(Q)"), g € L ((0,%); L2(Q)), h € L'((0,%); L3(Q)) and ¢ € L2(Q), consider the
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following Cauchy problem

9.2) Opu — divy (A(t, ) Veu) = —dive f + (=Ap)?/2g + h in D'((0,%) x Q),
‘ w(t) = in D'(Q) as t — 0.
The first equation is interpreted in the weak sense according to the following definition.

Definition 9.3. A weak solution to the first equation in (9.2)) is a (complex-valued) function
u € LY((0,%); HE (Q)) with fOT |V2u(t)]|3 dt < co such that for all ¢ € D((0,%) x Q),

/T/Q —u(t,z)0pp(t, z) + A(t,2)Vyu(t,x) - Vep(t, x) dedt
0

T
= /0 /Qf(t7$) ’ Va:SO(t,:c) +9(t7x)(_AD)B/2cp(t,x) dz + h(t,x)go(t,x) dedt.

The consequence of our theory is

Theorem 9.4 (Cauchy problem on (0,%)). Let f,g,h,9 be as above.
(1) There exists a unique weak solution to the Cauchy problem as defined above. Moreover,
u € C([0,F]; L2(Q)) with u(0) = v, the application t + ||u(t)||3 is absolutely continuous on
0,%] and we can write the energy equalities. Furthermore, u € L"((0,%); D((—Ap)®/?))
for any o € (0,1] with r =2/« € [2,00) and we have

sup [[u(t) ]l + [[(=Ap)*"*ull L (0.2):)
te[0,%]

< CUf 2 o,3):22)m) + 191 e (0.2 0200)) + Il 1 0,2)s 020y + 1¥1]2),
where C'= C(M,v,p,%) > 0 is a constant independent of the data f,g,h and 1.

(2) There ezists a unique fundamental solution I' = (I'(t, s))o<s<t<z for Oy — divgA(t,-)Vy. In
particular, for all t € [0,%], we have the following representation of u(t) :

u(t) =T(t,0)¢ —|—/O L(t,7)(=divy f)(7) dr —l—/o I'(¢, T)(—AD)B/QQ(T) dT—l—/o (¢, 7)h(r) dr,

where the two integrals with f and g are weakly defined in L*(Q)) while the other one con-
verges strongly (i.e., in the Bochner sense). More precisely, we have for all ¢ € L*() and
te0,%],

(ult), §) = (T(t,0)%.) + /0 (f(s), VaT(s, 1)) ds

+ /0 (9(5). (~Ap)P/2(s, 1)) ds + /0 (T(t, 5)h(s), ) ds.

Proof. As D(R) is dense in H}(2) with respect to the graph norm of the injective self-adjoint
operator S = (—Ap)'/? by definition, we are in the context of Theorem in Section (8 which
corresponds to Theorem for each f, g, h by linearity and using that —div, f = (—Ap)'/? f with
f e L2((0,%); L3(Q)), with B; : HY(Q) x HA(Q) — C being the sesquilinear form defined via

Vu,v € H3(Q) : Bi(u,v) := /QA(t,x)qu(a:) -Vzo(z)de.

O
Remarks 9.5. (1) With the modification in the definition of weak solutions, the statement ap-
plies for the Cauchy problem on (0,00) and u has limit 0 at co. (Use Theorems and

6.35)).

(2) Remark that the theory applies for complex coefficients. In particular, we do not assume any
local regularity for weak solutions and fundamental solutions are merely bounded operators.
Bounds on their kernels need additional assumptions.
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(3) If Q is bounded (or only bounded in one direction), then Poincaré inequality holds on Hg ()
[EHMT24, Proposition 3.25], and it follows that D(S) = Dg; = H}(Q) with equivalent
norms. In particular, the inhomogeneous and homogeneous theories developed in Section [f]
are the same for this concrete case.

(4) We may want to replace the spaces L"((0,%); D((—=Ap)®/?)) by mixed Lebesgue spaces
L7((0,%); L9(RQ)). The embeddings of the domains of the fractional powers (—Ap)®/? into
Lebesgue spaces L1(€2) depend on the geometry of the domain. See the discussion in [AE23].

9.2. Parabolic integro-differential operators. The second application is for integro-differential
parabolic operators d; + B where B is associated with a sesquilinear form B; satisfying for
t € I (I open interval) with T = S = (—=A)"/2 for some v > 0. The most notable example from the
references mentioned in the introduction is that of B arising from the family of forms

._ (u(z) = u(y))(v(z) = v(y))
Bi(u,v) := //Rann K(t,z,y) dz dy,

|z — y[r

for some 7 € (0,1) and u,v € W?2(R"). We assume here K : I x R® x R® — C to be a measurable
kernel that satisfies the accretivity condition for some A > 0,

(9.6) 0<A<ReK(t,z,y) <|K(t,z,y)| <X'  (ae. (t,z,y) €I xR" x R").

The Sobolev space W7%(R") is the space of measurable functions v on R™ with norm ||ul|, given

by
Ju(z) — u(y)]*

and it is well known that W72 (R”) agrees with the domain of (—A)V/ 2 and that the last term in the
expression above is comparable to ||(—A)Y/2u||3. Using this observation, and Cauchy-Scwharz
inequality, we can check with T = § = (—A)Y/2,

From now on, we can apply the theory developed so far and obtain well-posedness results on
I x R™ but we shall not repeat the statements and leave that to the reader. May be the most
notable outcome is that there always exists a unique fundamental solution, and this seems new at
this level of generality.

Theorem 9.7. Let v > 0. The integro-differential parabolic operator y+ B on I x R™ has a unique
fundamental solution.

9.3. Degenerate parabolic operators. The third application concerns degenerate parabolic op-
erators on R™. We fix a weight w in the Muckenhoupt class A3(R™,dz), meaning that w : R — R
is a measurable and positive function satisfying

o = gug (feto00) (fo7 000 <o

where the supremum is taken over all cubes (Q C R™. For background on Muckenhoupt weights and
related results, we refer to [Ste93, Ch. V].

We denote by L2 (R") := L?*(R", dw) the Hilbert space of square-integrable functions with respect
to dw, with norm denoted by |- ,, and inner product (-, )2, It is known that

D(R") C LZ(R") C Li,.(R",dz) C D'(R™)
and the first inclusion is dense.

We define the weighted Sobolev space HL(R™) (or W?(R™)) as the space of functions f € L2 (R")
for which the distributional gradient V, f belongs to L2 (R")", and equip this space with the norm
1 fllg = (HfH%w + HszH;w)I/Q making it a Hilbert space. It is also known that D(R™) is dense
in H.(R") (see [Kil94, Thm. 2.5]).

Let I C R be an open interval. Let A : I x R™ — M,(C) be a matrix-valued function with
complex measurable coefficients such that

|A(t, )¢ - ¢| < Mw(z) [§][¢],  vIEPw(x) < Re(A(t,z)¢ - §),
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for some constants M,v > 0 and for all £, € C" and (t,z) € [ x R™.
For each t € I, we define the sesquilinear form B; : H}(R") x HL(R") — C by

Bi(u,v) = - A(t, z)Vyu(x) - Vyo(z) de,

for all u,v € HL(R™). The assumptions on A yield

| Be(u, 0)| < M |[[Vaully,, [Vavl

v [Vaully, < Re(B(u,u)).

2w

This is with T'= V, : HL(R") — L2(R™)". We note that T is injective since dw has infinite
mass as a doubling measure on R™. We denote by 9;—w ™! (z)div, A(t, )V, the degenerate parabolic
operator associated with the family (Bj)¢cs. At this point, we can apply the theory developed above
to obtain well-posedness results on I x R™, for the Cauchy problems with test functions in I x R"
using Theorem assuming weak solutions to a priori be in L{ (I; L?>(R™)) if I is unbounded.

loc

Theorem 9.8. The operator O,—w ™ (x)div, A(t, )V, on I xR"™ has a unique fundamental solution.
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