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Error estimate for classical solutions to the heat equation
in a moving thin domain and its limit equation

Tatsu-Hiko Miura

Abstract. We consider the Neumann-type problem of the heat equation in a moving thin domain
around a given closed moving hypersurface. The main result of this paper is an error estimate in
the sup-norm for classical solutions to the thin domain problem and a limit equation on the moving
hypersurface which appears in the thin-film limit of the heat equation. To prove the error estimate,
we show a uniform a priori estimate for a classical solution to the thin domain problem based on
the maximum principle. Moreover, we construct a suitable approximate solution to the thin domain
problem from a classical solution to the limit equation based on an asymptotic expansion of the
thin domain problem and apply the uniform a priori estimate to the difference of the approximate
solution and a classical solution to the thin domain problem.

1. Introduction

1.1. Problem settings and main results

Fort € [0,T], T > 0, let I'(¢) be a given closed moving hypersurface in R”, n > 2 with
unit outward normal vector field v (-, ¢). Also, let go(-,¢) and g1 (-, ) be functions on I'(¢)
such that g(y,t) = g1(y,t) — go(y,t) > ¢ for all y € I'(¢) with some constant ¢ > 0
independent of ¢. For a sufficiently small ¢ > 0, we define a moving thin domain

Qo) ={y+rv(y.0) |y €eT(1), ego(y.1) <r <egi(y.1)}, 1€[0,T]
and consider the Neumann-type problem of the heat equation (a linear diffusion equation)
0:p° —kgAp® = f* in Q.r,
B0 +k;'WVep =0 on 3,Qc7, (1.1)
Pli=o = pg  in Q.(0).

Here Q. r and d;Q, 1 are a space-time domain and its lateral boundary, given by

Qcr= | Q) xir), 9Qer= |J 9Q:0) x {1},

te(0,T] te(0,T]
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respectively. Also, v and V; are the unit outward normal vector field and the (scalar) outer
normal velocity of d€2.(¢) (see Section 2 for details of the notations), respectively. More-
over, kg > 0 is a diffusion coefficient independent of ¢; and f® and pfj are a given source
term and initial data which may depend on ¢, respectively. Note that the term k;l Vep?® is
added in the boundary condition so that the conservation law

d
—/ p’dx = fédx, te(0,7)
dt Jo. Q)

holds, by the Reynolds transport theorem and integration by parts. It can be also be seen
that the heat (or a substance) moves along the boundary so that it does not go out of or
come into the moving thin domain through the boundary.

The purpose of this paper is to compare a solution to (1.1) with a solution to

{3°(g77)—erHn—kddin(ern)=gf on Sr, 12

M=o =m0 on T(0),

which we call the limit equation of (1.1). Here

Sr= |J rex{

te(0,T]

is a space-time hypersurface; 9° = d; + Vrv - V is the normal time derivative; Vr is the
(scalar) outer normal velocity of I'(z); H is the mean curvature of I"(¢), which is just the
sum of the principal curvatures of I'(¢); and divr and Vr are the surface divergence and
the tangential gradient on I'(z), respectively (see Section 2 for details). Also, f and g are
a given source term and initial data, respectively.

In our previous work [35], we studied the thin-film limit problem for (1.1) withk; = 1
and ¢ = 0in the L?-framework and derived (1.2) from (1.1) rigorously by means of the
convergence of a solution and the characterization of the limit. For an L2-weak solution p®
to (1.1), we proved that the average of p® in the thin direction converges weakly to a
function 7 on S7 in an appropriate function space on St as ¢ — 0. Moreover, we derived
a weak form on St satisfied by 1 from the average of a weak form of (1.1) and obtained
the limit equation in (1.2) as an equation to which the weak limit 7 is a unique L2-weak
solution. We also estimated the difference of 1 and the average of p® on St by a standard
energy method and used it to get an L2-error estimate in Q. 1 for p® and the constant
extension of 7 in the normal direction of I'(¢).

The above result shows that a solution to limit equation (1.2) approximates a solu-
tion to the thin domain problem given by (1.1) in the L?-framework. However, the error
estimate in the L?(Q, r)-norm may have some ambiguity, since the volume of Q, r is of
order &. One approach to avoid such an ambiguity is to divide the L?(Q, 7)-norm by /2.
In fact, the error estimate obtained in [35, Theorem 6.12] shows that

e 210" = T2, 1) < €2 10§ = Tollz2@. 0y + €llmoll 2 o)) (1.3)
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for weak solutions p® to (1.1) and 7 to (1.2), respectively, when k; = 1, f¢ = 0, and
f =0, where (-, t) is the constant extension of 7(-, ¢) in the normal direction of I'(¢) for
eacht € [0, T]. Hence, we can say that 7 approximates p, of order ¢ in the L2?-framework.

The purpose of this paper is to give another approach to avoid the ambiguity due to the
volume of Q, 7: an error estimate in the sup-norm. We estimate the difference of classical
solutions to (1.1) and (1.2) in the sup-norm on Q. 7. It seems that such an attempt for a
curved thin domain around a hypersurface is first done in this paper even if a curved thin
domain does not move in time, although a similar idea has already appeared in the case of
a stationary flat thin domain around a lower-dimensional domain (see, e.g., [34]).

To state our main results, we give some definitions and notations. For given data pj
and ¢, we say that p® is a classical solution to (1.1) if

pf € C(Qer). 0ip° € C(Qer UdQer), 0:0°0i0;0° € C(Qe.1)

foralli, j = 1,...,n and p? satisfies (1.1) at each point of Q. r. Also, for given data 1o
and f, we say that 7 is a classical solution to (1.2) if n € C(S7) N C>'(St) and 7
satisfies (1.2) at each point of Sz, where

C*!(St) ={¢ e C(Sr) | 9°¢.D;¢.D;D;¢ € C(Sy) forall i, j =1,....n}

and D; is the i-th component of Vr (see Section 2.1). Here we do not touch the problem
of the existence of classical solutions. It is known (see, e.g., [31,33]) that there exists a
classical solution to (1.1) if the given data have a sufficient Holder regularity; for exam-
ple, p§ € C2+*(Q.(0)) and f° € C¥*/2(Q, 1) (« in space and /2 in time) with some
a € (0, 1). Also, when the given data for (1.2) have a sufficient Holder regularity—for
example, with 79 € C*T2(I'(0)) and f € C*%/2(St) with some « € (0, 1)—the exis-
tence of a classical solution to (1.2) can be shown by a standard localization argument and
application of the existence result in the case of a flat domain, although there seems to be
no literature giving the procedure explicitly in the case of a moving surface. An alternative
approach is to relate a solution to (1.2) with a solution to the Neumann-type problem of a
suitable parabolic equation on a tubular neighborhood of I'(¢) and then use the existence
result in the case of a flat domain, which was carried out in the study of a time-periodic
solution to an advection-diffusion equation on a moving surface [16] (after transforming
an original problem on a moving surface into a problem on a fixed-in-time surface). We
also note that classical solutions to (1.1) and (1.2) are unique, by the maximum principle.

Let us fix some more notations. Let 2 be a spatial set in R” or a space-time set
in R**1, For a bounded function p on 2, we write

lolla) = suplpl.
Q
Note that, if @ = Q.7 is the closure of Q. 7 in R"*1, then

el gio, 7y = max{llplaco.r- 10C. Ol g@@y: Iol8w000m)}
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since Q. does not contain the initial set £2,(0) x {0} and the lateral boundary d; Q.
Similarly, when Q@ = St is the closure of S7 in R”*1, then

ol gy = max{llpllgcsr). 06 0 8roy}-

In what follows, we always assume that a function p is bounded on 2 if we use the
notation | p|| g(q)- When n € C*1(Sr) and n, 8°n, D;n, and D; D ;n are bounded on S,
we write

7l g21¢sp) = Inllacsy + 10°1l 857

n n
+ Y 1Dl + Y 12Dl s (1.4)
i=1 i,j=1

We take a constant § > 0 such that I'(¢) has a tubular neighborhood of radius § in R”
for all # € [0, T'] (see Section 2.2), and fix g9 € (0, 1) such that g|g;| < § on St for all
g €(0,g9) and i = 0, 1. Moreover, for a function ¢ on St and for each ¢ € [0, T], we
denote by £(-, 1) the constant extension of ¢ (-, 7) in the normal direction of I'(¢).

Now let us state our main results. First, we give an error estimate when 2.(¢) is a thin
tubular neighborhood for each ¢ € [0, T].

Theorem 1.1. Let ¢ € (0, g9) and the given data

P € C(2:(0).  f*€C(Qer). mo € C('(0), [f€C(ST)

be bounded. Also, let p® and n be classical solutions to (1.1) and (1.2), respectively. Sup-
pose that

(@ 9°n, D;n, aninan withi,j = 1,...,n are bounded on Sr,
(b) go = go(t) and g1 = g1(t) depend only on't € [0, T).

Then, there exists a constant ct > 0 depending on T but independent of € such that

Ip° =l g oz < er (0§ = Tol sy + 1/° = Fllsco.r)
+ ecr(lnoll sy + Inlls21(sp))- (15)

Note that the classical solutions p® and 7 to (1.1) and (1.2) are bounded on E
and S7, respectively, since they are continuous on the compact sets @ and S7, by the
definitions. We also note that we leave the 82! (S7)-norm of 7 in the right-hand side
of (1.5), which cannot be estimated just by the sup-norms of 79 and f. It can be estimated
by the Holder norms of 79 and f (more precisely, the C27%*(I"(0))-norm of 1o and the
C*®*/2(St)-norm of f with some o € (0, 1)) if one uses a localization argument and a
regularity estimate for a classical solution in the case of a flat domain (see, e.g., [31,33]).
We also refer to [16, Theorem 3.1] for a regularity estimate for a classical solution to a
parabolic equation on a fixed surface transformed from an advection-diffusion equation
on a moving surface.
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When Q,(¢) is not a tubular neighborhood, that is, gg and g; are not constant in the
variable y € I'(¢), we require an additional regularity assumption on 7.

Theorem 1.2. Under the settings of Theorem 1.1, suppose that condition (a) is satisfied.
Moreover, suppose instead of condition (b) that

() fori = 0,1, the function h; = Vrg; - Vrn belongs to C(St) N C*1(St) and its
derivatives 0°h;, thi, and Qijh,- with j,k = 1,...,n are bounded on St.

Then, there exists a constant c > 0 depending on T but independent of € such that

[ o® — ﬁ”gg(m) =< CT(”PS - ﬁO”Q(W) + | f° = f_”a(B(Qs,T))
+ ecr(Inollaoy + Inlla21(s;))

+eer Y (1m0 sy + Ihillg2sp).  (1.6)
i=0,1

By using a localization argument and a parabolic regularity theory in the case of a flat
domain (see, e.g., [31]), one may show that condition (b’) is satisfied if no € C3T*(I'(0))
and f e C1He(0+®)/2(§) with some « € (0, 1). Also, the last line of (1.6) can be esti-
mated by the Holder norms of 19 and f of the above order.

The proofs of Theorem 1.1 and 1.2 are given in Section 4. We explain the idea of the
proofs in the next subsection.

In (1.5) and (1.6), the volume of Q. r and 2,(0) is irrelevant to the sup-norm. Thus,
by Theorems 1.1 and 1.2, we can say that a classical solution to (1.2) approximates a clas-
sical solution to (1.1) of order ¢ in the sup-norm as in the L2-framework. We should note
that, however, unlike Theorem 1.2, an additional regularity assumption on an L2-weak
solution to (1.2) is not required for L2-error estimate (1.3) even if Vrg; # 0fori = 0, 1
(see [35]). This is due to the fact that we use the strong form of (1.1) to show (1.6), while
the weak form of (1.1) is used in the proof of (1.3). As we explain below, we need to
construct a suitable approximate solution to the strong form of (1.1) involving the func-
tion Vrg; - Vrn,i = 0, 1 from a classical solution 7 to (1.2) in the proof of (1.6), since 7
itself does not satisfy the strong form of (1.1) even approximately. Hence, condition (b’)
of Theorem 1.2 is required in order to make the approximate solution well-defined at = 0
and sufficiently regular in Q. 7. In the proof of (1.3), however, we take the average in the
thin direction of the weak form of (1.1) and use the average of a weak solution to (1.1)
as an approximate weak solution to (1.2). This method generates the L?(Q, 7)-norms of
a weak solution to (1.1) and its gradient as additional terms in an L?-error estimate, but
they can be bounded by the L?(£2,(0))-norm of an initial data (and an appropriate norm
of a source term) by a standard energy estimate. Hence, we can avoid additional regularity
assumptions on weak solutions to (1.1) and (1.2) even if Vrg; £ 0 fori = 0, 1 in the
proof of (1.3).

By the above explanations, one may guess that condition (b’) of Theorem 1.2 can be
removed by the use of the average method. It may be possible to do that, but the aver-
age method will generate the B(Q,,7)-norms of the derivatives of a classical solution p°
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to (1.1) up to the second order (or more) as additional terms in an error estimate instead of
the last line of (1.6). Then, unlike the norms in the last line of (1.6), the B(Q,, r)-norms
of the derivatives of p® depend on ¢, and we do not a priori know how these norms depend
on &. Hence, we need to estimate the derivatives of p® in B(Q,, 1) explicitly in terms
of ¢ by the given data pj and f, but such a task will be very tough and also require an
additional regularity assumption on pf and f® (see, e.g., [31,33] in the case of a general
domain). We would like to avoid such tough work and an assumption on pf and f°, so we
do not use the average method in this paper.

1.2. Idea of the proofs

The proofs of Theorems 1.1 and 1.2 are based on a uniform a priori estimate for a classical
solution to (1.1) and a construction of a suitable approximate solution to (1.1) from a
classical solution to (1.2). For classical solutions p® and 7 to (1.1) and (1.2), we give an
approximate solution pj to (1.1) close to 7 so that the difference of p® and pj, satisfies

0 (p° — po) —ka A(p* —pf) = (f* = f)— ff in Qer.
e (0° = 05) + k' Velp® — p5) = =5 on 9Qer. (L7
(0° = pple=0 = p5 — p5(.0)  in Q(0),

where f,” and ¥, are error terms due to pj. Then, we prove the uniform a priori estimate

1p° = Pyl gcary =< clof — Py Ol gy + I1/° = Flls.r)
1
+ (15180 + £ 1¥58000.) (1.:8)

for the classical solution p® — p; to (1.7), where ¢ > 0 is a constant independent of ¢ (see
Theorem 3.4). Hence, we can get (1.5) and (1.6) by choosing p7 so that o, — 77 and f,’ are
of order ¢ in Q, 1 and Q. r, respectively, and ¥, is of order e2ondgQe 7.

To prove (1.8), we consider a general parabolic equation

n n
Bex°— Y afdid;® + Y bfoixt +c ) =[5 i Qar.
e = (1.9)
O x5 +B5x°=v° on 0,07,

Xli=o = xo in  Q(0).

By a standard argument based on the maximum principle (see, e.g., [31,33]) with a careful
analysis of the dependence of coefficients and constants on &, we show that a uniform a pri-
ori estimate similar to (1.8) holds for a classical solution y® to (1.9) provided that afj, b7,
and c® are uniformly bounded in Q. 7 with respect to ¢ and f° > —ce on d;Q, 7 with
some constant ¢ > 0 independent of ¢ (see Theorem 3.1). Here we note that the condi-

tion on B¢ cannot be replaced by the uniform lower bound ¢ > —c due to the thickness
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of Q.(¢) and the fact that the direction of v, on the inner boundary of .(¢) is opposite
to that of v, on the outer boundary of Q.(¢) (see Remark 3.3). Moreover, the factor ¢!
appears in (1.8) because of the condition on 8%, and we cannot remove it since we have a
contradiction if (1.8) holds without ™! (see Remark 4.1). In order to apply the result of
Theorem 3.1 to (1.7), we also need to deal with the outer normal velocity V of 0Q2.(¢).
When ¢ is sufficiently small, V; is close to —VT on the inner boundary of Q.(¢) and
to VT on the outer boundary of €,(¢), where VT is the outer normal velocity of I'(¢) (see
Lemma 2.9). Hence, V is of order one with respect to & and can take both the positive and
negative values on the whole boundary d€2.(¢), and thus V; does not satisfy the condition
on ¢ in general. To overcome this difficulty, we eliminate the zeroth-order term =Vt
of Ve by multiplying p® — pj, by the exponential of a suitable function involving Vr and
the signed distance from I'(¢). Let us also mention that we do not scale the thickness
of Q,(¢) and use local coordinates of I'(¢) in the proofs of the uniform a priori estimates.
Our proofs avoid complicated calculations associated with the change of variables for the
curved thin domain Q.(¢) with complicated geometry, so they seem to be readable and
easy to understand.

Another task is to find a suitable approximate solution pj to (1.1) close to 7. In order to
derive (1.5) and (1.6) from (1.8), we need to choose pj, so that the error terms f,7 and Y7
are of order ¢ and &2, respectively, that is, py, should satisfy (1.1) approximately of order &
in Qg1 and €% on 9y Qg,1. It turns out that 7, the classical solution to (1.2), does not
satisfy (1.1) approximately itself, due to the geometry and motion of d<2.(¢). Hence, we
seek a suitable approximate solution by taking a formal asymptotic expansion

o0
Py +ezv(y.0),0) = Y m(y.1,2),  (v.1) € 51, 2 € [0y, 1), &1(y, 1)),
k=0

or equivalently,

ps(_X,l) = Zgknk(n(x,t),t,a_ld(x,t)), (X7t) EQT,T’
k=0

where y = m(x,t) is the closest point of x on I'(¢), d(x, ) is the signed distance of x
from I'(¢) so that z = e ~'d(x, 1) is the scaled signed distance from I'(¢), and the functions

me(y.t.2), (y.t) €S,z €[go(y.1).g1(y.1)], k=0,1,...

are independent of ¢. In Section 5, we substitute the right-hand side of the above expansion
for (1.1) and determine 7y for which (1.1) is satisfied of order & in Q¢ 7 and &2 on 9y Oer.
Then, we find that n9 = 5 should be a solution to (1.2) and it is enough to determine 7,
and 7, for our purpose, but 7, involves Vrg; - Vrng, i = 0, 1 in order to make the bound-
ary condition of (1.1) satisfied of order 2. This is the reason why we require additional
regularity assumption (b’) on 7 in Theorem 1.2. We also note that limit equation (1.2)
appears as a necessary condition on 7 for the existence of 7,.



T-H. Miura 640

The actual proofs of Theorems 1.1 and 1.2 are given in Section 4 before carrying out
formal calculations. In that section, we use the functions n; and 5, to define the approxi-
mate solution p; by

p;(x,t) =7(x,t) + Z sknk(n(x,t),t,s_ld(x,t)), (x,1) € E
k=12

This pj, is expressed as the sum of functions of the form
@ D) (x.1) = d(x.0)E(x.1).  (x.1) € Qer. k =0.1.2,

where ¢ is a function on S7 and ¢ is its constant extension in the normal direction of I'(¢).
Then, we express the derivatives of d* E approximately in terms of functions on ST by
using lemmas in Section 2 and apply the resulting expressions, the explicit forms of 1,
and 7, and the fact that 7 satisfies (1.2) to show that pj indeed satisfies (1.1) approx-
imately of order ¢ in Q.7 and &2 on d;Q. r. Here we again note that the proofs of
Theorems 1.1 and 1.2 avoid the scaling of the thickness of €2.(¢) and the use of local
coordinates of I'(z).

1.3. Literature overview

Partial differential equations (PDEs) in thin domains appear in various fields like engineer-
ing, biology, and fluid mechanics. Many authors have studied PDEs (especially reaction-
diffusion and the Navier—Stokes equations) in flat thin domains around lower-dimensional
domains since the pioneering works by Hale and Raugel [22,23]. Moreover, there are sev-
eral works on a reaction-diffusion equation and its stationary problem in a thin L-shaped
domain [24], in a flat thin domain with holes [49], in thin tubes around curves or networks
[28, 29, 57], and in curved thin domains around lower-dimensional manifolds [48, 50].
Curved thin domains around (hyper)surfaces also appears in the study of the Navier—
Stokes equations [37-39, 54] and of the asymptotic behavior of the eigenvalues of the
Laplacian [26, 30,53, 56]. We also refer to [51] for various examples of thin domains.

In the above cited papers, thin domains and their limit sets are stationary in time.
Pereira and Silva [47] first studied a reaction-diffusion equation in a moving thin domain
which has a moving boundary but whose limit set is a stationary domain. Elliott and
Stinner [19] considered a moving thin domain around a moving surface in order to approx-
imate a given advection-diffusion equation on a moving surface by a diffuse interface
model (see also [20] for a numerical computation of the diffuse interface model). In [35],
the present author first rigorously derived an unknown limit equation on a moving surface
from a given equation in a moving thin domain by the average method in the case of the
heat equation. Also, fluid and non-linear diffusion equations on moving surfaces are for-
mally derived by the thin-film limit in [36,40], but the justification has not been done yet
because of difficulties coming from the non-linearity of the equations.
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PDEs on moving surfaces have also attracted interest of many researchers recently in
view of applications. There are many works on the mathematical and numerical analysis
of linear diffusion equations on moving surfaces like (1.2) (see, e.g., [7, 13-16, 44, 55]
and the references cited therein). Other equations on moving surfaces were also studied,
such as a Stefan problem [4], a porous medium equation [5], the Cahn—Hilliard equation
[9, 18,43], and the Hamilton—Jacobi equation [11]. The authors of [58] formulated equa-
tions of non-linear elasticity in an evolving ambient space like a moving surface. Addi-
tionally, the Stokes and Navier—Stokes equations on moving surfaces were proposed in [8]
and [25, 27], respectively. These fluid equations are coupled systems of the motion of a
surface described by the normal velocity and the evolution of a tangential fluid velocity.
In [45,52], numerical methods for the Navier—Stokes equations on a moving surface were
proposed. Also, when the motion of a surface is given, the wellposedness of the tangen-
tial Navier—Stokes equations on a moving surface was shown in [45]. Some models of
liquid crystals on moving surfaces were proposed and numerically computed in [41, 42].
In [1,2,12,17], a coupled system of a mean curvature flow for a surface and a diffusion
equation on the surface was studied. We also refer to [3, 6] for abstract frameworks for
PDE:s in evolving function spaces.

1.4. Organization of this paper

The rest of this paper is organized as follows: We fix notations and give basic results on
surfaces and thin domains in Section 2. In Section 3 we show a uniform a priori estimate
for a classical solution to the heat equation in the moving thin domain. Section 4 is devoted
to the proofs of Theorems 1.1 and 1.2. In Section 5 we explain a formal derivation of limit
equation (1.2) and a suitable approximate solution used in the proofs of Theorems 1.1
and 1.2 based on an asymptotic expansion of the thin domain problem (see (1.1)). A short
conclusion is given in Section 6.

2. Preliminaries

In this section we fix notations and give basic results on surfaces and thin domains. We
assume that functions and surfaces appearing below are sufficiently smooth. Also, we
consider a vector in R”, n > 2 as a column vector, and for a square matrix A we denote
by AT the transpose of 4 and by |A| = /tr[AT A] the Frobenius norm of A.

2.1. Fixed surface

Let I" be a closed (i.e., compact and without boundary), connected, and oriented smooth
hypersurface in R”, n > 2. We assume that I" is the boundary of a bounded domain 2
in R” and denote by v the unit outward normal vector field of I' which points from
into R” \ Q. Let d be the signed distance function from I increasing in the direction of v.
Also, we write k1, ..., k,— for the principal curvatures of I". Then, v and ky, ..., ky—1
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are smooth and thus bounded on I" by the smoothness of I". Hence, we may take a tubular
neighborhood N = {x € R" | —§ < d(x) < 8} of " with § > 0 such that for each x € N,
there exists a unique 7 (x) € I' satisfying

x =nw(x) +dx)v(x(x)), Vdx)=Vd(rx(x)) =v(r(x)) 2.1
and that d and 7 are smooth on N (see, e.g., [21, Section 14.6]). Moreover, taking § > 0
sufficiently small, we may assume that

cgl <1—rkgq(y)<co, yel,re[-46,a=1,....n—1 2.2)

with some constant cq > 0.

Let I, and v ® v be the n x n identity matrix and the tensor product of v with itself. We
set P = (P;j)i,j = In —v ® v on I, which is the orthogonal projection onto the tangent
plane of I'. For a function 1 on I', we define the tangential gradient and the tangential
derivatives of 1 by

n
Ven(y) = P()Vi(y). Din(y) =Y Pij(»)0;fi(y). yel.i=1...n,
i=1
sothat Vrn = (D;n,...,. D, m7T, where 7 is an extension of 1 to N. Then,
v-Vrp=0, PVrp=Vrn on T 2.3)

and the values of Vrn and D, n are independent of the choice of 7. In particular, if we take
the constant extension 77 = 1 o & of 1 in the normal direction of I", then we have

Vi(y) = Vrn(y), din(y)=D;n(y), yel,i=1,....n 2.4

by (2.1) and d(y) = 0 for y € I'. In what follows, a function with an “overline” (e.g., 7)
always stands for the constant extension of a function on I in the normal direction of T.
We set

n n 1/2
Arn=Y"D;D;n. [Vinl= (Y IDDmR) " on T
i=1 i,j=1
and call Ar the Laplace-Beltrami operator on I'. For a (not necessarily tangential) vector
field v on I', we define the surface divergence of u by
n
divru = ZQi”i on T,

i=1

where u = (u1,...,u,)T. Also, we define

Wi =-D,vi, H=—divryv on I, i,j=1,...,n
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and call W = (W;;);,; and H the Weingarten map (or the shape operator) and the mean
curvature of T, respectively. The matrix W is symmetric since W = —V2d on T, by (2.1)
and (2.4). Moreover, Wv = —Vr(|v|?/2) = 0 by |[v| = 1 on I, and thus W has the

eigenvalue zero and WP = PW = W on I'. It is also known (see, e.g., [32]) that the
other eigenvalues of W are the principal curvatures «1, ..., k,—1. Hence,

n—1 n—1
H =u[W]= ZKa, W |? = u[W?] = ZK(% on T.
a=1 a=1
In particular, we have

.....

(2.5)
W) < (m—1DY? max max |ke(z)]
a=1,..., zel
for all y € I'. Also, it follows from (2.2) that the matrix
Iy —d(X)W(x) = I, —rW(y)
is invertible for all x = y 4+ rv(y) € N with y € T and r € [-§, §]. We set
R(x) = (Rij(x))i.j = {In —d(x)W(x)} . xeN. 2.6)

Let us give a few lemmas related to the derivatives of the constant extension of a
function on I'. In Lemmas 2.1-2.4 below, we denote by ¢ a general positive constant
depending only on n, §, the constant ¢y appearing in (2.2), and the quantities

, D.W; .
T TE IO g B )
Lemma 2.1. Forall x € N, we have

IRX)| < ¢, |In—R(x)| = cld(x)]. 2.7

Proof. Forx € N,lety = m(x) € I'and r = d(x) € [-§, §] so that

R(x) = {I, —rW(y)) .

Since W(y) is symmetric and has the eigenvalues «1(y), ..., ky—1(y) and zero, we can
take an orthonormal basis of R” consisting of the corresponding eigenvectors of W(y).
Using this, we easily find that

1 _ —/ rka(y) \2
|R(.x)|2 — ;{1 — rl(a(y)} 2 + 1, |In - R(-x)|2 = ;(1 _ rKa(y)) ’

Hence, we obtain (2.7) by (2.2) and r = d(x). [ ]
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Lemma 2.2. Let n be a function on T and 1 = n o 7 be its constant extension. Then,
Vi(x) = R(x)Vrn(x), v(x)-Vi(x) =0 (2.8)

for all x € N. Moreover,

IVi(x)] < ¢e[Vrn(x)l, (2.9
IVi(x) = Ven(x)] < cld(x)|[Vrn(x)]. (2.10)
Proof. For the mapping © = (71, ..., 7,) given in (2.1), we write
oy e 01y
Vi =
01+ Opmty

Since 7 (x) = x — d(x)v(m(x)) by (2.1), we see by (2.4) with y = m(x) that
Vra(){I, —d(x)W(x)} = P(x), Vr(x) = P(x)R(x) = R(x)P(x),

where the last equality is due to PW = WP on I'. We differentiate 1(x) = 7(;r(x)) and
use the above equality, (2.3), and (2.4) to get the first equality of (2.8). Also, the second
equality holds since 7 is the constant extension of 7 in the direction of V. Inequalities (2.9)

and (2.10) follow from (2.7) and (2.8). [
Lemma 2.3. Forallx € N andi = 1,...,n, we have
19; R(x) = Vi ()W (x)| < cld(x)]. (2.11)

Also, let 1 be a function on T and 1 = 1 o « be its constant extension. Then,
[V271(x)| < e(IVen)| + [VEn()]) (2.12)
forall x € N, where V27 = (9;0;7);.;, and

0;0;7(x) — D; D;n(x) = Vi (x) Y Wk (x)Dyn(x)
k=1

< cld(|(Ven (ol + [VEneol) 2.13)
forallx e Nandi,j =1,...,n.
Proof. We apply 0; to
R —dx)W(x)} =1,, xeN
and use Vd = vin N to find that

3; R(x) = 1; (x) R(x)W (x)R(x) + d(x)R(x)d; W (x)R(x).
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By this equality, (2.5), (2.7), (2.9), and the boundedness of D; Wjj on I', we obtain (2.11).
Also, for a function n on I', it follows from (2.8) that

n
0;7(x) = Y Rjx(x)Dgn(x). x€N.
k=1

We apply 0; to both sides and use (2.8) with 7 replaced by D, n to get

n n

3;9;7(x) = Y 0i Rix(x)Dyn(x) + Y Rjx(X)Rir(x)D; Dy(x).
k=1 k,l=1

Hence, we have (2.12) and (2.13) by this equality, (2.7), and (2.11). ]

The next lemma plays a fundamental role in the proofs of Theorems 1.1 and 1.2.

Lemma 2.4. Let n be a function on I and 1 = n o m be its constant extension. Then,

|AT(x) = Ari(x)] < eld(0)|(Vrn(x)] + [V2n(x))), (2.14)
|AW@T)(x) + H@)()| < cld)](7x)] + [Vene)| + [VEn)D,  (2.15)
|A@?T)(x) = 27(x)] < el|d ()T + [Vrr(o)] + [V2n(x)]) (2.16)

for all x € N. Here we write (d*7)(x) = d(x)*7(x) for x € N andk = 1,2.

Proof. Inequality (2.14) follows from (2.13) and
n

> viWiDyn = (Wv)-Vrn=0 on T

ik=1
by the symmetry of W and Wv = 0 on I'. Next we see that

A7) = (divv)] + 2V -V + dAj = (divv)j + dAy in N
by Vd = v in N and (2.8). Moreover,
|divv + H| = |[divy —divpy| < c|d||[W]| <c¢|d| in N (2.17)

by H = —divrvonTI, (2.10), D;v; = —W;; on T, and (2.5). By these relations and (2.12),
we obtain (2.15). We also observe that

Ad?7) = 29?7 + 2d{(divv)] + 2V - VIj} + d>Af = 25 + 2d(divv) 7 + d> A7

inNbyVd =vinN, |v|=1onT,and (2.8). We apply (2.17) to the above equality and
then use (2.5), (2.12), and |d| < § in N to get (2.16). [ ]
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2.2. Moving surface

Foreach t € [0,T], T > 0, let I'(¢) be a given closed, connected, and oriented smooth
hypersurface in R”. As in Section 2.1, we assume that I"(¢) is the boundary of a bounded
domain Q(¢) in R” and denote by v(-, ¢) the unit outward normal vector field of I'(¢)
which points from €(¢) into R” \ Q(¢). Moreover, we set I'g = I'(0) and

Sr= |J T x{t}, Sr=(Tox{0)USr,
t€(0,T]

and use the same notations as in Section 2.1.

We assume that there exists a smooth mapping ®: Iy x [0, T] — R” such that ®(-, )
is a diffeomorphism from I'g onto I'(¢) for each ¢ € [0, T'] with ®(-,0) = Id. Then, the unit
outward normal vector field v and the principal curvatures «1, . . ., k,—; of I'(¢) are smooth
and thus bounded as functions on E Hence, we can take a constant § > 0 independent
of ¢ and a tubular neighborhood

N@t)={xeR"| -8 <d(x,t) <6} (2.18)

of I"(¢) such that for each x € N(¢), there exists a unique 7 (x, t) € I'(¢) satistying (2.1)
and that d and 7 are smooth on Nz, where

Nr = U N(t) x {t}.

t€[0,T]

Moreover, (2.2) holds for (y,?) € St instead of y € I with a constant ¢y independent of 7,
and the functions D; Wj; are bounded on St. Therefore, we can apply Lemmas 2.1-2.4
on I'(¢) for all € [0, T'] with a constant ¢ independent of 7.

We define the (scalar) outer normal velocity of T'(¢) by

Ve(D(Y,1),1) = 3, (Y, 1) - v(®(Y, 1), 1), (Y.t) € Tox[0,T].

Then, Vr is smooth on S7. Note that the evolution of I'(¢) (as a subset of R") is deter-
mined by the normal velocity field Vrv; in other words, if we define a mapping ®,,: I'y x
[0,7] — R" by

(I)v(Ya 0) = Yv alq)v(Ys Z) = (VFV)(q)v(Yst)»t)» (Y9t) € FO X [07 T]9 (219)
then @, (-, ?) is a diffeomorphism from T'y onto I'(¢) for each ¢t € [0, T']. Moreover,
dd(y, 1) = =Vr(y,0), (y.1) € Sr, (2.20)

since the signed distance d from I'(¢) increases in the direction of v. We can also compute
the time derivatives of d and 7 in N7 as follows:



Error estimate for heat equation solutions 647

Lemma 2.5. Forall (x,t) € ‘Nt, we have

9;d(x,t) = —Vp(x,1), (2.21)
0 (x,t) = Vp(x,0)v(x,t) + d(x, 1) R(x,)Vr Vr (x, 1), (2.22)

where R is the matrix given by (2.6).
Proof. Since d(m(x,t),t) = 0by m(x,t) € ['(¢), we have

0;d(m(x,t),t) + 9;m(x,t) - Vd(m(x,t),t) = 0.
Also, since 7(x,t) = x —d(x,t)Vd(x,t) by (2.1), it follows that

0m(x,t) = —0,d(x,1)Vd(x,t) —d(x,1)0,Vd(x,1).
Then, we see by Vd(m(x,1),t) = Vd(x,t) and |Vd(x,?)|* = 1 that
d;m(x, 1) - Vd(m(x,1),t) = —0,d(x,1)|Vd(x,1)|* — %d(x,t)ﬁ,(Wd(x, N|?)
= —0.d(x,1).
We deduce from the above equalities and (2.20) with y = n(x,¢) € T'(¢) that
d,d(x,t) = d,d(m(x,1),t) = =Vp(m(x,1),t) = —Vr(x,1).
Hence, (2.21) holds. Moreover, we see by this equality and (2.8) that
9, Vd(x,t) = Vd,d(x,t) = =V(Vr(x,1)) = —R(x,t)Vr Vr(x, 1).

Hence, (2.22) follows from the above equalities and (2.1). [

Let 7 be a function on S7. We define the normal time derivative of 1 by
o d
Fn(@y(Y.1).1) = (@ (Y.0).0)),  (¥.1) € To x [0. T, (2.23)
where ®,, is the mapping given by (2.19). Note that

aon(y’t) = 8{77()&1‘) + (VFV)(y’t) : Vﬁ(y,l), (y’t) € E

for any extension 7 of 1) to N7. In particular, setting 7(x,) = n(7(x,t),t) for (x,t) € Nr,
which is the constant extension of 7 in the normal direction of I"(¢), we have

3n(y.1) =03°n(y.1), (y.1) € S, (2.24)

by vV =v-Vrny=0onSr (see (2.3) and (2.4)).
Let us give auxiliary results related to the normal time derivative.
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Lemma 2.6. Forall (y,t) € St, we have
v(y.1) = =Vrhr(y.0). (2.25)

Proof. Since 9,V = 9,Vd = Vd,d in Nt by (2.1), we apply (2.21) to this equality, set
x =y € I'(t), and use (2.4) and (2.24) to get (2.25). [

Lemma 2.7. Let 1 be a function on St and 7 be its constant extension. Then,
3, (x, 1) = 0°n(x,1) + d(x, 1) R(x, )V Vr(x, 1) - Vrn(x, 1) (2.26)
forall (x,t) € Nr. Moreover,
|9:7(x. )] < e([3°n(x. )] + [Vrn(x.0)). (2.27)
|8:7(x. 1) = 8°5(x. )] < eld(0)|[Vrn(x)]. (2.28)

Proof. We differentiate 5(x, t) = n(mw(x,t),t) with respect to ¢ and use (2.4) and (2.24)
with y = 7(x,¢) € I'(¢) to find that

0, (x,t) = 0,7(m(x,1),t) + 0, (x,1) - Vi(m(x,1),1)
= 0°n(m(x,1),t) + d;mw(x,t) - Vrn(n(x,1),1)
= 9°n(x.1) + d;m(x,1) - Vry(x, ).

Then, we apply (2.22) and use (2.3) to get (2.26). Also, (2.27) and (2.28) follow from
inequalities (2.7) and (2.26) and the smoothness of VT on Sr. [

2.3. Moving thin domain

Let go and g; be smooth functions on St. We set g =g1—goon St and assume that
there exists a constant ¢ > 0 such that

g(y.t)>c forall (y,t) € St. (2.29)
For ¢ > 0, we define a moving thin domain ,(¢) by
Qe(t) ={y +rv(y.0) | y €T (1), ego(y.1) <r < egi(y.1)}, 1 €[0,T]

and its inner and outer boundaries I'?(¢) and '} (7) by

Tit) ={y +egi(v.t(y.0) |y e (1)}, t€[0.T],i=01 (2.30)
We denote by dQ,(t) = T'2(t) U T'}(¢) the whole boundary of Q,(¢) and set

Qer = | Q) xtr), 9Qer= | 9Q:0) x {1},
1€(0,T] 1€(0,T]

0.7 = | Q0 x {1} = (@:(0) x {0) U Qe U, Q7.

t€[0,T]
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Since go and g; are smooth and thus bounded on Sz, we may take a sufficiently small
g0 € (0,1) so that |g;| < 8§ on St for all £ € (0,&9) and i = 0, 1, where § > 0 is the
time-independent constant appearing in (2.18). Hence, for all ¢ € (0, g¢) and ¢ € [0, T,
we have m C N(¢) and we can use the lemmas in the previous subsections on 2,(¢)
with constants independent of ¢ and . In what follows, we assume ¢ € (0, &) and denote
by ¢ a general positive constant independent of ¢ and ¢ (but possibly depending on T').
Also, we frequently use the inequality 0 < ¢ < 1 in what follows without mention.

Let v, and V, be the unit outward normal vector field and the (scalar) outer normal
velocity of d€2.(t), respectively. We express them in terms of functions on I"(¢) below.
Let

(. 0) = {I —egi (. OW (.0} Vrgi (v, () €ST,i =01 (231
Note that, since W is symmetric and Wv = 0 on E,
ré -v=Vpg; - {(I,, —eg,-W)_lv} =Vrgi-v=0 on S7. (2.32)
Also, by (2.7) with x = y + &g (y,1)v(y, 1) € T(¢) and the smoothness of g; on St,
(.0l <c. |ti(y.0)=Vrgi(y.0)| <ce. (y.)€Sr,i=0,1  (233)

with a constant ¢ > 0 independent of ¢. As in the previous subsections, we denote by 7
the constant extension of a function 7 on Sz in the normal direction of I'(¢).

Lemma 2.8. Fori =0,1,71 €[0,T], and x € Fé (1), we have
(_1)i+1
V1+e2[Ti(x,1)|?

Proof. We refer to [39, Lemma 3.9] for the proof. Note that the paper [39] deals with a
fixed surface in R3, but the proof given there is applicable to our case. ]

ve(x,t) = {(V(x.1) — eTi(x, 1)} (2.34)

Lemma 2.9. Fori =0,1,¢ € [0,T], and x € Ti(t), we have
(_1)i+1
V1+e2Ti(x, )2

Proof. Fixi =0,1.For X € T(0)and ¢ € [0, T], we set Y = m(X,0) € I'(0) and

Ve(x,1) = (Vr +e8°gi + 287, - Vo V) (x,1). (2.35)

DX, 1) = Dy(Y,1) + egi (P (Y, 1), V(D (Y, 1), 1), (2.36)

where @, is the mapping given by (2.19). Then, since ®,, (-, #) is a diffeomorphism from Iy
onto I'(¢) for each ¢ € [0, T, and since relation (2.1) holds for all (x, ) € N7 and Ti(r)
is given by (2.30), we observe that Cbi (+, 1) is a diffeomorphism from Fé (0) onto Fé (t) for
each ¢ € [0, T]. Hence, the outer normal velocity of T (¢) is given by

Ve(®L(X,1),1) = ve(PL(X, 1), 1) - 9, DL(X, 1), (X,t) € Te(0) x [0, T].
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Now let x = ®L(X,7) € Ti(r) and y = 7 (x,1) = ®, (Y, 1) € ['(t). We differentiate (2.36)
with respect to ¢ and use (2.19), (2.23), and (2.25) to get

0 PL(X. 1) = (Vev) (3. 1) + &{0°gi (v. Ov(y.1) — g (. OVE Ve (y. 1)} (237)

Hence, noting that 7(x, ) = n(y,t) for a function n on ST, we take the inner product
of (2.34) and (2.37) and use |v| = 1 and ré -v = VrVr-v =0o0n St to obtain (2.35). m

3. Uniform a priori estimate for a solution to the thin domain
problem

The purpose of this section is to show a uniform a priori estimate for a classical solution
to the heat equation in the moving thin domain. To this end, we first consider an initial-
boundary value problem of a parabolic equation

n n
Bix°— Y afidid;® + > bfoixt +cx = f° in Qar.
. = 3.1)
O x5 +B5x°=v* on 0,07,

Xli=o= x5 in  Q(0).

Here aj;, bj, ¢®, and f* are given functions defined on Q 7, and B* and y© are given
functions defined on d; Q,, 7. In addition, x§ is a given initial data defined on £2,(0). Also,

we write d,, = v, - V for the outer normal derivative on d; Q. 7. We assume that

afj(x,t) =afi(x,t) forall (x,t) € Qer.i,j=1,...,n,
- (3.2)
> af(x.0gE =0 forall (x.1) € Qor. &= (k1.....E)" €R”
i,j=1

and say that y° is a classical solution to (3.1) if

Xs € C(QS,T)» aiXS € C(QS,T U 9 Qa,T): at)(es 31'8_1')(8 € C(QS,T)
foralli, j = 1,...,n and x° satisfies (3.1) at each point of Q. r.

Theorem 3.1. Let ¢ € (0, g9) and x° be a classical solution to (3.1). Suppose that the
given data xi, f°¢, and y® are bounded on their domains. Moreover, suppose that (3.2)
holds and there exist constants c1, cy > 0 independent of € such that

max eyl <en max bi(x.n0l e el e (33)

..........

forall (x,t) € Qg1 and

BE(x,t) = —cae forall (x,t) € 0¢Qe7T. (3.4)
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Then, there exists a constant ct > 0 depending on T but independent of &, x§, f%, ¥,
and y® such that

1
118 = or (166l s@my + 1/ 13@ur + - 1V I3000.m)-  3)

Note that we do not assume that the coefficients and given data in (3.1) are continuous
on their domains (but y§ = x°|;=o must be continuous on £2,(0), by the continuity of y?).
This is not important in this paper, but it may be useful for other problems.

To prove Theorem 3.1, we follow a standard argument of the proof of an a priori
estimate based on the maximum principle (see, e.g., [31,33]), but it is necessary to analyze
carefully the dependence of coefficients and constants on &. We first introduce an auxiliary
function and then give the proof of Theorem 3.1. Recall that we write 7 for the constant
extension of a function 7 on St in the normal direction of T'(¢).

Lemma 3.2. For (x,t) € Q¢ 1, we define

og(x,t) = {d(x, t) —egolx, t)}{d(x, t) —eg(x, t)}. (3.6)
Then, there exists a constant c3 > 0 independent of € such that
loe(x.1)] < c36%,  10,00(x.1)| < c38, |Voe(x.t)| < cze. |V30e(x.t)| <c3 (3.7)
forall (x,t) € QTJ, and
Ve(x,t) - Vog(x,t) > c3e forall (x,t) € 0,0.T. (3.8)

Proof. We see that (3.7) holds by (2.9), (2.12), (2.27), the smoothness of d on N7 and
of go and g; on S7, and |d| < cein Q7. Also, since

Vo, = (d —¢g1)(V — eRVrgo) + (d —£80)(V —eRVrg1) in Nr
by Vd = v in Nr and (2.8), where R is given by (2.6); and since d(x, ) = £g; (x,t) for
each x € Ti(¢), ¢ € [0, T],and i = 0, 1 by (2.30), we have
Voe(x,1) = (1) Tleg(x, ) {V(x,1) — eTi(x,1)}, xe€Ti@),t€0,T],i=0,1,

where ¢ = g1 — go and ré is given by (2.31) on Sr. Using this equality, (2.34), and
r; -v = 0 on S7 (see (2.32)), and then applying (2.29), we find that

ve(x,1) - Vog(x,t) = eg(x,1)/1 + &2|Ti(x,1)|?> > eg(x,t) > ce
forall x € Fé(r), t €[0,T],andi = 0, 1. Hence, (3.8) is valid. n

Proof of Theorem 3.1. Let y® be a classical solution to (3.1) and o, be the function given
by (3.6). Also, let ¢; and ¢, be the constants appearing in (3.3) and (3.4), and c¢3 be the
constant given in Lemma 3.2. We define

1
cs = ﬂ CE(x, 1) = e D ¥ (x 1), (x,1) € Qer-
3
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Then, noting that af/. = aj.i and that e7“% = 1 on d;Q, 1 since 0, = 0 on d;Q, 1, We
observe that ¢ satisfies

n n
0,85 — 3 afdid; 0+ ) BIOLE+ C =T in Qer.

ij=1 i=1

3.9)
0 L5+ YL = yf on 90T,
Elimo = e %O 0 in - Q,(0),
where the functions Bf and C® on Q. 1 and y® on 9, Q. 7 are given by
n
Bf = —2c¢4 Zafja_/as +5b;, i=1,...,n,
j=1
n n n
C? = 40;0, —Ca Z afja,-a,-as - cf Z afj(aioa)(ajas) + ¢4 be&,-as +c?

i,j=1 i,j=1 i=1

on Q. 1, and y® = c4(v® - Vo,) + B% on 9;Q, 1. Moreover, |C®| < c¢5 in Q. 1 by (3.3)
and (3.7), where ¢5 > 0 is a constant depending only on ¢y, ¢», and ¢3 and thus independent
of e. Also, it follows from (3.4), (3.8), and ¢4 = (c2 + 1)/c3 that

Yo >cq-c36—ce=¢>0 on 9;0.7. (3.10)
Thus, setting
Co(x,t) =Co(x.t) +es+ 1> —|Co(x.0)| +es+ 1> 1 (3.11)
for (x,1) € Q¢ 1 and
Z5 (x.1) = e TV (x 1)

_ . _ 1
— (Il x5 | g @my + ™" F¥ 20 + 5 1V 3000,

for (x,1) € Q¢ 1, we see that Z¢ satisfies

n n
0,25 — Y af;d;0,Z5 + Y Bfo;Z5 +C°Z5 <0 in Q..
=t = (3.12)
00, Z5 +v°Z5 <0 on 0;0.7T,

Zilico <0 in 2,(0).

Note that, due to (3.10), we need to multiply the supremum of |/¢| by e~ ! in the definition
of Z¢ in order to get the second inequality of (3.12). Then, as in the proof of the maximum
principle (see, e.g., [31,33]), we can show that the maximum of Z i on m must be non-
positive by using (3.2) and (3.10)—(3.12) and by noting that 9,, Z§ (x,¢) > 0if Z7 attains
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its maximum at (x,¢) € d; Q. r. Hence, Z% <0, that s,

_ . _ 1
|§a| < e(cs+1)t(”e 0405(,0))(3”3(@) + ”e C40€f8||£(Qs,T) + g”w8||£(3ng,T))

in Q, r. By this inequality, y* = e“*¢{® in Q. T, and (3.7), we conclude that (3.5) holds
with 7 = cge“sTDT with a constant cg > 0 independent of ¢. [

Remark 3.3. By the above proof, one may expect to remove the factor e~ in (3.5) if (3.4)
is replaced by B® > —c on d; Q. r with a constant ¢ > 0 independent of &, but we must
have another constant growing as & — 0 in that case. Indeed, when 8° > —c on d;Q, T,
we need to employ £~ o; instead of o in the proof of Theorem 3.1 in order to get y© > 1
on d;Q, r instead of (3.10) for the coefficient y* in (3.9). However, by taking e lo,
we must have C¢ > —ce™!in Q. r for the coefficient C¢ in (3.9) even if we carefully

compute the derivatives of o,. Hence, if we intend to remove ¢~ 1 in (3.5), then we need

to replace c7 = cge© DT by ¢ge©stDT/2 which grows as ¢ — 0 much faster than ¢~ 1.

Now we consider the heat equation with source terms
B0 —kaAp® = f* in Qur.
dep® + kg Vep® =y° on 3 Qcr, (3.13)
Plico=p5 in Qu0).

In this case, the outer normal velocity V, of 0L2.(¢) is of order one with respect to ¢
by (2.35). Thus, in order to apply Theorem 3.1, we need to introduce an auxiliary function
to eliminate the zeroth-order term of V.

Theorem 3.4. Let ¢ € (0, g9) and the given data

po € C(Q:(0). f°eC(Qer). V¥° € C(0Qer)

be bounded. Also, let p¢ be a classical solution to (3.13). Then, there exists a constant
cr > Odepending on T but independent of €, pg, f°, ¥®, and p® such that

1680 = 7 (16l s@iy + 1/ Is@un) + 21V Imai0.m). G149
Proof. Let p® be a classical solution to (3.13). We define
A, 1) = =k d(x, OV (x, 1), x5(x,1) = e &0 p%(x, 1)
for (x,t) € E Then, ¢ satisfies (3.1) with

aj; = kadij, blg = 2kg0;A, ¢ =0,A—kg(AL+ |V)\|2) in Q,r,

ij
BE=ve-VA+k;'WVe on 0,0cr,
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and f¢, ¥*, and y{ replaced by et fe e %, and eik("o)pg. Here §;; is the Kronecker
delta. Then, since d and Vr are smooth on N and S7, we see by (2.9), (2.12), and (2.27)
that (3.3) holds with a constant ¢; > 0 independent of ¢. Also, since

VA=—k;'Vev—k;'dVVr in Q.1
by Vd =V in ‘Nr, and since v, is of the form in (2.34), we have
i+17—1
(_1)1+ kd
V1 +e2[Ti]?

fort € (0,T]andi = 0, 1. Here ré is given by (2.31) and we also used

Ve VA = (=Vr + 25,7 -VVr) on Ti(),

|v|=1,r;-v=0 on Sr, v-VVr=0 in Nr, d =¢g; on Fé(t);
see (2.32) for the second equality. By the above equality and (2.35), we get
B (_1)i+1k;1
fort € (0,T]and i = 0, 1. Thus, by (2.9), (2.33), and the smoothness of gy, g1, and V1

on S, we find that || < ce on Q.. with a constant ¢ > 0 which does not depend
on &. Hence, (3.4) is valid and we can apply Theorem 3.1 to obtain

Be {88°g,~+82§,~?8i-(VV_r+VFVF)} on T%L(t)

—AC - lo_
171 8@ < er (le 0fll sy + e £ 1800 + <l ¥ I 86,0, )

Recall that x* satisfies equation (3.1) with f*, ¥®, and yj replaced by et e, eTrye,

and ef’\("o)pg. Now we observe that p® = e} y® in Q¢,r and that A = —k(;ld Vr is
bounded on N7 independently of &. Therefore, we obtain (3.14), by the above estimate
for y®. |

Remark 3.5. The idea of the proof of Theorem 3.4 also applies to the problem in (3.1)
under conditions (3.3) and B® > —c on d; Q,, T instead of (3.4), provided that there exists a
function w® on @ such that w?, 9; 0%, Vw?, and VZw? are uniformly bounded on m
with respect to ¢ and that 8¢ — (—1)*1w® > —ceon T'.(¢) forall € (0,T] andi =0, 1.In
this case, for a classical solution ° to (3.1), we see that e?®” y® satisfies a problem similar
to (3.1) with coefficients in Q, r satistying (3.3) and with the coefficient on d; Q1 given
by

Be = B° — (v° - V)w® —eg;(v° - Vo) on Ti(r)
fort € (0,T] and i = 0, 1. Then, it follows from (2.32)—(2.34), the mean value theorem
for (1 + 5)~/? with s € R, and the assumption on w® that

1

N

B =B - (-1t + (-1t (1 - ) - e@i(v° - Vo)
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> B = (1) o’ = |of]

—cs|Vw?| = —ce

1 ! ‘
V1 +e2[Ti|?

on Ti(¢) forall¢ € (0, 7] and i = 0, 1. Hence, we can apply Theorem 3.1 to e4“" y® and
then obtain (3.5) for x° by noting that dw? is uniformly bounded on Q. r.

4. Proofs of the main results

In this section we prove Theorems 1.1 and 1.2. We give the proof of Theorem 1.2 below,
and Theorem 1.1 can be obtained by setting Vrgo = Vrg; = 0 on St in this proof. As
in the previous sections, we denote by 7 the constant extension of a function 7 on Sz in
the normal direction of I'(¢).

Let p® and 7 be classical solutions to (1.1) and (1.2), respectively. Based on a for-
mal asymptotic expansion of (1.1) carried out in Section 5 (see also the explanations in
Section 1.2), we define an approximate solution p; to (1.1) by using 7 as follows: let

1 1. a0 _
Gi = E{vng -Vrn—k;'(8°gi)n + k;*giVin) 4.1)
on Sy andi = 0, 1. For (x,t) € Qg 1, we define

156, = ed (. 0@ — Bl (v 1) + 502G ~ o). 1),
P 1) = e 1) — k3 d Ge, )Y (TR (1) + n5(e.1).

4.2)

We also define error terms due to pj, by

fo = 0py —kalpy—f on Qer,
V= sy k3 Ver,  on 0ar.

so that p® — pp, satisfies
30 (p° — po) —kaA(p* —pi) = (f* = f)— ff in Qer.

Do (0° = 05) + k' Ve(p® — p5) = =5 on Qer,
(0° = pyle=0 = pg — P, 0) in  Q.(0).

Hence, it follows from Theorem 3.4 that
[l p® — P}E,”jg(m) = CT(”Pg - Pf,('v 0)”3(@) +I11ff = f_||£(Qs,T))

1
+er (15 1. + S IVsls@0.n)
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with a constant c7 > 0 depending on 7" but independent of &, p®, 1, and the given data.
By this inequality, (4.2), and n|;=¢ = 1o on I'(0), we obtain
llp* — ﬁ”ﬂ(m) <cr(llpg — 50”3(98(0)) + 11/ = JF”B"B(QS,T))
+er(ldVemllgg ) + 105 a7

1
+er(If5ls@en + L IVilsao.n)  (43)

Let us further estimate the right-hand side. In what follows, we use the notation in (1.4)
and denote by c a general positive constant independent of ¢, p, 1, and the given data.
We also frequently use the facts that g¢, g1, and Vr are smooth and thus bounded on St
along with their derivatives, and that g satisfies (2.29), without mention.

First, we observe by (4.2) and |d| < ce in Q, 7 that

ldVermlgg, ) + 105l s = celinllgisy + ollgey + 16lgisn)- 44

Note that Sz includes I'(0) x {0}. Next we consider Jy - We see that

0005 — 00 — k7' VBl <ce Y (& + (3] + [Vré)) 4.5)
£=n.%0,51

in Q, 1, by (2.21), (2.27), (2.28), and |d| < cein Qg 1. Also,

AP —Arn — k7' (VeHn) — G —%o)l <ce Y (& + |Vré| +|VEE)  (4.6)
&E=n,%0,51

in Qg 1,by (2.14)—~(2.16) and |d| < ce in Q. 1. Moreover, since
1 P _
& —to = g{Vrg -Vrn—ky'(0°g)n + kz’gVen) on St

by (4.1) and g1 — go = g on St, and since 7 satisfies (1.2), we have

Fn+k'VEn—ka{Arn + k' VrHn + (&1 — $o)}

1 o o
g{ga n+(3°¢)n—gVrHn—ka gArn—kaVrg - Vrn}

1
g{a%gn)—gern—kddivF(gvrn)}=%=f on Sr. (47

Thus, by (4.5)~(4.7) and f;; = 9:p; —kaApy — f in Qg,r, we find that

£l <ce > (& +10°€| + [Vré| + |VEE))
£=n,%0,51

in Q¢ 1, which implies that

I £yl 8.r) < cellnllg2icsy) + 1ol g21(spy + 1611 821 (57))- (4.8)
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Note that here I'(0) x {0} is not included. Now let us estimate y; on d¢ Q7. Leti = 0,1
and ¢ € (0, T]. Since v, and Vj are of the form in (2.34) and (2.35), we have

'(//; = Ve VP; +ka_ersP;E7
(_1)i+1

= TZWP{@ —6T) VS + kG (Vr + e 0°g; + 28T - ViVo)pS) (49)
&

on I‘é (1), where ré is given by (2.31). To estimate the second line, we first note that
v-Vd=[v?=1 v-VE=0 in Np
for a function £ on Sz. We apply these equalities to py of the form in (4.2) to get
V-Vpi ==k (Vo) + (8180 — 8ol1) +d (G — o) in Qe
Then, we see by d = eg; on '’(¢), g1 — go = g on St, and (4.1) that
V-Vl = —kg' (Vo) + £(g%)
= —k;'(Vrn) + &{Vrgi - Vrn—k; ' (3°g)7 + k3> (gi VEN)}
on I'.(¢) and thus, by noting that ek ;2 (g; VZn) = k; 'V - k' (eg:)(Vrn),
(V—eT) - Voo + k' (Vo + e3°g; + 28T, - Vr V)
=k;'Vr{ot —n+ k7' (g)(Vrm)} + e(Vrgi - Vrn—T% - Vo)
+ekg ' (880 (o — D) + £%k5 ' &i (T - Ve V), (4.10)

on T"i(¢). Moreover, since Py is given by (4.2) and d = eg; on I'i(t), we have
|05 =71+ kg (8)(Vem)| = [n5] < ce® (1%l + 161]) (4.11)
on I'i(¢) and thus,
105 =7 < ca(|Tl + [Gol + 181D, 15| < (Tl + S0l + [C1]) (4.12)
on T'i(r). Also, since p is given by (4.2) and T, - Vd = T} -V = 0 in Nr by (2.32),
[T - Vopl(x.0) = [@ - VAl(x.0) = kg d e, )5 - V(. 0) + (3 - Vs, 0)

for (x,t) € Q. r. Noting that 15 is given by (4.2), we deduce from this equality, (2.9)
and (2.10) with d = eg; on Fé (t), and (2.33) that

%t Vpt —Vrgi-Vrnl <ce Y (& +|Vré) (4.13)
&E=n,%0,51
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on Fé (t). Hence, we apply (2.33) and (4.10)—(4.13) to (4.9) to get
el < |0 —eT) - Vol + k7' (Vo + £09°g; + €T - Vo V)pf |

<ce® ) (El+IVré)
£=n,50,51

on Ti(¢) withi = 0,1 and ¢ € (0, T]. Therefore,
Vsl 86,00 < ce®UInllg21(sy) + 2ol z21(sp) + 1811821 (5p))- (4.14)
Finally, we obtain (1.6) by applying (4.4), (4.8), and (4.14) to (4.3) and noting that
7l gis7y = lmoll sy + Inll821(s7)

by |t=0 = 1o on I'(0), and that

18l g7y + il 821 (s7) = 16 ¢ O 8 (0)) + il 8(sr) + 116 ]l 821 (57)
= c(Inoll sy + Inll 82.1(s7))
+ (i (-, 0) | 8oy + I17ill 821 (57))

fori = 0,1 with h; = Vrg; - Vrpon St by (4.1). The proof of Theorem 1.2 is complete.

Remark 4.1. By the idea of the above proof, we can also show that the factor £~! in

the uniform a priori estimate given by (3.14) cannot be removed. Indeed, assume that the
inequality

||ps||:3(m) = C(||pg||£(gg(o)) + ||f8||£(Qe,T) + ”WSHB(ZMQE,T)) (4.15)

holds for a classical solution p® to (3.13) with a constant ¢ > 0 independent of ¢. For an
arbitrary smooth function ¢ on Sz, we define

— B — 1 — _
pr(x,1) = L0, 1) — kg d (e, O(VRD) (x, 1) + 2d(x, %0 (x, 1), (x,1) € Qe
where ¢, is a function on St given later (and pg is in fact independent of ¢), and set

fgg = 81‘102 - depg on Q7. 1/[5 = 3v€/0§ + k‘;lVapg on 9¢Qer.

Then, since pg satisfies (3.13) with the above f; and 1/f§, we can use (4.15) to get

16§l < cUlfC. Ol gy + 1/ 18@.r + V£ 86,00

and thus, by the definition of pg, |d| < cein Q1 and

I8l giom = IElssm:  1ECOlg@e) = 166 Olscoy < I¢llgsy):
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we find that

Il gy = cUEC.Olsawoy + 15 8. + 1¥Else.0.m)

(4.16)
+ ce(lEll gy + 1821l gispy)-

Moreover, since

V(1) Vpg (1) = —kg (Ve (. 0) +d(x.0G(x. 1), (x.1) € Qor
by Vd =7, V]2 = 1,and v - VE = 0 in N7 for a function & on Sz, we observe by (4.9)
with 7 replaced by ¢ and by (2.33) and d = &g; on T} (¢) that

Wil <ce Y (& +[VrE) on Q7. (4.17)
=00

Also, as in (4.5) and (4.6), we have

1ff = fel <ce > (&l +|0°F| + [VrE| + [VEE) in Qo7 (4.18)
£=00

by (2.14)—(2.16), (2.21), (2.27), (2.28), and |d| < ce in QT,T, where
fe =00+ k' VEL —kgArl —VrH; —kal, on Sr.
Thus, setting
G =ky ' (3°C + kg'VE¢ —kaAr{ —VrHE) on St
we get fr = 0 on ST, and it follows from (4.17), (4.18), and f; = 0 on St that

1 /£l 80er) + 1Vl B0, 0.7) = celllEllg21(sy) + 18211821 (57))-

Now we apply this inequality to (4.16) to find that

12l g5y < clEC-Olswop +ce Y (€l gy + 1El8210s)
=00

with a constant ¢ > 0 independent of €. Hence, we send ¢ — 0 to get
151l g7y =< cllEC 0l 8oy

for any smooth function ¢ on Sz, but this is a contradiction, since we can take ¢ such that
£(-,0) = 0 on I'(0) but (-, ¢) does not vanish on I'(¢) for some ¢ € (0, T]. Therefore,
inequality (4.15) does not hold, that is, we cannot remove ¢! in (3.14). In the same way,
we can show that any smooth function on S7 approximates a classical solution to (1.1)
of order ¢ as in (1.5) and (1.6) if (4.15) holds, which is again absurd. Hence, we can also
consider that the factor e~! in (3.14) is crucial in order that 1 should be a solution to limit
equation (1.2) in error estimates (1.5) and (1.6).
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5. Formal derivation of a limit equation and an approximate solution

We explain how to derive formally limit equation (1.2) and the approximate solution py
of the form in (4.2) from the thin domain problem given by (1.1). Throughout this section,
we write O (gX) with k > 1 for any quantity of order at least ¥.

5.1. Asymptotic expansions of the time derivative, gradient, and Laplacian

Let p be a function on Q. 7. We make the change of variables to write

n(y.t,z) = p(y +ezv(y,1).1), (y.1) € St, z € [go(y.1).g1(y.1)].

where z is the scaled signed distance from y € I'(¢). Note that the domain of the vari-
ables (y, 1, z) is independent of €. Let us express d;p(x,t), Vp(x,t), and Ap(x,t) by
asymptotic expansions with respect to ¢ in terms of 7(y, ¢, z) and its derivatives.

Since y = m(x,t) and z = e~ 'd(x, 1) for (x,t) € Q¢ by (2.1), we can write

p(x,t) = n(m(x,t),t, e d(x,1)), (x.,1) € Qer.
By a slight abuse of the notation, we write
(x.t.2) = n(m(x.1).t.2). (x.1) € N7, z € [go(x.1). §1 (x, )]
so that
p(x,t) = ﬁ(x,t,s_ld(x,t)), (x,t) € E 5.1

In what follows, we sometimes suppress the arguments x and ¢ of functions which do not
have the third argument z. For example, we write (5.1) as p = 7(x,t, &~ 'd). Also, we
consider that the tangential derivatives apply to the argument y of n(y, ¢, z).

Let (x,?) € m and R be given by (2.6). We differentiate (5.1) with respect to time
and use (2.21) and (2.26) to find that

drp = 0;7(x. 1,67 "d) + & 1 (0;d)0;N(x,1,e7"d)
= 9°n(x,t,e 'd) + d(RVrVr) - Vrn(x,t,e7'd) — e\ Vr 0,7(x, 1, 61 d).

Then, setting y = m(x,#) and z = £~ 'd(x, t) and noting that

R(x,t) ={I, — szW(y,t)}_1 =1, +ezW(y,t) + O(?) (5.2)
by the Neumann series expansion, we have

9:p(x,1) = =~ Vr(y,08:0(,1,2) + 8°1(y,1,2) + O(e). (5.3)
Next we differentiate (5.1) with respect to x; and apply (2.8) and Vd = v in N7 to get

n
0ip = RyDn(x.t.e7'd) + e 'v;0.0(x.1.67"d) (5.4)
j=1
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fori = 1,...,n. Then, we use (5.2) with y = w(x,t) and z = e ld(x, t) to find that
Vp(x,t) = &' 8:0(y,1,2)v(y. 1) + Ven(y,1,2) + ezW(y, ) Vrn(y,1, 2)
+ 0(&?). (5.5)

Also, we apply 9; to (5.4) and use (2.8) and Vd = v in N7 to get

n n
9;0;p = Z(aiRij)an(x’tvg_ld) + Z RijRix Dy D n(x.1.67"'d)
j=1 k=1

+ ) Ryl Wi0:(Dym)(x, 1,67 )}
j=1

n
+e7' Y Riy(Dyv)0:7(x. 1,67 d)
j=1

+&7'0 Y Ry D0z (x. 1,67 d) + &2 0202(x. 1.7 ).

z
J=1

We take the sum of both sides fori = 1, ..., n. Then, since

n
RTv =RV =(I,—dW)'v =7, ie, Y Ryvi=Vv; in Np

i=1
for j = 1,...,n, by the symmetry of W and Wv = 0 on St; and since
Rij(x,1) = 8;j + ezWij(y,1) + O(¢?), 9 Rij(x,1) = (viWij)(y,1) + O(e)

for (x,t) € Qg randi,j =1,...,nby (2.11) with |d| < cein Q. 7 and by (5.2), where §;;
is the Kronecker delta and y = n(x, ) and z = ¢~ 'd(x, t); and since

n
=1, Djv =-Wj, Zinizdivrvz—H on Sr, (5.6)

i=1
we have

n

Ap(x,t) = Y (iWi)(y.0)D;n(y.1,2) + Arn(y,1,2)

i,j=1

+ e 0 (. 0D, (p.1.2)
ji=1

n
— e H(y.0)0n(y.1.2) =z Y (Wi W) (v.0)0zn(y.1.2)
i,j=1

n
+e7 Y v (0D @) (v 1.2) + £ 20In(y.1.2) + O(e)
j=1
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with y = m(y,t) and z = ¢~'d(x, t). Moreover, we see that

> iWi)(y.0ODn(y.t.2) = WTv)(y.1) - Vrn(y.t.2) =0,
i,j=1

Y Wy Wi) (1) = Y Wiy, 0)> = [W(y, ) (5.7)

i,j=1 i,j=1

by WT = W and Wy = 0 on St, and that

n

> v (103D, (p.1.2) = D (v(y.1) - Ven(y.t.2)) =0,
j=1

Y v (0D @) (y.1.2) = v(y.1) - [Vr@m](y.1.2) =0,
=1

since v is independent of the variable z and v - Vp = 0. Therefore,

Ap(x,t) = 8_2(9?7]()791‘, Z) - E_IH(ysZ)azn(ysth)
—z|W(y. 0)|*0:n(y.t.2) + Arn(y.t,z) + O(e). (5.8)

Recall that we take (x,7) € Q.1 and set y = 7(x,7) and z = ¢~ 1d(x,1).

Remark 5.1. Asymptotic expansions (5.3), (5.5), and (5.8) were already given in the
study of an asymptotic expansion of a solution to the Cahn—Hilliard equation [10,43,46].
The expressions given there look slightly different from (5.3), (5.5), and (5.8), but one
may observe that they are the same if one uses (2.8), (5.2), and

Ad(x,t) = div(i(x,1)) = —H(y,1) — ez|W(y,1)|* + O(¢?)

for (x,7) € Qe with y = (x,1) and z = & 'd(x, t), which follows from Vd = v
in Nz, (2.8), (5.2), (5.6), and (5.7).

5.2. Asymptotic expansion of the heat equation in the moving thin domain

Now let p° be a solution to the thin domain problem given by (1.1). To derive limit equa-
tion (1.2) and the approximate solution p; of the form in (4.2), we consider an asymptotic
expansion of p® as in the case of a flat stationary thin domain (see, e.g., [34, Section 15.1])
but in a slightly simplified form: we assume that p® and f¢ are of the form

oo
Py +ezv(y.0).0) =Y e m(y.t.2). (v.1) € ST, z € [go(y.1). g1(y. 1)].
k=0

e +ezv(y.1).t) = f(y.1) + O(e), (y.1) € ST,z € (go(y.1), 81(¥. 1)),
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or equivalently,
p‘s(x,l)= Zgknk(n(x,t),t,e_ld(x,l)), (X,I)EQTJ",
k=0 (5.9)
fon) = f(r(x.0).0) + O(e)., (x.1) € Qe

where the functions 7 (y,1, z) are independent of € and f(y,?) is a function of (y,?) € St
independent of e. Our aim is to give 7g, 11, and 1, for which the right-hand side of (5.9)
satisfies (1.1) approximately of order ¢ in Q. 7 and &2 on d¢ Q. 7. In what follows, we
set y = m(x,t) for (x,1) € Qe 1 and suppress the arguments y and ¢ of ng(y,, z) and
functions on St.

First we consider the heat equation in Q, 7. We see by (5.3) that

3:p°(x,1) = =&~ ' Vrdzno(z) + 3°n0(2) — Vrdzmi(2) + O(e)
for (x,1) € Qe and z = e 1d(x,1) € (g0, g1)- Also, by (5.8),
Ap®(x,1) = e720210(2) + & {=Hd:10(2) + 33m(2)}
—z|W[?0zn0(2) + Arno(z) — Hdzm(2) + 9212(2) + O(e).
We substitute these expressions for

9:p%(x,1) —kgAp®(x,1) = fo(x.1) = [ + O(e), (x.1) € Qu.
Then, for z € (go, g1), we have
e 2{~kadZno(2)} + e {=Vrdno(z) + kg Hd no(z) — kad2n1(2)}
+ 9°n0(2) — Vo1 (2) + kaz|W|*d270(2)
—kaArno(z) + kaHozni(z) —kadim2(2) = f + O(e).
Since each function in this equation is independent of ¢, it follows that
—kqd2n0(z) = 0, (5.10)
~Vrdzn0(2) + ka Hdzno(z) — kad2ni(2) = 0, (5.11)
and
3°10(2) = Vrdzni(2) + kaz|W[*dzn0(2)
—kaArno(2) + ka Hdzn(2) —kad2n2(2) = f (5.12)

for z € (go, g1)-

Next we deal with the boundary condition on d; Q1. Fort € (0,T] andi = 0, 1, let
X € F;(t) and z = ¢ 'd(x,t) = g;. Since v, and V; are of the form in (2.34) and (2.35),
respectively, the boundary condition is equivalent to

[V —eT2) - Vol(x, 1) + k' [(Vr + e 0°gi + €& T, - Vi Vr)p©l(x,1) = 0. (5.13)
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Here 7! is given by (2.31) and thus,
Ti(x,t) = (In —egiW) ™' Vrgi = Vrg; +egiWVrg; + 0(?),
by the Neumann series expansion. Also, we see by (5.5) that (note that here z = g;)

Voi(x,1) = e 13,m0(z)v + Vrno(z) + 9,11 (z)v
+ e{zWVrno(z) + Vrni(2) + :n2(2)v} + O(€?).

By the above expressions, [v|> = 1, WTv = Wy = 0,and v - V1 = 0, we get

[(V—eTl) - Vp©l(x, 1) = £ 9,n0(2) + 3.71(2)
+ &{0:n2(2) — Vrgi - Vrno(2)} + O(&?).

Note that ?é in the left-hand side is multiplied by . We also have
[(OVr +e0°gi + €°8iT. - Ve VD) p©(x. 1)
= Vrno(2) + &{(3°€)n0(2) + Vrm(2)} + O(e?),

and we substitute the above expressions for (5.13) to obtain

e19,n0(2) + 9:m1(2) + k7' Vino(2)
+ e{0:n2(2) — Vrgi - Vrno(z) + k1 (3°gi)no(z) + k' Vini(2)} = O(e?).

Since each function in the left-hand side is independent of ¢, and since the above equality
holds at z = g; (recall that we suppress the arguments y and t), we find that

dzn0(gi) = 0, (5.14)
3:m(gi) + k' Veno(gi) =0, (5.15)

and
3:m2(gi) — Vrgi - Vrno(gi) + k7' (0°gi)no(gi) + k7' Vrni(gi) =0 (5.16)

fori =0,1.
Now let us determine 7¢, 171, and 72. By (5.10) and (5.14), we see that

#no(z) =0, ze€(g0.g1),  :m0(gi) =0, i=0,L (5.17)

Hence, d,1¢(z) = 0 for z € [go, g1] and no(z) = 7o is independent of z. Note that at this
point we do not know what equation 7¢ should satisfy on S7. Next we have

Rm(z) =0, z€(go 1), d:m(g)=—kz'Vrno, i=0,1

by (5.11), (5.15), and no(z) = no. Hence,

3:m(z) = —kz7'Vrno, m(z) = m(go) —kz'(z—go)Vrno. 2 € [go. g1-
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Here we may choose 11 (g) arbitrarily, since we only consider the approximation of (1.1)
of order ¢ in Q. 1 and €2 on d; Q. 7. We take 71(go) = —k;lgo Vo so that

mz) = —k;'zVrne, z €[go.81]- (5.18)

However, if we require a higher-order approximation of (1.1), then 1 (g¢) should be deter-
mined by a higher-order asymptotic expansion of (1.1). For 7,, we have

2n2(2) = kg'9°no + kz>Vino — Arno
—kg'VeHno —kg' f. z €(g0.81).  (5.19)
9:12(8i) = Vrgi - Vrno —kg' (3°gimo + kz2giVine, i =0,1
by (5.12), (5.16), no(z) = ng, and (5.18). In order that 1, exists, it is necessary that

81
/ Zn2(z) dz = 3,12(g1) — 9212(go)-
g

0

Then, noting that the right-hand side of the first equation of (5.19) is independent of z, we
substitute (5.19) for the above equality and use g; — go = g to get

glky'9°n0 + k> Vino — Arno — kg ' Ve Hno — k' f}
= Vrg - Vrno —kg' @°g)no + kz>gVitno. (5.20)
and this equation can be rewritten as
3°(gno) — gVr Hno — kq divr(gVrno) = gf. (5.21)

Hence, we obtain limit equation (1.2) as the necessary condition on the zeroth-order
term 1o in order that the second-order term 7, exists. Moreover, when (5.20) is satisfied,
we can rewrite (5.19) as

1 e _
2n2(z) = E{Vrg'vrflo — k' (@°g)no + k>gVEne}. z € (go.&1).
3:m2(gi) = Vrgi - Vrno — k7 (3°gi)no + kz2giVine. i =0,1.

Then, setting

& = —{Vrgi - Vrno —k;'(3°gi)no + kz°giVine}. i =01, (5.22)

1
g
we see that the above problem is of the form
2m(z) = b1 =%, z€(g0.g1),  0:ma(gi) =gli, i=0,1
Hence, 0:72(2) = g8o + (z — g0) ({1 — {o) for z € [go. 1] and
1
n2(2) = 12(80) + (z — g0)g%o + 5(2 —20)* (&1 — o)

= Ina(g0) — o8t + 3830 — )} + =gt — g0(E1 — &)} + 57°(C1 ~ )
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for z € [go, g1]- Moreover, as in the case of 11(gg), we may take

1n2(go) = gog%o — %gﬁ(ﬁl — o).

Hence, noting that glo — g0({1 — o) = g180 — gol1, We obtain

e =@l —gol) + 37—, zelgal (623)

Finally, we conclude by (5.9), (5.17), (5.18), and (5.21)—(5.23) that if we set

2
pi(x. 1) =Y e me(m(x.t).t. 67 d(x. 1), (x.1) € Qer.
k=0
where 1o(y, ,z) = no(y,t) is independent of z and satisfies (1.2), then pj is of the form
in (4.2) and satisfies (1.1) approximately of order ¢ in Q. 1 and &2 on ¢ Q1.

6. Conclusion

We compare a classical solution p° to heat equation (1.1) in the moving thin domain 2,(¢)
of thickness of order ¢ and a classical solution 7 to limit equation (1.2) on the moving sur-
face I'(¢) which appears in the thin-film limit of (1.1) as ¢ — 0. Our main result consists
in error estimates (1.5) and (1.6) of order ¢ in the sup-norm for the difference of p® and 7,
which avoids the ambiguity due to the volume of Q.(¢). The proof is based on the uni-
form a priori estimate (see (3.14)) for a classical solution to the thin domain problem
(see (3.13)) with non-zero boundary data and a construction of a suitable approximate
solution to (1.1) from a classical solution to (1.2). In order to prove the uniform a priori
estimate given by (3.14), we carefully re-examine the maximum principle for parabolic
equations in 2.(¢) in view of the dependence of coefficients and constants on . Also,
we carry out a formal asymptotic expansion of (1.1) with respect to € to find a suitable
approximate solution to (1.1).

As a concluding remark, we mention that it may be possible to extend our result to
the general parabolic equation given by (3.1) in 2,(¢) under suitable assumptions on the
coefficients and the given data. To this end, one first finds a limit equation on I'(¢) and
an approximate solution to (3.1) by carrying out a formal asymptotic expansion of (3.1),
as in Section 5, and then estimates the difference of classical and approximate solutions
to (3.1) by using the uniform a priori estimate in (3.5) and the results in Section 2. In this
case, however, a limit equation will be more complicated than (1.2) and, in particular, it
will involve not only the limits (in some sense) as ¢ — 0 of afj, b?, c®, and f*® in the first
equation of (3.1), but also the limits of 8¢ and ¥® appearing in the boundary condition
of (3.1).
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