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ABSTRACT

In this paper, we consider a quasilinear parabolic system of equations describing coupled
bulk and interface diffusion, including mixed boundary conditions. The setting naturally
includes non-smooth domains 2. We show local well-posedness using maximal L*-regularity
in dual Sobolev spaces of type W=14(Q) for the associated abstract Cauchy problem.

1. INTRODUCTION

We consider a parabolic system of equations describing coupled bulk and interface diffu-
sion. The equations are related to the classical Stefan problem, and they are derived for a
number of different dissipative processes taking place on both a bulk domain and part of its
boundary in [20] and [9]. In [5, Examples 3.4 and 3.5], for a large class of problems of this
type on smooth domains, maximal L*-regularity has been shown. We give an extension of
these results for a specific setting, where the main point is that the interface cuts the bulk
into two parts, naturally creating non-smooth domains, cf. Figure 1.
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FiGUrRE 1. Cutting a smooth domain by a hyperplane does not create two
smooth domains in general, but, in many cases, two Lipschitz domains.

More precisely, the situation is the following. Let Q C R?, d = 2, 3, be a bounded domain,
divided into two open disjoint subdomains Q, and Q_ by an R? !'-plane. The intersection
of Q and the plane is denoted by I'. We choose coordinates such that I' C {(y,0) € R? :
y € R} and write x = (y,2') for r € Q, 2’ € R and y € RY"L. We consider the evolution
of the quantities uy : (0,7) x Q4 — R, u_ : (0,7) x Q- — R and up : (0,7) xI' = R
satisfying

atU+—diV(k+VU+) == f+, in (07T) X Q+, (1 1)
(k- Vuy vy —my (uy —ur)—mr(uy —u-) = 0, on (0,T) xT, '
on the upper bulk part and interface,
Owu_—div(k_Vu_) = f_, in(0,7)xQ_, (1.2)
(k-Vu_)v_—m_(u_—up)—mp(u_—uy) = 0, on (0,7)xT, '
on the lower bulk part and interface, coupled with the evolution
Opur —div(krVur) —my (uy —ur)—m-_(u_—ur) = fr, in (0,7) x T, (1.3)

on the interface I', where v, ,v_,vr denote the outer normal vector fields of Q,, Q_ and
I' and fy, f_ and fr are given external forces. The system is complemented with mixed
boundary conditions on 02 in the following way. There is a Dirichlet part of the boundary
D C 092 which splits into three parts D, = DNoQy, D_ = DN and Dr = DN Ol and
there are Neumann boundary parts for each subdomain, N, = 0Q, \ D,, N =0Q_\ D_
and Np = OI' \ Dr. Since the conditions on I" as a boundary of {2, and {)_ have already
been fixed, it remains to set

{ (ks Vuy vy =

0 0
uy = 0, on (0, (1.4)
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on O\ T,

i
|

on _\T, and

ur

{ (krVur)vr

on (0,7) x {0Q_\(I'U D_)},
on EO,T; X E), k !} o)
0, on (0,7) x {or'\Dr}, (1.6)

0, on (0,7) x Dr,

on JI'. In the following, we often use the shorthands

U= (U+,U_,UF), f = (f+af—7ff‘)7"'

The matrix-valued coefficient functions k& and scalar transmission coefficients m may depend
on the space variable and the solution u. More precise assumptions on k and m as well as
on the domain 2 and on D and N are given in Subsection 2.1 below.

Note here that the system is essentially scalar, except on the interface I' where the three
unknowns (u,u_,ur) interact.

As an example from applications, this system may describe non-linear heat conduction in
a bulk material which is divided into two parts by a thin metal plate and heated or cooled
from the outside only on specific parts of its boundary, cf. Figure 2.

FIGURE 2. An example domain.

In [6], a similar system is being studied, with a focus on its gradient or Onsager structure,
cf. [20] and [9], leading to more complex but also more specific nonlinearities and to partic-
ular questions concerning long-term behaviour. In contrast, in this work, we do not require
the system to be isolated but allow for general exterior forcing f and mixed Dirichlet and
Neumann boundary conditions, but only show local-in-time well-posedness. Mathematically,
the question of how non-smooth paroblic and elliptic problems can be treated is strongly
connected to the question of how to treat these problems with mixed boundary conditions.
It thus seems natural to use recent result in this direction and see how they can be made to
apply in the present situation. We focus on the two- and three-dimensional problems and
use the results derived in [14] and [7]. The results of these works are conditions on a domain
w C R? and coefficient function k : w — R%%to guarantee that the elliptic operator

div(kV-) : W (w) — W, " (w) (1.7)

is an isomorphism for some ¢ > d and I/V(;1 “(w) the Sobolev space realizing mixed boundary
conditions. This isomorphism property is particularly important in the study of quasilinear
problems as it turns out to be stable for many k, cf. the discussion of Assumption 4.1,
and yield sufficient regularity on u to allow for unique solutions given by a Banach fixed
point argument. The main point is that since the problem is assumed to be quasilinear, it
requires particular regularity properties to establish well-posedness, which are non-trivial to
establish for non-smooth domains.
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The paper is organized as follows. In the next Section, we fix some notation, precise
assumptions on the domain and on coefficients and establish a functional analytic framework
in which equations (1.1)-(1.6) can be recast as a quasilinear abstract Cauchy problem. In
particular, we give a precise definition of the spaces in (1.7). In Section 3, it is shown that
the linear problem has the property of maximal L®-regularity in the dual Sobolev space
Wf)l’q. In Section 4, the linear result is used to show local well-posedness of the system and
remark on simple extensions following from the theory of maximal L°-regularity.

2. NOTATION, ASSUMPTIONS AND AN ABSTRACT FRAMEWORK FOR THE SYSTEM

The aim of this Section is to introduce notation and precise assumptions on €2, k£ and
m and to set up a functional analytic framework in which the problem can be recast as a
quasilinear abstract Cauchy problem.

2.1. Assumptions on 0, D and N . Following the ideas in [14] and e.g. [3], [7, 16, 18,
15, 12, 11], we pose assumptions on the domains 2, Q_ and I" which will guarantee the
property in (1.7).

Assumption 2.1 (d = 2,3). We suppose that Q,, Q_ and I" are bounded Lipschitz domains,
cf. [13, Def. 1.2.12], and that their Neumann boundary parts Ny = 00, \ Dy, N_ =
OQ_\ D_ and O \ Dr are relatively open subsets of their respective boundaries 02, 09—
and OU. Moreover, I' must be contained in both N, and N_.

Remark 2.2. Note that we do not need to assume that Q2 , Q2 or I' are strong, or equiva-
lently, graph Lipschitz domains, cf. [1, Def. 4.5].

If d = 2, Assumption 2.1 is sufficient for the remainder of the paper. If d = 3, we must
put additional restrictions on 2, and €2_, following the approach in [7].

Assumption 2.3 (d = 3). If d = 3, then in addition to Assumption 2.1, we ask that Q,
with given N, and Dy must locally at the boundary be bi-Lipschitz diffeomorphic to one of
the model constellations given in [7, Sect. 3]. In particular, this includes conditions on the
discontinuities of the coefficient matrix Ky near the boundary of Q2. The same must hold

forQ_, N_, D_ and x_.

Remark 2.4. We refer to [7] for the precise formulation and an extensive discussion of
Assumption 2, including its necessity in many cases for proving the property (1.7). We note
here that Assumption 2 is (trivially) satisfied if ki is continuous and Dy = () or if 0Q, is
smooth and D, = (), i.e. it mainly concerns the problems of how Ny and D, are allowed to
meet and of how non-smoothness of k. and non-smoothness of 02, are allowed to meet.

2.2. Function spaces. For g € [1,00] and w € {Q,,Q_, '}, we denote by L?(w) the usual
real Lebesgue space of g-integrable functions and denote the norm by || - ||, if the domain is
known. For § € {D,, D_, Dr} corresponding to w, we define

C5o(w) :={v € CX W) : suppv N = 0}

and denote by
S W (W)

W5 (W) = G5 (w)
the closure of C§°(w) with respect to the usual Sobolev norm, which is denoted by || - ||1,4-
Note that w is assumed to be sufficiently regular to guarantee that I/Vq)1 Nw) = Whi(w),

where W14(w) denotes the usual Sobolev space, cf. [14, Def. 3.
For the full unknown function u, we define the spaces

L7 = L9(Q) x LYQ_) x LI(T) =~ LI(Q, d + d)



and
W= W () x WE(Q-) x WhHI(T).
Note also that since I' is a smooth part of the boundaries of €2, , the trace operator
trp s Wyt () — LYT) (2.1)
is well-defined and continuous (likewise for ©2_). We write
trpu = (trp uy, trru_, ur) (2.2)

for the trace components of u on the interface I'.
Deviating slightly from the usual notation for § = dw, the dual spaces of W;%(w) and
W are denoted by

’

Wy (w) = (W (@) and Wy := (W)
11
2.3. Assumptions on k£ and m. The coefficient functions k4 may depend on x € 24 as

well as on u(z) and kp, my, mr may depend on y € ' and trp u(y) € R3. We assume that
k is given by positive semi-definite matrices,

ki Qe xR—=RED  and  kp:D x R® — REG VD, (2.3)
and that the transmission coefficients are also positive, satisfying
mr,my,m_: F X RS — R+. (24)

Let x and p denote coefficients of this type but independent of u. Then with slight abuse
of notation, by u we denote the transmission coefficent matrix

M4+ pr  —pr —
p=| —pr  p_+pr  —po
e R i oy

where po, ur : I' — Ry are as in (2.4) but independent of w.

Assumption 2.5 (Assumptions on k). The coefficients k are bounded, measurable and
uniformly elliptic, i.e. there is a constant ko > 0 such that for all x € R% y € R4, almost
everywhere in Q4,1

1 1
— |z < alkixw < wolz|? and —|y|* <y"rry < rolyl®.
Y] Ko

Assumption 2.6 (Assumptions on p). The coefficients pt,ur are bounded, measurable and
there is a constant py > 0 such that almost everywhere in T,

Ho < s fr-

Note that under Assumption 2.6, the matrix p is positive semi-definite and for r =
(T+7T—7TF)T € RS?

rlur =0ae., iff v, =r_ =rr. (2.5)
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2.4. A bilinear form and an elliptic operator associated to this problem. We define
the bilinear form a,, : WB2 X W})’Q — R by
A (1, ) = Le(u, ) + my(u, @),
where
(u,0) = [fo, (ke Vuy, Ve )gada + [, (k-Vu_, Vi )pedz
+ Jo(krVur, Vir)gady,
and

m,(u, ) = /F(utrp w, trp )gady.

By (2.1), the trace operator trp : W54(Qy) — L9(I) is well-defined and bounded and thus,
the form a, , is continuous and bounded from below by 0 by the assumptions on x and .
In particular,

app(u,u) =0iff vy =u_ =ur =g, (2.6)

due to (2.5). The form a,,, induces an operator A, , : W;> — W5 by

(Awutt, 90>W51’QXW}52 = (U ).

By the Lax-Milgram theorem, for every A > 0, A, , + A has a bounded inverse and for
q € [2,00), let A, be the closed and densely defined restriction of A, , to W5 % We
write £, , for the divergence operator in ng’q analogously induced by [,, and we write M,
for the bounded transmission operator given by

(Mot @)y =M, 0), € dom(Ly), 0 € Wi, (2.7)
so that
Aqﬁ,u = Eq,ﬁ + Mq,u'

In the quasilinear case, we use the notation ay ,, instead of a,, ,, to indicate that the form de-
pends on u(t) and we similarly write Ak 1, L4 and M, ,, for the corresponding operators.
The assumptions on x and ¢ will guarantee that dom(£L, ) and thus M, , are independent
of k. We interprete the set of equations (1.1), (1.2), (1.3) complemented by (1.4), (1.5) and
(1.6) as the quasilinear problem

u+ Aq,k,mu = f7 U(O) = Uo, (28)
posed in Wl_)l’q, q > 2. In the next section, we show that the linear problem
U+ Agepu=f, u(0)=up, (2.9)

is well-posed. In Section 4, we show that under additional assumptions on ¢ and k, this
result transfers to the quasilinear equation (2.8).

3. WELL-POSEDNESS FOR THE LINEAR PROBLEM

The aim of this section is to prove the following result.

Theorem 3.1. If all the assumptions in Section 2 hold, and 2 < q < oo, then Ag, has
mazimal L*(0,T; W ") -reqularity.

Let us first briefly recall the notion of maximal L*(0,T’; X )-regularity for a Banach space
X.
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Definition 3.2. Let 1 < s < 0o, let X be a Banach space and let Jp = [0,T], T > 0, be a
bounded interval. Assume that B is a closed operator in X with dense domain dom(B) C X,
equipped with the graph norm. We say that B satisfies mazimal L*(Jr; X)-regqularity if for
all uy € (dom(B),X)l_%’ and f € L*(0,T; X) there is a unique solution

u € L*(Jp;dom(B)) N WY (Jp; X) =: H*(Jp; dom(B); X)
of the abstract Cauchy problem

Uo,

{ uw+ Bu = f,

£
—
]
N~—
|

posed in X, satisfying

lill e rzs) + 1 Bullzerixy < Cllluoll@omm) x), _y , + 1 fllzecrix)

with a constant C' > 0 independent of ug, f (see e.g. [2, Ch. 1II.1]).

Note that the wording in Theorem 3.1 is justified in the sense that the notion of maximal
L*(Jr; X)-regularity is independent of 1 < s < oo and T' > 0, cf. [8]. In particular, Theorem
3.1 shows that problem (2.9) is well-posed for f € L*(Jp; W) and

Ug € X&q = (dOHl(Aq,n,,u)’WBLq)l 1

We can consider Theorem 3.1 as a corollary to the results in [17] and [3], where it is shown
that the operator L, , = div(kV-) corresponding to the form t,(u, ) = [ (kVu, V)ga da
has maximal L*-regularity in W, "%(w) on domains w with Dirichlet boundary part ¢ sat-
isfying the Assumptions 2.1 and 2.3, i.e. if L,, provides an isomorphism of W; "%(w) and

W, 4(w), which is guaranteed by the results in [7]. Clearly, by [17, Remark 8.3], the result
carries over from L, to the diagonal “system” given by L, ,, i.e. we have shown

Proposition 3.3. Let 2 < g < oo, then L, has maximal L*(Jr; ng’q)—regularity.

In order to prove Theorem 3.1, in the following lemma, it remains to treat the transmission
part M, , by a perturbation argument, cf. [17, Lemma 5.15].

Lemma 3.4. Let 2 < g < 0o, then the operator M, , defined in (2.7) is relatively bounded
with respect to L, .., where the relative bound can be taken arbitrarily small.

Proof. For every u € dom(L, ) C W57,

HM(LHUHWBI’Q S H,UHLoo(p)sxs||tl"FU||LQ(F)3 | ”sup 1||trF90HLq'(F)3'
¥ Wl,q’:

For every € > 0, by the trace theorem [17, Thm. 3.6], interpolation and Young’s inequality,

[[w]| a(rys
< O(ullig + lu-ll) = (fully + llu-llg) /7 + Cllur|| o)
< OfJullig + lu-llg) =2 (s | -1 + lu | -1,6) 2

+C [fur |y lur]| 2,
< ellullwra + ce)lullw-ra.

From this lemma and Proposition 3.3, Theorem 3.1 follows for
Agrp = Lgw + Mgy

by an abstract perturbation argument for maximal regularity shown in [19].



4. LOCAL WELL-POSEDNESS FOR THE QUASILINEAR EQUATIONS

The aim of this section is to use Theorem 3.1 and solve the quasilinear problem (2.8)
under suitable assumptions on the coefficient functions & and m.

4.1. Preliminary assumptions and results. For «,a’ > 0, we define the Holder space
Coe’ = C(Q) x C*(Q) x C¥(T),

where C%(w) are the uniform Holder spaces of exponent a > 0 with C°(w) = C(w) for
bounded domains w.

We will make the following assumptions on the coefficient functions k, m as Carathéodory
functions:

Assumption 4.1. Let k and m be given as in (2.3) and (2.4).
(1) Uniformly inr € R3 k(-,r) satisfies Assumption 2.5 and m(-,r) satisfies Assumption
2.0.
(2) The functions v € R* — m(y,r) and r € R* — k(z,r) are Lipschitz uniformly in
yel,z e
(8) There exists a q > d such that for all u € C,

dom(Ly k(.u(y)) = W}D’q.

We discuss conditions on the validity of Assumption 4.13 in some more detail.

For d = 2, under Assumption 4.1(1), Assumption 4.1(3) is always satisfied, cf. [14]. If
d = 3, Assumption (3) is satisfied if all ky(-,uy(:)) and k_(-,u_(-)) satisfy Assumption
2.3, providing a uniform value of ¢ > 3. As an example, this is guaranteed to hold if k,is
uniformly continuous in x € 0, and Q,, N, and D, are suitable, so that k (-, u(+)) satisfies
Assumption 2.3 for some u € C°(Q,) and the same holds for k_ on Q_.

4.2. Main result. By the previous assumptions, dom(A, ) = W5 for all u € C and
suitable ¢ > d. This implies the embedding

dom(Aggm) < C¥ «— C (4.1)

for suitable o, &’ > 0. The following lemma shows that Holder regularity carries over from
dom(A, km) to the time trace space

XS,q = (qu7W5Lq)1 L

for sufficiently large s. In particular, this ensures u € C([0,77]; C) for u € H*(Jr; WBQ, W;’q).
Lemma 4.2. Let d < q < ¢*, (i_qd < s < ooand T > T > 0. Then for all u €
HE(Jp-; WEL, W), we obtain

u e C([0,T);C%7),
where =1—-2/s—d/q,}' =1—2/s—(d—1)/q > 0.
Proof. By [2, Section I11.4.10], it holds that Whs(W ;") N L¥(W ") — C([0,T]; X,,). By

[10], interpolation and embedding results for W, (w) work “as usual” for Sobolev spaces
and their duals. In particular,

(W;’q(w)v Wé_qu(w))l—l/S,s - B;;Q/s(w)

by [10] and [22, p. 186, (14)], where we do not give a precise definition of B (w) here, but
note that the definition may be based on the extension and retraction results also shown
n [10] and we obtain X,, C By (24) x By (2-) x By (I'). It only remains to use the

embeddings B4 (Q.) — CP(y), BV (T) — €8T, of. [22, 2.8.1]. O
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Theorem 4.3. Let Assumption 4.1 and the assumptions in Section 2 hold and let d < q < q*,
5 > qZ_—qd and ug € X, and f € L*(0,00; W), Then there is a unique solution
u € H*(Jp; W5 W)

to (2.8) which depends continuously on uy and f in their respective norms. The regularity
of u holds for all times T smaller than a mazimal time Tax € Ry U {oo} with

[[u(t)]
Proof. We use the criteria in [4, Thm 2.1], cf. also [21], to show that the result follows from
Theorem 3.1, i.e. it essentially remains to verify that for all u € H*(Jp; W57, W5'9),
u(t) = Agpm € LOWRT W5
is a well-defined Lipschitz continuous map. Given any
w € H(Jr; W, W)

with «(0) = wp, Assumptions 4.1 on k,m and Lemma 4.2 guarantee that for all ¢ >
0, the operators Ay, have maximal L*(Jr; Wp')-regularity by Theorem 3.1 and that
dom(Agr.m) = W5 by Lemma 3.4. Moreover, by definition, Assumption 4.1(2) and 4.2,
given uy, us € X4,

Xoq — 00 a5t — Ty (4.2)

HA%kl,ml - Aq,k2,m2’|c(wgq,wglvq) < CHul - U2”L°° < CHUI - u2| Xs,q0

with C' > 0 independent of u;, us € X, ,. This proves Theorem 4.3, where the characteriza-
tion of Th,ax and continuous dependence on the data follow as in [21]. O

Remark 4.4. Also following [4, Thm 2.1] or [21], we can include the semilinear case of f
suitably depending on w.

Remark 4.5. The main result relies on the fact that A,k m has maximal L°-reqularity. By
the result in [19], lower-order perturbations do not affect this property and may be included.
In particular, the non-negativity of M, was not explicitly used for this result and much
more general transmission conditions may be considered. On the other hand, the particular
choice of Mg, ensures the gradient structure of the isolated system, cf. [20] and it is crucial
for determining its long-time behaviour, cf. [6].
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