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Abstract. This article presents regularity results that admit a weak formulation for
degenerate von Kdrmén boundary value problems modeling the deformation of clamped
plates that lose stiffness in one direction. These boundary value problems are derived in
the companion article, A Derivation of Degenerate von Kdrmdn Equations for Strongly
Anisotropic Plates, by the author. The equations are a fourth-order elliptic-parabolic
system of weakly coupled nonlinear equations. The article includes the weak formulation
and a brief description of the appropriate existence results for the formulation.

1. Introduction. In this article we establish regularity results that admit a weak
formulation for degenerate von Karman boundary value problems that model the de-
formation of clamped plates that lose stiffness in one direction. These boundary value
problems are derived in a companion article [23]. The equations are a fourth-order
elliptic-parabolic system of weakly coupled nonlinear equations.

Regularity results for elliptic-parabolic equations are well-known, for instance, the
work of Oleinik in [17], and the well-known papers by Kohn and Nirenberg [14] and [15].
Elliptic-parabolic systems have been treated carefully by Cosner [6], Bertiger and Cosner
[3], Philips and Sarason [19], and Tartakoff [26]. Fourth and higher-order equations have
been examined by Weinacht in [28], [29] and elsewhere, Esposito [7], [8], Canfora [5},
Benevento, Bruno and Castellano [2], and the author [20], [21], and [22]. Ivanov treated
second-order quasi-linear elliptic-parabolic equations; his work is assembled in [13], while
nonlinear fourth-order equations with similar degeneracy have been treated by Warnecke
in [27). One notable aspect of the present work is that it presents regularity estimates
in the neighborhood of an intersection between the characteristic and noncharacteristic
boundaries. These are the first such estimates for the fourth-order case of which the
author is aware, as other regularity results for elliptic-parabolic problems employ the
restriction that the characteristic and noncharacteristic portions of the boundary do not
intersect. Lin and Tso have obtained results in the second-order case in [16].
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Although the present work does not present existence results, the techniques employed
by Berger and Fife in [1] and [4] seem to be appropriate to the present problem; the
difficulty in applying the standard tools of pseudomonotone operator theory (as presented
by Zeidler in [30], for instance) lies in the bounded domain of the operator in the weak
formulation presented in the conclusion of this paper, Sec. 4.

In an effort to alleviate the tedium of some of the estimates that follow, this formulation
omits some coefficients included in the derivation found in [23], but the results obtained
here apply to the more general model with only straightforward modifications.

2. Notation and statement of results. The boundary value problem under con-
sideration is

Uyyyy + Uzayy — (U, ] = f in Q c R?, 1)
AW = Wagzr + Wyyyy + 2Waayy = —(Uallyy)e 0 Q, (2)

with boundary conditions:

u=0 ondQ, (3)
g—ﬁ =0 onX",
d_ d__
e P = TNy + phe, and 220y = Te + ph1 on Of2. (4)

The bilinear form in Eq. (1) is defined by
[u, W] := (Wyytiz)z + (Wazly)y — (Wayltsz)y — (Wayly)e. (5)

We use ¥* to refer to that part of the boundary 92 on which the unit normal is not
parallel to the z-axis. The vector n = (n;,n,) is the unit outer normal to the boundary,
and d/ds refers to the tangential directional derivative in the counter-clockwise direction.
The quantities 7 and p are parameters convenient for stating our results.

The function w can be decomposed into three components: w = %(z2 +42) 4+ puw® + b,
where w® solves A%w® = 0 in Q with boundary conditions

dw? dw))
- d: = hy, d—sy =h; on 99, (6)
and W solves A% = —(uyuyy), with homogeneous boundary conditions. We will refer

to pw® + 1 as w. Using this decomposition, we can rewrite Eq. (1) as

Dlu] — [u,w] := A(uyy — Tu) — [u,w] = f in Q. (7)

This defines the elliptic-parabolic operator D[], which depends upon 7.

We use standard notation: LP(A) is the Banach space of Lebesgue p-integrable func-
tions over the set A C R?, with norm || - ||,.4a. The Hilbert space L?(f2) has norm || - ||.
The symbol W (¥:P)( A) refers to the Banach space of functions that, together with their
weak partial derivatives up to order k, are Lebesgue p-integrable on A; the norm will be
denoted |- || p;a- If the domain is omitted it is understood to be Q. The space Wék’p)(A)
is the closure of C§°(A) in W(*P)(A). For an introduction to these spaces, see [10].
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Y

F1G. 1. An acceptable domain for the regularity results on u

To derive a weak formulation of Eq. (7) with boundary conditions (3) for fixed w,
define the Hilbert space H by completing C§°(£2) under

(u, V)3 1= / UgyVUzy + UyyVyy dA +/ Vu-VvdA.
Q Q

Notice that if we integrate the operators in Eq. (7) against a function v € H over Q,
integration by parts yields

/ A(uyy — Tu)vdA = / UyyUyy + UgyVoy + TVU - Vv dA =: B(u,v),

— / [w, wlvdA = / Wy Ug Vg =+ WegllyVy — Wey(UgVy + UyVs) dA =: c(w, u,v)
Q Q

and these forms define a weak formulation of Eqgs. (3) and (7):

By (u,v) := B(u,v) + c(w, u,v) = /nfv dA. (8)

We call a u in H satisfying Eq. (8) for any v in H and fixed w and 7 an H-weak solution
of the homogeneous Dirichlet boundary value problem for Eq. (7) for w and 7.

Put the following assumptions on the boundary of Q2. The portion denoted ¥/, where
n, is zero, consists of two line segments. The complement of ¥’ in 992, X*, is composed of
two C3 curves that intersect the line segments that comprise ¥’ with bounded derivatives
up to to order three. The regularity estimates apply so long as at points where X'
intersects X* the interior angle is right or acute. Figure 1 illustrates an acceptable
geometry for the domain.

Finally, the Hilbert space in which the regularity result places the solution wu:

ﬁ = {u cH | Ugz) Yzzy> Uzyyr Uyyy c LQ(Q)}
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This paper proves the following result, and outlines its utility:

THEOREM. Assume f belongs to L2(£2), w belongs to W*3)(Q), and € satisfies the
conditions outlined above. When 7 is sufficiently large and p, ||w]| a4, and [|f | are
sufficiently small, the boundary value problem Eq. (8) has a unique H-weak solution u
that belongs to H.

3. Regularity of solutions to the degenerate equation. The inner product de-
fined on H has positive definite quadratic form on H by the Poincaré-Friedrichs inequality
since H is a subspace of WO(I’2)(Q).

In order to obtain estimates on u near the curved portion of the boundary, ¥*, we
perform a local change of coordinates. The boundary arc ¥* is the graph of y = 3(z),
with %E(w) =: o(x). We define £ = z and n = y — ¥(z). In the new variables the
bilinear form defined by Eq. (8) has a representation

By (u,v) = / Ay Uny + 0 (UnyVgn + UgnVnn) + UenVey
0
+ T(ugve + Aunvy + o(ugvy + uyve))
+ WinUgve + (Weg + 0wy Yuyvy — Wen(Ugvy + uyve) dA,

where the coefficient A = 1 + ¢2 is always at least 1. In the course of the proof we use
the operator and bilinear form expressed in these coordinates:

Dlu] = Atppyy + 0Ugny + (0Upyy)e + Ugeny — T(uge + Atgy + ougy + (0uy)e)
[u, w] = (wyyue)e + ((wee + U/wn)un)n — (wenue)y — (Wentiy)e-

The first two lemmas give estimates on tangential derivatives of u near the boundary,
and all derivatives in the interior of €.

LEMMA 1. Assume u € W*2(Q) N H satisfies the conditions (3), w € W4)(Q) and
there are functions ¢,%, and x belonging to C§¢(R?) with support that intersects Q2
only on a portion of ¥* where a change of variables like that discussed above can be
constructed. Assume further that ¢ > ¢ > 0 on supp¢ and x > ¢ on supp. Define
fww) := D[u] — [u,w]. Then there are constants C' and K depending upon the value c,
the area of Q, the norm ||w||3 4.0, the maximum values of ¢ and ¢ and their derivatives
to order two, and 1 and its first derivatives, with K depending on 7 and C independent
of 7 such that

Ipueayll® + llgueyy|® + 7lloVuel* < CUXD*ull® + Ixfun I®) + KlIxVul®. (9)e

An outline of the proof of this lemma can be found in the appendix 5. Lemmas of
this type are frequently used in regularity results for degenerate elliptic equations, and
similar lemmas together with their proofs can be found in [7], [14], [18], [20], [21], and
[26]. The following lemma can be proved in a similar fashion.

LEMMA 2. Assume u and w are as in the previous lemma and ¢, ), and y are as above
except that their supports intersect 9€, if at all, then only on ¥’. Then there are
constants C' and K depending upon the value ¢, the area of €, the norm ||wl3.4.0, and
the maximum values of ¢ and its derivatives to order two and v and its first derivatives,
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with K depending on 7 and C independent of 7 such that the inequality (9), holds.
Further, if supp ¢ has no intersection with 89, then (9), holds as well, with constants
having the dependencies given above.

By inequality (9), we mean (9), with y substituted for £.
Normal derivatives at the boundary must be estimated next. We will need the follow-
ing trivial lemma, which is derived essentially the same way as the prior estimates.

LEMMA 3. Assume u,w, and f, ) are as in Lemma 1, and ¢,%, and x have the rela-
tionship described in Lemma 1 with support intersecting any portion of 9§2. Then there
are constants C and K depending upon the value ¢, the area of €2, the norm ||w||3 4,0,
the maximum values of ¢ and its first derivative, ¢ and its derivatives to order three,
and v and its first derivatives with K depending on 7 and C independent of 7 such that
the following inequality holds:

16V un )l + 7lloVull® < CUXVull? + I Fuwm I?) + K lxul®. (10)

The proof of this lemma depends upon the coercivity of the characteristic form of
the operator D[u] in local coordinates. If the maximum value of |o| is @ > 0, then the
minimum eigenvalue for the quadratic form (1 + 02)n? + 20én + £2 is bounded below by

2-5(Vol+4-70)

5 > 0.

If we call this bound A, then the bilinear form associated with D[u] satisfies the following
coercivity inequality

B(u,u) = Aul, + 20ugnliy + uf, + 7(uf + Aul + 20ueu,) > A(|Vu, [* + 7|Vul?),

and this is all that is needed to obtain the result. Details are in the appendix.
We next turn to estimates of higher-order normal derivatives near ¥’, where the op-
erator is not coercive in the normal direction.

LEMMA 4. Assume we have two functions u € W42 (Q)NH and w € W34 (Q). Assume
further that the function ¢ € C5°(R?) has support that intersects ¥’, with ¢, = 0 there,
and possibly a contiguous component of X*, in which case ¢ is a monotonic function
of y on . If ¢ and x are C§°(R?) functions related to ¢ as in the previous lemmas
and a change of variables can be constructed on suppy, then there exist constants C
and K depending upon ¢ and its first and second derivatives, ¢ and its derivatives to
order three, ¥ and its first derivatives, and ||w||3 4,0, with K depending on 7 and C
independent of 7 such that the following inequality holds:

1uecyll® + [ $ucyyll* + Tll¢Vuel* < ClixD?*ull® + K (IxVull® + 16 fwwll®). (1)
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Proof. Multiplying the identity f(, ) = D[u] — [w, u] by (¢?u¢)¢ and integrating by
parts over €} gives

/Q O* fluagug dA = /Q(Aunn)s(¢2uf)nn + ugen (@%ug)en

+ (Uuﬁn)£(¢2u€)nn + (Uunn)£(¢2“£)€n + T(U£€(¢2u5)£ + (Au,,)g(¢2u5),,
+ (oug)e($7ue)n + (oun)e(due)e) + (wonug)e (67 ug)e (12)
— (wequg)e (7 ug)y — (Wenun)e (9 ug)e + (wee + 0'wy)un)e(¢7ue), dA

+ /m2 & [ugenn + (OUnn)en — T{uge + (OUn)e) — (Wonue)e + (Wenttn)eluene ds.

Note that the boundary integral can be expressed as an area integral that can be rewritten
as

- / (At + Tty (@1 ) + [ (Atty + o)
— WepUe + (w§£ + Ulwn)un](‘bzuﬁ)n - ¢2f(u,w)ué}€ dA

using the degenerate equation just given and integration by parts. Applying integration
by parts repeatedly to Eq. (12) with the area integral replacing the boundary integral
yields

/ f(u,w)(¢2u5)§ dA
Q
= / * [Aug,777 + 20ugenUeny + uggn + T(Augn + 20ugeuen + ugg)] dA+C (13)
Q

T / $(2u2, + 7ud) (b¢ — o) ),
.

where (by application of the Holder and arithmetic-geometric mean inequalities) the
quantity C can be bounded

IC| < CylIxD?ull + K1|lxVul]?

with C; depending upon o and its first and second derivatives, ¢ and its derivatives to
order three, ¥ and its first derivatives, and ||w||3 4,2, and K; depending on all these and
7 as well. Note that if supp ¢ does not include ¥*, then the boundary integral in Eq.
(13) vanishes, since by hypothesis ¢¢ = 0, and ¢ = 0 when the change of coordinates is
trivial: y = 7. In the case that supp ¢ includes a portion of ¥*, the boundary integral
is positive, since 0@, < 0 by our hypothesis on the domain (stated in Sec. 2), and the
hypotheses of this lemma on ¢. From this the inequality (11) follows. O

In order to obtain an estimate on u,,, near £* we apply the following lemma. It
provides an estimate on the n derivative of a function in a neighborhood U of ¥* under
the following assumptions. Assume U is a domain in the (£, n)-plane whose boundary
intersects 02 on a connected portion of ¥* and possibly on a contiguous connected
portion of ¥’. Assume that the intersection of the boundary of U with £, denoted 7,
is a convex C3 curve that is normal to 8Q where they meet. If U intersects ¥’, then
denote by U the union of U with its reflection about ¥’ (including the portion of £').
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E*

F1G. 2. Geometry of the region used in the proof of Lemma 5

Otherwise, take U to be U. The union of U with its reflection about the &-axis will be
denoted U®. We will choose 7 so that dU® is C3.

LEMMA 5. Suppose U and v are as described above, and for some v € W12 (Q) with
v = 0 on ¥’ in the sense of trace, the inequality

/ VzpdA
U

holds for any z € C§°(U*®) with z = 2z, = 0 on ¥*, with P independent of z. Then, on
any open set U’ with U’ C U that has 7/ = 0U’ N Q satisfying the conditions on <, the
following estimate holds:

< Pllz[l120 (14)

l[onlle:vr < C(P + [lvgll + [lv]]) (15)
for some constant C depending only on U and U’.

Proof. For convenience, we assume that 7 increases moving from X* into U, and if U
includes a corner point, then it is the origin of the coordinate system, and £ increases
moving from ¥’ into U. The geometry of the region is shown in Figure 2. Since v/
satisfies the conditions on v, U’ can be extended to a region with C? boundary in the
same way U is; call this set U’¢. Any function v defined in U can be extended into all of
U*® in such a way that continuity of the derivatives controlled by the H norm is preserved,
and [[v]|1gve < Cllv]l120-

To see this, extend v into U (if necessary) by defining

v(€,n) = —3v(~&,n) + dv(=€/2,m) if (€,1) € U and £ < 0.

This extension assures that formally

'U|§:0+ = U|§=0— and ’Ug|£=0+ = ’l)€|£=0~7

and that [jv]|; 5.5 < cllvlli 20
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Extend v from U to U® in the same way, taking v(&,n) = =3v(&, —n) + 4v(€, —n/2) if
(&n) € U and 7 < 0; so a comparable statement about continuity of derivatives at n =0
and boundedness of the W(2) norm can be made. To make the following equations
more readable we use the assignments A\ = —3 and A, = 4.

Notice that for a function v defined in this way, for any ¢ € C§°(U*), it follows that

¢vdA:/ o*vdA,
Ue U

where

2 2 2
¢ (6m) = ¢(&m) + > ihe(—g&Em) + D kA | ¢(&, —kn) + ) iA;6(—3€, —kn)

J=1 k=1 j=1

If we consider a test function of the form ¢ = v,,, then ¢* = (Yy,,)* = 2y, where

2 2 2
€)= (6 + D IA(—Em) + D0 25 9lE —kn) + 3 A=, —hn)
k=1

j=1 7j=1

Note that z and z, are zero on ¥*. Further, since ¢ € C§°(U®), z is in C§°(U*). Thus
the bound (14) holds for the test function z. From (1,,)* = 2z, it follows that

‘ / Vi dA
Ue
Integrating by parts gives

’/ ’U?,bEEdA
Uc

which we can combine with the preceding equation to get

/ vAY dA
e

Here we have used that ||ve|lo.0e < cflve]l-

Now, define h as the unique solution to Ah = v in U’® belonging to Wéw)(U'e). We
know by classical results that h € W(32)(U®) (see for instance [9] or [12]). So, h defined
on U’ can be continuously extended to a function belonging to WO(S’Q)(U €) (see [24]). In
particular h satisfies ||hll1 2.0 < ¢||h]l1,2,;07<. Integrating by parts and applying Eq. (16)
we have for any ¢ € C§°(U°),

< Pllzfizv < CrPYlh e

< Nvellzwe 19l 2:0-,

< Co(P A lvel DIl 2i0e - (16)

Ahy A dA’ < Co(P + [log) ol 2we < Co(P A+ [l ll2. 20
UC

If we consider a sequence of 9’s that approach h,, in WéZ‘Q)(U ¢), then the inequality
becomes

ARy |[3e < C2(P + flvell) 1|22

Now we can apply Garding’s inequality for the biharmonic operator (see [9], e.g.) to get

lhall2 2:0e < C3[(P + el hnllz2we + hn3.e],
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and since ||h77||2;Ue < ||h||1,2;Ue and ||h7]||2;U5 S ||hn”2,2;Ue7 we have
1hnllz.2we < Ca(P + [lvgll + 1Al 2:0¢)-
Finally, we can use ||vy|l2;0r < | hyll2.2,0¢, and (by the continuous extension of h)

lAll1,2,0e < ¢l|v] to arrive at the desired estimate (15). O

LEMMA 6. Suppose u € WE2(Q)NH, w € WED(Q), and ¢, 11,100,103, and x are
C&°(R?) functions with 1, > ¢ on supp ¢, ;41 > ¢ on supp¥;, X > c on supp ¥, and
for 1 = 1,3 the int supp ¥; N suitable U’s, as described before Lemma 5. Then there
are constants C and K so that

¢t < CUXD*ull® + 116 fra,umI?) + K (IxVull® + [xul®). (17)

Proof. Suppose z is a CZ(int supp ) function with z = z, =0 on X*. We know

/QA(gbu)m,zn,,dA = By(ou,z) - C

where C includes all the bilinear forms except the term appearing on the left. By our
assumption on z we may perform integration by parts and bounding to show

ICl < {C1(Ilv2ueen || + lb2uen || + [W2D?ull) + K1 (12 Vull + [2ul}} V2],

where C; depends upon the constant ¢, the maximum value of ¢ and its derivative, and
the maximum values of ¢ and its derivatives up to order three and 3, and K; depends
upon these, the norm ||wl|3 4.0, the maximum values of ¥’s first derivatives, and the
parameter 7. Similarly we can show

|Bu(¢u, 2) — Bu(u, ¢2)| < {CollveD*ull + Ka(ll$2Vul + llwzul izl 20,

where C2 and K, have the same dependencies as C; and K7, respectively. Applying the
identity

/ A{pu)pn 2yndA = / 2f(u,w)dA + By (du, 2) — By (u, ¢2) — C,
Q Q

it follows that
|(A(¢u)nmznn)| < {C(“wﬂ‘&&n” + ||¢2U£nn|| + ||¢2D2u”)
+ K([2Vul + [[wzul]) + |6 fu,m I Hzl1,2:0-

Notice that this inequality has the form of the condition in Lemma 5; so its application
using int supp s as U and intsupp v, as U’ yields

||¢umm||2 < C(||z/)2u55,,||2 + ||¢2U€nn||2 + ||¢2D2u||2 + ||¢f(u.w)”2)
+ K ([ Vul* + [[¥aul?).

Eliminate the third-order derivatives on the right side by applying the estimate (9) if U
does not include a corner point, and estimate (11) if it does, using ¥ as ¢ and 3 as ¥
to arrive at (17). This proves the lemma. O

REMARK. In the last step of the proof just completed we used the identities 3/9¢ =
0/0x + 08/8y and 8/3n = 8/8y to obtain

lugen| < max{l, |0|}(|u£xy| + |ugyy|) and ugpy = ugyy-
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We will use this bound and the “inverse”,
lvell < max{1, o[} (|ve| + [vy]),

to obtain the principal result, stated in Sec. 2:

Proof of theorem. First we show existence of the unique solution to the boundary
value problem (8) in H. Since w belongs to the space W34 (Q), the Sobolev embedding
theorem implies that the coefficients w;z, wzy, and wy, are continuous on Q, with max-
imum values bounded by a multiple of ||w]|s 4.0 (see [12], for instance). Thus for any w
from a collection with uniformly bounded norm in W34(Q), given sufficiently large 7
(depending on the bound), the bilinear form B,,(u,v) is both bounded and coercive on
‘H. Since the right-hand side of Eq. (8) is clearly a continuous linear functional on H,
the Lax-Milgram lemma implies existence of a unique in u = u,, € H that solves (8) for
every v € ‘H under the mentioned conditions on w and 7.

The proof of regularity consists of two parts. Using the estimates derived in the
lemmas, we can establish the fundamental relation for any u € W®2(Q) N H and
satisfying the boundary conditions (3): if 7 is sufficiently large then the basic estimate

lull < K lull3 + | feww*) (18)

holds. Accepting this for the moment, we can show the completion of the proof. The
solution u for the specified f can be the strong limit in H for a sequence of u* for which
the estimate Eq. (18) holds. Thus the corresponding f(, ,,) =: f* must converge weakly
to f in L%(£2) since

(f¥,v) = By (u*,v) — By (u,v) = (f,v) for all v € H,

and H is dense in L?(Q2). As the norms of a weakly convergent sequence we know that
|| % || must be uniformly bounded. Thus taking the limit of

lu* 1157 < K (u*l3 + 1751°)
we have
|ull3; < Kllull3, + P

with P = K(liminf || f*|)? < co. This is sufficient to show that u is in H.

In order to prove the basic estimate (18), we impose a pair of partitions of unity on
the domain €, {x;}/¥,, and {¢:}¥,. The partitions must be chosen so that supp ¢; C
int supp x;, and each pair ¢; and y; satisfies one of the conditions:

1) suppx; C €.

2) supp ¢; intersects 92 only on one component of 3* and satisfies the conditions on
the set U in Lemma 5.

3) supp ¢; intersects A€ only on one component of ¥'. In this case ¢, must satisfy
the conditions of Lemma 4.

4) supp ¢; contains a corner point, and satisfies the conditions on the set U in Lemma
5. In this case ¢; must satisfy the conditions of Lemma 4.

The construction of a ¢ partition “inside” the x partition is outlined in [20].
For a ¢, from a pair satisfying condition 1), we have by Lemma 2, estimate (9), that

Tllgrues|* < CUD*ull® + X1 fru) %) + Kl Vul*.
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Under condition 2), by Lemma 1, estimate (9)¢ holds, and by Lemma 3, estimate (17)
holds, and applying the bound in the Remark preceding this proof we have

Tllgruez|* < CllxaD?ull® + K (IaVell® + Ixeull® + 1 fum 1)-

Under either condition 3) or condition 4), by Lemma 3, estimate (17) holds, and by
Lemma 4, estimate (11) holds, and we get the bound given for condition 2). Recall that
in each of these bounds the constant C is independent of 7, so, for 7 > C we have, under
each condition

Igrueall® < K (Ixeuayll® + hxaugy 1 + aVell® + aull® + lxefwm 1?)-

Summing over [ we have

N
/Q S ¢pu2,dA < K([ull + )
=1

Now since 1, ¢7 > + (331, ¢1)? = L, this inequality implies that [Juze||? < K ([|ul|2,+
| f(ww)l1?), from which it follows that

1D?ull* < K (|lully, + I fewum®) (19)

as well.
The same technique yields estimates on the third-order derivatives with even less work.
Under condition 1), by Lemma 2, estimates (9), and (9), hold, and we have

I$r2yuyll® + Ndruayy | + ldruzey|* < K (e D*ull* + IVl + I xifww 1%)-

Under condition 2), by Lemma 1, estimate (9) holds, and by Lemma 6, estimate (17)
holds, yielding

I ¢rtgyyll® + bruayy I* + ldruseyI* < K (lIxaD*ull + e Vull* + [xeull® + Ix0fu,w)I)-

Under condition 3), by Lemma 2, estimate (9), holds, and by Lemma 4, estimate (11)
holds, giving the bound given for condition 1). Under condition 4), by Lemma 4, esti-
mate (11) holds, and by Lemma 6, estimate (17) holds, and we get the bound given for
condition 2). Summing these bounds over [, and applying the definition of |ju|x and
(19) we have

N
=1

From here we may proceed as above to arrive at bounds on the norms of the third
derivatives, and then the basic estimate (18) follows easily, noting that

||u||% = ||u”% + ”uyyy”2 + ||uzyy||2 + ||urzy“2 + I|urz||2 u

REMARK. The boundary conditions (6) satisfied by w® are equivalent up to affine
transformation to Dirichlet boundary conditions under the physically motivated condi-
tions on the boundary data:

/ hods=0fora=1,2, and / (h1y — hox) ds = 0.
a0 a0
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Since w’s second derivatives are the lowest order appearing in (7), we may assume that
w® is a biharmonic function satisfying Dirichlet conditions on 89Q.

The existence of a unique (2, 2)-weak solution to the homogeneous Dirichlet problem
for Eq. (2}, denoted w, for any u € H follows from the Lax-Milgram lemma. The (2, 2)-
weak solution to this problem will belong to W(4=p)(Q) for any 1 < p < 2 provided that
u is in H, and € is a rectangle. This follows immediately from Theorem (7.3.2.1) in [11],
since v € H implies that the inhomogeneous term in Eq. (2}, (uyyy)s, belongs to LP(§2)
for every 1 < p < 2, by the Sobolev embedding theorem.

4. Conclusion. The regularity result just proved, in conjunction with the result cited
in the remark concluding the previous section allow a weak formulation of the boundary
value problem on a rectangle. Define u" as the H-weak solution to

D[u"] - plu®,w’] = f
with boundary conditions (3), w' (for [ > 0) as the (4, 3)-weak solution to

A?,wl _ (ufg_luég:l)x

with homogeneous Dirichlet boundary conditions, and u' (for [ > 0) as the H-weak
solution to
D[] - [u!, pu’ + w'] = f

with boundary conditions (3). Then the existence of a weak solution to the boundary
value problem (1)-(4) is equivalent to the convergence of the sequence of ordered pairs
(ul,w!). For the classical von Kérmén equations, the convergence of this sequence in
W22)(Q) is demonstrated by formulating the problem as a pseudomonotone operator
on this space [1]. Unfortunately, this method is not applicable in this case, since the weak
formulation requires the regularity demonstrated here. Because of the restrictions on 7, p,
and f needed to obtain the result (there are simple examples showing the necessity of
these conditions; see for instance [20], [28]), the operator formulation is not defined on the
entire space H, and so demonstrating that it is pseudomonotone is not straightforward.

5. Appendix.

Proof of Lemma 1. We begin by showing that there are constants:

C; depending upon the value ¢, the maximum value of o and its derivatives to order
two, and the maximum values of ¢ and its derivatives to order two,

Co depending upon the value ¢, the maximum values of ¢ and its first derivatives,
and the maximum values of ¢ and its derivatives to order two,

C3 depending upon the area of (2, the value ¢, the maximum values of ¢ and its
derivatives to order two, ||w|3.4.0, and the maximum values of ¢ and its first

derivatives,
such that

|Bu (Que, pue) + Bu(u, (¢%ue)e)|
< Cr([Wugell® + l[uenll® + [YugmI* + 1¥Vul?) + TCsllyVu? (20)(6.)
+ C3(lvVull] + lvugel® + [[YueI* + ¥ Vul?).
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The proof of this inequality consists essentially of integrations by parts to arrive at terms
that can be bounded by the right-hand side of (20) by means of the Schwarz inequality
and the arithmetic-geometric mean inequality. Notice that the normal to 9 has no £
component in the support of ¢. Further, u,u,, and the £ derivatives of these quantities
are all zero on 0f) in the support of ¢ by the boundary conditions specified in the theorem,
Eq. (3). These facts assure no boundary terms appear in any of the integrations by parts
performed in this proof. By applying integration by parts we arrive at

Bu (u, (§%ue)e) + Bu(due, due)
- /9‘7537“25 + 4007, + 20 dcluccuey + [4AS] + 4000 + 67 — 207(¢°)]ud,

— 0" (¢ )nucctuny — [07(6%)e + 24" (8% )ylugntun, + 3(A'¢°)eul,

+ 2(A¢?,U§ + 20¢,Psus + (¢20/)§un)n“€n + 2(‘7‘153,“6 + ¢ndeuc)cuey

+ [A($2) + 0(Pnde)y + 50(82)e + 5(62)n — 0" 0% — 0" Db (1)

— 2[0"¢edy + o' pen + A/(¢’727 + ¢Pnn)| (unue)y (21)
+[A'Gh + A'bbyn + 0" byde + 0" bben] (un)e + 5[0(2)y + (92)e] (ud)e

+ [A‘lfm + 20¢nmPen + ¢§n]ug + (¢gwrm + ¢>,27w,,0' — 20 Pnwen + ‘b?;wi&)“g

— (92)(0"wn)quguny + 3[(0"9?)ewen + (0" 9*wn)elul — ($*ue)nunweee

+ [(9%)quf + 30767 ul + (0% (unue))e] ween — (6°ud)sWenn

+ 7([6F + AL + 20¢n0e — ($7)n0” Jug

+ [oeed” — A'(8%)yluguy + (4% A )eu?) dA.

We bound representative terms of the integral above. The second term of the integral is
representative of those that are bounded by the C; term on the right side of (20). It is
bounded by

dod? + 2 oo
‘L[4U¢i+2¢n¢§]uésusndA < o9, Cg%d)g“ ’/szuggu&, dA‘

< Clllvueel® + llwueq ).

The constant C' is half the constant in the line above. The C, term in (20) arises from
the terms containing 7 in the integral in Eq. (21) in the same way. The C3 term in
(20) bounds all the terms in the integral in Eq. (21) that contain a derivative of w. The
terms including derivatives up to order two of w can be easily bounded as above, since
the Sobolev embedding theorem implies w € W% has continuous derivatives at these
orders. Further, the maximum values of these derivatives are bounded by the Sobolev

/
inequality |lglls < ol 4||Vg|| (see [25] for the constant). A little more care must be

- m
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shown in bounding the terms involving third derivatives of w. For example

‘/0(452%)77%%556114

: (205u¢)* dA " +| [ (pugy)®dA v (¢unw555)2 dA Ve
@ Q

462 |0, 1162l o 1/2 2)1/2
< Pl O g 4 ) 171

C
< Cllwggella(llwug i + llvug|* + llpuey1?).

All the remaining terms in the integral in Eq. (21) can be bounded in fashions analogous
to those presented here; notice that the bounds derived apply as well to the absolute
value of the integral of the term being bounded. This completes the proof of inequality
(20).

We use this inequality to prove the lemma as follows. By the reasoning leading to Eq.
(8), for u smooth enough to satisfy the conditions of the lemma of the following holds:

By, (u, (¢2U5)§)=/Qf(u,w)(¢2u5)£ dA.

lweeellallun|la

Thus there is a constant C' depending on the maximum values of ¢ and ¢, so that
B (u, (8%ug)e)| < CUU1% ) |1? + llbuel® + [buee ).
Further, by expanding the quadratic form on the left-hand side of (20) we have
Bw(¢U§a ¢u§) = /Q ¢2(Augfm + u?&n + 20”(1,5,,,7'1155.,7
+ T(ug + Au?7 + 20ucu,))dA+C,
where |C| has the form

C= / [¢2 ¢°) nn] uze + 4067 — 0(67)im + 20, 0¢|uceuey

1 1 1
+ | 4465 = A(9%)nn = 50(9%)en + 40bndc + ¢ — 5(0(8*)n)e — 5(97)ee| udy
— (A + obeque), + (0¢Pmue + dPenue)eluey

+ (o6 + 560 + A (2

12

[ 1 1
 [ot6at0n + 5620+ 02| )

1
+ (A9}, + 20Pundey + b2, luf + 7 [Aqsf, -5 A(62)

1 1 1
—§U(¢>2)£n + 200, + 0F — §(U(¢2)n)§ - §(¢2)€€ ug dA
+ c(w, pug, pug).
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In the same fashion used to obtain (20), C can be bounded by an expression of the form
of the right-hand side of that inequality. The differences are: the constants C; and Cy
depend upon ¢ and its derivatives up to order two and ¢ and its first derivative, while Cy
depends on ¢ and o and their first derivatives, and the ||[¢Vul|4 term may be omitted.
Since the integral on the right in Eq. (22) is ¢° times a weak formulation of D[ugue, we
can change variables to obtain

I$ucayll? + I dueyy I + TlloVuell® < Bu(due, pue) +1C|
< |Bu(Bue, gue) + Bu(u, (¢*ue)e)]
+ |Bu (u, (#ue)e)| + [C]
<D+ CUlv frau 1P + ldbuel® + uee ),

where |D| is the sum of the right-hand side of inequality (20) ,) and the bound just
derived for C. Thus, by applying the Sobolev inequality to the quantity ¥'Vu in |D| we
can show

DI < CllIxueell® + lIxuenll + Ixu|*) + Kl xVul®.

Substituting this bound into the previous inequality gives the bound of (9); so the proof
is complete.
Proof of Lemma 3. By reasoning similar to that used in Lemma 1, since

Bo (6, 1) — Bo (u, 6%u) = /Q ity (—2A8 — 206, 6¢)

+ uugn(—2067 — 29,0¢) + ugun (4067 + 20, )

+ uZ (442 + dodnde + 02) + uZd2 + wue (200, Gy + 26, ben) (23)
+ uun (4A¢ydny + 200, + 40¢y0en + 20 der)

+ 0 (AL, + 0%, + 200umben + T(AG2 + 206, ¢¢ + 6F)

+ Wy — 2Wer $nde + weedy, + o' Prwy) dA,

we can show that

|Bu(du, $u) — By (u, )| < CillxVull* + Ko xul]?, (24)

where C) and K; depend upon the value ¢, the area of 2, the norm |lw|3 4.0, the
maximum values of ¢ and its first derivative, and the maximum values of ¢ and its
derivatives to order two. As usual, C; is independent of and K is dependent upon the




16 ROBERT G. ROOT

parameter 7. Similarly, the identity

By (ou, pu) — / ¢2(Aufm + 20Ugp Uy, + ugn + T(ug + Au?7 + 20uguy)) dA
Q

- /Q (4062 — (6% + 26 gty + (62 — L (6%)n) 02
+ (4A46% — A(¢%)nn + 4o dnde + 7 — 5(0(0*)n)e — 50(8%)en — 5(#%)ec) vl
+ (30(82)n + 5(02)e) (W)e + (A(B2)n + 0 (Bnde)y + 5(02)n + 30(62)e) (u?)y
- 2([A¢nn + U¢§n)¢u]n + [(U¢nn + ¢§n)¢u]€)un + (A¢72m + 200y Pen + ¢57,)U
T (= Ap@ny +200m0c — 5(0(8%)n) — 30(9%)ey — Apdee)u® dA + c(w, $u, pu)

leads to the assertion

By(du, pu) — / qb?(Aufm + 20UgnUny + ugn + T(ug + Auf, + 20ugu,)) dA (25)
Q

< CallxVul® + Kol xull?,

where Cy and K9 have the same dependencies as C7 and K, except that they depend
upon the derivatives of ¢ up to order three. Using the coercivity of the integral in (25)
mentioned in Sec. 3 (in the paragraph following the statement of the lemma), we arrive
at the inequality (17), and the lemma is proved. O
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