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Abstract

We investigate Sobolev regularity of bivariate functions obtained in Isogeometric
Analysis when using geometry maps that are degenerate in the sense that the first
partial derivatives vanish at isolated points. In particular, we show how the known
C!-conditions for D-patches have to be tightened to guarantee square integrability of
second partial derivatives, as required when computing finite element approximations
of elliptic fourth order PDE:s like the biharmonic equation.
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1 Introduction

To approximate the solution of an elliptic partial differential equation of order 2k on the
domain €2 in the sense of finite elements, one derives a corresponding energy functional
J : WhP(Q) — R, chooses a finite-dimensional affine subspace F € W*7 (), and
determines the minimizer of J among all f € F. Most applications require p = 2,
but also other exponents p may be relevant when solving nonlinear problems like
the p-Laplace equation (k = 1), see [1], or the p-biharmonic equation (k = 2), see
[5]. In the following, we address finite element subspaces F C WX 7 (Q) for orders
k € {1, 2}, exponents p € [1, 00), and planar domains 2 C R2.

Sobolev regularity of the shape functions spanning F is usually easy to deter-
mine if they are defined directly on a tessellation of €2. For instance, the ubiquitous
Courant element is W', while piecewise polynomial C'-elements like Clough-
Tocher, Powell-Sabin, and Argyris are W2 However, in Isogeometric Analysis [2],
the situation is potentially more complicated. Given an auxiliary parameter domain
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I =10, 1]2 x {1, ..., N}, consisting of a finite number of copies of the unit square,
piecewise polynomial functions b; : I' — R are used to represent both a fixed
parametrization X = ), X;b; : ' — Q of the domain, also called geometry map,
and functions z = ), z;b; : I' — RR. Together, they define the elements of F' by
f = z ox~ L. Now, it may occur that f does not inherit full regularity from its con-
stituents x and z if the geometry map is degenerate in the sense that its Jacobian
determinant det Dx has zeros on I'. In particular, b; being C! and piecewise polyno-
mial does not imply W>?-regularity of functions f in this case.

To understand regularity of f = z o x~!, one observes that its graph equals the
trace of the parametrized surface! s 1= (x,z7) = >, zi)bi 1T — R3.ie.,

[y, fa ) (e, y) € ) = {stu,v, j) < (u, v, j) € T}.

Hence, the analytic smoothness of f is closely related to the geometric smoothness
of the surface s. In the case k = p = 2, as occurring for linear fourth order problems
like the biharmonic equation, the setting is commonly chosen such that f is at least
C!, even if, strictly speaking, this is not necessary.> Equivalently, this means that the
surface s is G! in the sense that is possesses a continuous field of unit normal vectors.

Based on this insight, there is a new interest in methods developed formerly in
Computer Aided Design for the construction of smooth surfaces of arbitrary topology.
In this report, we focus on the analysis of such an approach based on geometry maps
with singularities of the form

91x(0, 0, j) = 92x(0,0, j) =0 ey

for certain indices j. That is, these patches of x have vanishing first partial derivatives
at one of their corners, which w.l.o.g. is assumed to be the origin. For surface design,
singular parametrizations of that type were first suggested in [7] and later on established
rigorously in [9].

! Here and below, we use comma-separated lists in parentheses to denote elements in RY, formally under-
stood as column vectors. Square brackets are used to denote vectors and matrices of dimension as printed.

2 In the bivariate case, continuity of the gradient is by no means necessary for square integrability of second
partials. Consider, for instance, the continuous function

X
fx,y) :=/ In|In¢|dt,
0

defined on the triangle A := {(x,y) : 0 < y < x < 1/2}. The first partial derivative fy(x,y) = In|Inx]|
is unbounded, while fyy = fyy = 0 and

o _ [P [T _dxdy 12 dx 1
[ A s
A =0 Jy=0 x2In2(x)  Jy=0 xIn?(x) In2

This peculiar example, illustrating the breakdown of the embedding w2P < ! in the limiting case
p = 2, should not be understood as a stimulus to construct shape functions of that kind. For all practical
purposes, it is sensible to assume C ! when W22 is needed.
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In the latter reference, a special class of singularly parametrized surfaces, called
D-patches (the D stands for degenerate), is introduced that enables the construction of
geometrically smooth surfaces. The construction is simple, the function spaces have a
natural refinement property, and the generalization to the important 3d case seems to
be practicable [8, 14]. By contrast, trivariate analogues of the competing approaches
subdivision and geometric continuity appear to be much harder to develop, see [4] for a
discussion of this issue. Therefore, the concept of singular parametrization according
to (1) has attracted the interest of researchers in Isogeometric Analysis [3, 6, 12—14].

Concerning the smoothness of D-patches, [9, Theorem 1.2] states normal continuity
at the singular corner. This implies that the corresponding functions f = z o x!
considered here are C!. Moreover, [9, Theorem 1.4] claims that the principal curvatures
of D-patches are in L” for p < 4. This would suggest’ that the functions f are in
W?2P for such p. Actually, this theorem is not correct. An inspection of the proof
given there reveals a faulty derivation of the growths of the inverse determinant of the
first fundamental form. When remedied, the range of admissible exponents shrinks
to p < 2. Accordingly, the functions f are not in W>2, as typically requested when
solving fourth order PDEs. A detailed characterization of Sobolev smoothness is the
main topic of this report.

Much to the regret of the author, the results of [9] seem to have encouraged
researchers to use the D-patch framework the for simulation of higher order PDEs.
Interestingly enough, the numerical results reported in the references mentioned above
suggest good convergence properties not only for the Laplace and other second order
equations, but also for the biharmonic equation, which is of fourth order, despite the
now evident lack of regularity. As will be shown in the following, the D-patch approach
can be made functional if additional, hitherto unknown restrictions are observed.

A first systematic study of Sobolev regularity of shape functions under the spe-
cial conditions of singular parametrization was presented in [10]. In that paper, three
different types of degeneracies (edge collapse, collinear, and vanishing partials at
patch corners) are analyzed concerning W !2-regularity. It is found that the latter case,
which is also the topic of this report, is not problematic in that respect: For geometry
maps X = ), X;b; according to (1) and piecewise polynomial, but otherwise arbitrary
z =) ; zib; the composition f = zo x~ ! is typically W'2. A similar study concern-
ing W2 2-regularity is conducted in [11]. However, the case (1) of vanishing partials
is not addressed there.

In this report, we develop a comprehensive characterization of W7~ and W2 P-
regularity of functions f = z o x~! with degenerate geometry map x according to (1)
proceeding as follows: In the next section, we fix the setting and introduce notions
and notations. In Sect. 3, we provide a series of auxiliary results, which are needed to
establish the desired classification in Sect. 4. The conclusion summarizes our findings
and outlines directions for future research.

31tis by no means obvious that principal curvatures in L? imply f € W2P_ The author is aware of a
proof, but not of a reference. To see that the relation between geometric and analytic smoothness is not
trivial, note that continuity of the principal curvatures does not imply f € C 2,
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2 D-maps and D-functions

For measurable A C R?, p € [1, 00), and a nonnegative weight function © : A —
R>g, denote by L?(A) and L”(A, p) the (standard and weighted) Lebesgue spaces
of functions f : A — R? with finite norm

1/p 1/p
11l = </A|f|”> and [ f]1p = (/Alfl”u) ,

respectively, where | - | is (for instance) the maximum norm on R4. With the row
vectors

Df :=1[d1f, &2f] and D*f:=[d8}f, didaf, 0201 f, 93 f]

of weak first and second partial derivatives of a real-valued function f : A — R, the
Sobolev spaces WP (A) are defined by*

WEP(A) = {f 1 A= R\ flp + ID"fllp, <00}, ke({l,2).

Let x : ' — Q be a parametrization of & C R? over the auxiliary domain
I' = [0,1]% x {1, ..., N}, chosen such that the partial images Q; = x([0, 112, j)
form an essentially disjoint cover U?]:l 2; = Q of the domain. Then, if the function
f=z ox!1:Q — RisC¥1, it holds

N
||Dkf||§=f ID"fI”=Z/ DX 17,
Q =179

implying that f € WXP(Q) if and only if fi € Wk*”(Qj) for each segment f; :=
zox(-, -, j)_l. For this reason, we confine the following considerations to the analysis
of geometry maps with only one segment. That is, we assume I' = [0, 1]?> x {1} and
omit notation of the insignificant index j = 1.

Given subsets A C R? and B C R?, we denote by P(A, B) the space of bivariate
R?-valued polynomials

T7:A—> B, w(u,v) = Z njkuka,
J.k>0

where only a finite number of monomial coefficients 7 j; € R? is different from 0. By
convention, coefficients are always indicated by the same letter as the function itself
tagged with a double subscript.

4 This definition is convenient for our purposes and equivalent to the standard one based on the norm

(Siatt [0
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To parametrize subsets of R? over the unit square, we will consider a special class
of degenerate polynomial maps, characterized as follows:

Definition 2.1 Let ¥ := [0, 1]?, * := % \ {(0, 0)}, and  C R>. A bijective poly-
nomial function x € P(X, €2) is called a D-map with image €2 if

i) x is degenerate at the origin according to X190 = Xo; = X11 = 0;
ii) The Jacobian determinant det Dx does not vanish on X*;
iii) The (2 x 2)-matrices [X29, X21], [X02, X12], and [Xpg, Xo2] have full rank.

—

A D-map y € P(X, E) with image E is in standard form if yoo = (0, 0) is the
origin and y>o = (1, 0), yoo = (0, 1) are the unit vectors in R2.

Let us briefly motivate this definition: The first property facilitates the paramet-
rically smooth contact of n # 4 maps x(-, -, 1), ..., x(-, -, n) sharing the vertex
x(0,0,1) = --- =x(0, 0, n), while the second one admits to focus the analysis on the
isolated singularity at the origin. The third property excludes degeneracies of higher
order. D-maps in standard form, for which we reserve the letters y and E := y(X)
throughout, are useful to simplify the following analysis.

Isogeometric analysis employs composition to construct approximations on the
image of a given parametrization. Specifically, if the parametrization is a D-map, we
consider functions of the following form:

Definition 2.2 The composition
f::zo)u{_1 Q=R

is called a D-function on 2 C R2ifx e P(X, Q) is a D-map with image 2, and z €
P(Z, R) is a real-valued polynomial. A D-function & := w oy~ ! is in standard form
if y is in standard form and if the coefficients of w € P(Z, R) satisfy wyg = wgy = 0.
The space of all such polynomials w is denoted by W := {w : wy9 = wg2 = 0}.

One may think of x as being given and of z as to be determined suitably to serve the
desired approximation purposes. Special functions y and w corresponding to x and z
allow to reduce the investigation of D-functions to the much simpler standard form.
They are derived as follows:

First, with T := [X20, X02] ! denoting the inverse of the (2 x 2)-matrix built from
the two non-zero quadratic coefficients of a given D-map x, we define

y=ox):=Tx—xp) € P(Z, B),

where E := y(X). We call y the D-map in standard form related to x. To show that y
has all properties of a D-map in standard form, we note that its coefficients are given

by
o 0 if j=k=0,
Yik = Txj; else.
In particular, yoo = yi0 = yor = Y11 = 0 and yo0 = (1,0),y02 = (0, 1).
Further, det Dy = detT - det Dx # 0 on X* and the matrices [y2g,y21] = T -
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[x20, X211, [yo2, Y121 = T - [X02, X121, [¥20, Yo2I = T - [x20, X02] have full rank. To

simplify notation, we write
o
Y21 = [,3] . Y2 = [g:| (2)

throughout and call «, . .., § the parameters of x. These are the unique coefficients
satisfying
X1 = aXp0 + BX2, Xi2 = YX20 + 6Xp2. 3)

Second, given z € P(X¥,R) and the D-map y in standard form, we define the
polynomial w € P(X2, R) by

w=VY(y,z) =z— 220, z02] Y.

Its coefficients are
Wik = Zjk — [220, 202] - ¥ jks 4)

and in particular wyp = w2 = 0, hence w € W. Withy = ®(x) and w = W (y, z) as
above, we call
h:=wo y_1

the D-function in standard form related to f = z ox~\.

To complete the section, we establish a relation between D-functions and D-patches
as introduced in [9]:

Theorem 2.3 Lets = (X, z) € P(X, R?) be the parametrized surface corresponding
to the D-function f = z o x~\. Then, s is a generic D-patch in the sense of [9,
Definition 1.1] if

zi0 =201 =211 =0, z21 = azz0 + Bzo2, 212 = Y220 + Sz02.

In this case, fis continuously differentiable.

Proof The coefficients of s are s ;i = (X, ;). First, s is degenerate because sjp =
so1 = s11 = 0. Second, the conditions of the theorem together with (3) yield

$21 = s + BSo2,  S12 = ¥S20 + 8S02.

Anticipating positivity of the coefficients f,y as established in Lemma 3.3,
these are exactly the coplanarity constraints characterizing a D-patch. Third, s is
generic since linear independence of X0 and X implies linear independence of
$20 = (X20, 220) and sp2 = (X02, Z02)-

On X*, the normal of s is n := (918 X 328)/]|d1s X 328]|. According to [9, Theorem
1.2], its limit at the origin exists and is given by

$20 X 802

n(u,v) = ———,
lIs20 x szl

ol 22 03— 1
o = (0. 1. 1p) = (u u%1—>m(0 0)
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where the third component ng = det[x20, X02]/1IS20 X so2|| does not vanish. Since
det Dx(u, v) # 0 for (u, v) # (0, 0), the inverse function theorem implies continuous
differentiability of x~! and hence also of f = zox ™! on Q* := Q\ {(x0, yo)}, where
(x0, yo) := x(0, 0). Since the graph of f equals the trace of s, the normal satisfies

nox o 1 [—Vf}
i+ vl !

on Q*. Passing to the limit, we obtain

1
lim =ny#0
@)= @0.30) /1 + ||V f(x, y)||2

and further

)
lim  Vf(x,y) = M
(x,y)—>(x0,¥0) ny
Hence, f is continuously differentiable on all of 2 with V f(xg, yo) = —(n(l), n(z))
/ng. m|

3 Auxiliary results

To prepare the analysis of Sobolev regularity of D-functions, we need to establish a
series of technical results.

Lemma 3.1 Given a D-map x € P(Z, Q) and a polynomial 7z € P(X,R), lety :=
D (x) and w := V(y, z). Then, the D-functions

f:zzoxfl, g::zoyfl, h:=woy~

1
have the same Sobolev regularity, i.e., f € WoP(Q) & g € WEP(B) & h €
wkr(g).

Proof The affine map ¢ : v — T (x — Xqp), relating x and y by y = ¢ o x, provides a
smooth diffeomorphism between Q and E. Hence, f =zox ! =zoy lop =go¢
and g have equal Sobolev regularity. Further, defining the linear function A : (¢, )
220& +z02m, wehave w = z—Aoyandh = woy~! = g — A, implying equal Sobolev
regularity of g and h. O

In the following, it is convenient to use the expansion

u? 4+ au®v + yuv2

y(u,v) = I:v2 + ﬂuzv + Suv?

} + 0’ +v* + u+v)?) 5)

for the D-map y in standard form with parameters ¢, . . ., § according to (2).
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Lemma 3.2 The Jacobian determinant ;v := det Dy € P(X,R) of a D-map y in
standard form according to (5) is given by

u(u, v) =4uv+2ﬁu3 —|—2yv3+v(u, V), (6)
where the remainder v is of order

v(u,v) = 0(u2v +uv® + (u + v)4).

1

On T*, u is positive and Dy is invertible with Dy~' = u='G, where G €

P(X, R?*?) is the adjugate matrix of Dy, given by

_ [2v+ Bu? + O(v? + uv) (u +v)?) 3
G(“’”)_[ O((u + v)?) 2u+yv<2+0(u | O ).
Proof The formulas for i and G are easily verified by inspection. Concerning 1, we
conclude from Property ii) that it must not vanish on X*. The leading term 4uv of
is positive near the origin, and hence, u is positive on X*. O

Lemma 3.3 The parameters 8 and y of a D-map X are positive.

Proof The case 8 = 0 is excluded by Property iii). Assuming 8 < 0 and choosing
t > 0 sufficiently small, it holds (u, v) := (—Bt%,2t) € £* and u(u, v) = >(88 +
0(t)) < 0. This contradicts Lemma 3.2. The coefficient y can be treated in the same
way. O

Lemma 3.4 Denote the lower subtriangle of the domain £ by A := {(u,v) € L : v <
u}. There exist constants c1, ¢ > 0 such that the function wu given by (6) is bounded
by

ci(uv + u3) < u(u,v) <co(uv + u3), (u,v) € A.
Proof On A, the estimate (z + v)* < (2u)?(u + v) implies u?v + uv? + (u + v)* <
8(uv + u?)(u + v) and hence v(u, v) = (uv + u3) O (u + v) for the remainder in (6).

Let ¢ > 0 be chosen sufficiently small such that the term O (u + v) is bounded by
min{2, B} in modulus for (1, v) € Ay :={(u,v) € A :u+v < ¢}. For (u, v) € A,

w(u, v) > 4uv + 2ﬂu3 — |v(u, v)| > min{2, B} (uv + u3)
and
w(u, v) <4uv + 2;3u3 + 2yu3 + v, v)| < @ +38+2y) (uv+ u3).
Furthermore, the function p(u, v) := u(u, v)/(uv + u’) is continuous on the
compact domain A \ A, and, by Lemma 3.2, positive. Hence, there exist constants

¢}, ¢5 > Osuch that ¢} < p(u, v) < ¢} for (u, v) € A\ A,. Combining the estimates
and setting ¢ := min{2, B, ¢|}, c2 := 4 + 3B + 2y + ¢} proves the lemma. O
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1 17

0.5 057

Fig. 1 Image of map ¢ for domains [0, 1] x [0, 1] (left) and [0, 2] x [0, 1] (right)

Lemma 3.5 For exponents m,n, £ € Ny, let

m,.n

u-v

MM, v) = ———,
e =

(u,v) € T*.

Then, M,"" € LP(Z, w) if and only if
w(m,n) :=m +n+ min{m, n} > 3¢ —6/p.

Proof By the previous lemma, the integrals

m,n p ub™yPm
Iz:AlM( (u,V)Pum,v)dudv and J := Amdudv

converge or diverge simultaneously. Substituting (u, v) = @(s, t) := (st, s?(1 — 1)),
we obtain | det Dg(u, v)| = s>t and

J = / Ji(s) fa(r) dsdt,
gl(a)

where
fl (S) = Sp(m+2n—3l)+5 and fz(t) = tp(m+n—2/é)+3 (1 _ t)pn.

Since ¢([0, 1] x [0, 1]) € A C ¢([0, 2] x [0, 1]), see Fig. 1 instead of a tedious
argument, we obtain

1 1 2 1
/ fl(s)ds/ Hh®yde <J 5/ f1(S)de fa(t)de.
0 0 0 0

That is, J converges if and only if m +2n > 3¢ —6/p andm +n > 2¢ —4/p.
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Analogously, on the upper subtriangle A’ := {(u,v) € £* : v > u}, we obtain
integrals I’ and J’, where J’ and therewith I’ converges if and only if 2m +n >
3¢ —6/pandm +n > 20 —4/p.

Summarizing, ||MZ"’" ||§, u = I+ I' converges to a finite value if and only if

m+2n>3{—6/p and 2m+n>3{—6/p and m+n >2¢—4/p.

The first two inequalities are equivalent to w(m,n) > 3¢ — 6/p. When added
together, they yield the third one so that this condition is redundant. O

Lemma 3.6 Letr, ¢ € Ny and the function u according to (6) be given. For a polyno-
mial P € P(X, RY), define the leading part of order r by

ArPi= Y Ppulvk.
w(j.k)=<r

Further, let
peT(r, 0) =[6/3L—7r),6/3L—1—7)).

Then, it holds

a) If A,P =0, then un='P € LP(Z, ).

b) If there exists a component P’ € P(X, R) of the vector-valued function P which
is a multiple of a monomial, i.e., A, P’ = P, u™v" for some scalar coefficient
P, then u=*P € LP(X, ) if and only if P,,, = 0.

Proof Splitting P into the leading part A, P and the remainder P — A, P, we obtain
the estimates

I Pl < It A Pllpu + it 5P — APl (7
I Pl = It Ar Pllp e — I8P = Ar Pl 8)

The condition p € II(r, £) is equivalent tor + 1 > 3¢ — 6/p > r. Hence, by
Lemma 3.5,

_ i,k j,k
I P = AP p = D IPEMI pu s Y Pl M) < oo
w(j,k)>r+1 w(j,k)>r+1
)

Concerning a), if A, P = 0, then M_ZP € LP(X, n) follows immediately from
(7) and (9). Concerning b), assume that 4 ~¢P € LP(%, u). Then, by (8) and (9),
also u=tA,P € LP(X, u). This implies that each component of = ¢A, P lies in
LP(X, w). In particular, u=“A, P' = P;,,M;"" € LP(Z, p). Unless P,,, = 0, this
contradicts Lemma 3.5 since w(m,n) <r <3¢ —6/p. |
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4 Sobolev regularity

In the context of finite element simulations, Sobolev regularity of D-functions f =
z o x~ ! is crucial. For most applications, f € W1’2(§2) or f € W“(Q) is needed,
but nonlinear equations like the p-Laplace or the p-biharmonic equation have different
requirements. Therefore, it is our goal to provide a comprehensive list of criteria for
the membership of f in W*7 () depending on k € {1,2} and p € [l, c0). For
k = 1, the vanishing of certain coefficients z j; suffices to characterize three different
cases. By contrast, for k = 2, the conditions for some of the six cases become rather
involved when formulated in terms of the coefficients of z and x. Here, it is much more
convenient to specify them for the coefficients of the functions w and y defining the

related standard form & = w o y~!.

Theorem 4.1 Let f = z o x~! be a D-function. Then, f € WP () for all

a) pell,3);
b) p€l3,6)iff zio = z01 = 0;
¢) pel6,00)iffz10 =z01 = z11 =0.

Proof Replacing x € P(X, Q) by the related D-mapy = ®(x) € P(Z, E) in standard
form greatly simplifies the derivation of the result. Concretely, by Lemma 3.1, f €
WlP(Q)if and only if g = zoy~! € WP (E). Since g is a continuous function on
the compact domain E, finiteness of ||g||, can be taken for granted so that it remains
to consider finiteness of || Dg|| ,. Differentiation of z = g oy yields Dz = Dgoy- Dy.
Hence, using the parametrization y : ¥ — & of the domain of g and recalling
Dy’] = /fl G from Lemma 3.2,

||Dg||z=ﬁ|Dg|P=ﬁ|(Dsz—1)oy—1|P=/Z(M—I|DzG|)”u= I tDz GIIb .

Setting P := Dz G € P(%, R?), finiteness of IDgllp is equivalent to wlp e
LP (%, i), which can now be decided using Lemma 3.6 for £ = 1 and different values
of r. We consider the three cases in turn:

a) Letr =0and p € T1(0, 1) = [2, 3). The leading part Ag P = [0, 0] vanishes and
finiteness of || Dg||, follows. This implies also finiteness for smaller exponents
pell,2).

b) Letr = 1 and p € I1(1, 1) = [3, 6). The leading partis A1 P = [2z10v, 2z01u].
Hence, || Dgl|p is finite if z19 = zo1 = 0. Both components of AP are multiples
of monomials, implying that || Dg||3 is not finite if either z19 # 0 or zg; # 0.

c) Letr = 2and p € I1(2,1) = [6, 00). In view of the preceding case, |Dgl|l,
can be finite only if z19 = zo; = 0. Assuming that the leading part is A3P =
[2z11 v2, 2711 u2]. Hence, || Dg||  is finite if z;; = 0. Both components of A3 P are
multiples of monomials, implying that || Dg||¢ is not finite if 711 # 0. O

The theorem states that square integrability of the gradient of a D-function comes
for free in accordance with the findings in [10]. Further, mimicking the singularity of
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the D-map x by the polynomial z increases the range of admissible exponents p. We
remark that the strongest condition z19 = zo1 = z11 = 0 even yields boundedness of
the gradient, f € WLo0(Q), as can be shown using the substitution (u, v) = ¢(s, t)
introduced in the proof of Lemma 3.5. The following result concerning second partials
is richer in content:

Theorem 4.2 Let f = zox~! be a D-function and h = woy~! be the related standard
form. Then, f € W>P(Q) for all

a) pell,6/5)iffw e W3 :={weW:wyp=wy =0},

b) pe[6/53/2)iffwe Wyq:={weWs:wj =0}

c) pel3/2,2)iffw e Ws:={weWy:wy=wp=0}

d) pel2,3)iffwe Wq:={we Ws: w31 =3aqwsn/2, wiz = 30wez/2};
e) pel3,6)iff

w e W7 :={w e Wg: w3 =woz =0, wy =2cwqo+Pwir, wig = 20woq+ywa}.
) pel6,00)iffw e Wy := WL NW3, where

Wy = {w € W7 : ws; = [wan/2, waol - 2y31 — 3ey30 — 2By12) + Bws + Sowso/2}
W3 = {w e W7t wis = [wn/2, wosl - 2y13 — 38y03 — 2¥ya1) + ywas + S8wos/2}.

Proof As in the preceding proof, ||k, is always finite so that it suffices to analyze
| DA p- Denoting by ® the Kronecker product, twofold differentiation of w = h oy
yields
Dw = Dhoy- Dy
D*w = D2h0y~(Dy®Dy)+Dhoy~D2y.

Solving for D?h, we obtain
D*hoy=(D*w—Dw-Dy ' -D*) - (Dy '@ Dy ") =u3P,

where
P := (uD*>w — Dw-G - D) - (GQG) € P(T,RY).

Hence, using the parametrizationy : ¥ — E of the domain of 4,
T N RO T L P 1
g )

That is, finiteness of ||D2h||p is equivalent to 3P € LP(X, i), which can now
be decided in almost all cases using Lemma 3.6 for different values of r.

The six cases specified in the theorem correspond to choosing r = 3, ..., 8. The
according sets of admissible polynomials w are denoted by W,.. For each r, the argu-
ment proceeds as follows: First, the given range of p is just I1(r, 3). Second, one
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computes the leading part A, P of P under the assumption that the conditions for
the preceding case are satisfied since, otherwise, finiteness of || D%A|| p 18 not possi-
ble. Third, one verifies that the conditions specified in the theorem are equivalent to
AP = 0 and thus guarantee finiteness of ||D2h||p. Fourth, one shows that ||D2h||p
is not finite for the minimal value p = 6/(9 — r) of the given range if one of the
conditions is not satisfied. For r # 7, this follows immediately from the fact that
the components of A, P are multiples of monomials. Only case ¢), corresponding to
r =7, requires a special treatment.

Now for the details: Using a computer algebra system to perform the tedious compu-
tations® of [a,, by, ¢y, d,] := A, P/16,we find b, = ¢, = 0 throughout. Furthermore,
the other two components are given by

az(u, v) = —wig v3 ds(u, v) = —wo u?
as(u,v) = —wyy v* dy(u, v) = —wy u?
as(u, v) = —wip v’ ds(u, v) = —woy u

as(u, v) = Bdwoz/2 — wi3)v®  de(u, v) = Bawso/2 — w3i)u®
and, with certain constants a;‘, d;‘ depending only on the coefficients of y,

az(u, v) = wiguv® + 3y waouv’ + (@ wes + ywn + 28wes — wia)v’
d7(u, v) = wosuv? + 3Bwosu’v + (dFwsg + Pwar + 20wag — way)u’

ag(u, v) = ([w2/2, woal - (2y13 — 38y03 — 2y¥21) + ywas + 58wos/2 — wys)v®

dg(u,v) = ([w2/2, waol - (2y31 — 3ay30 — 2By12) + w3 + Sawse/2 — wsy )u®.

It remains to consider necessity of the conditions of case e) for the lower bound
p = 3 of the interval T1(7, 3). Let us assume that A7 P # 0, but /,L_3P e L3z, nw.
Then, by (8) and (9), it holds A7 P € L3(X, i), implying that also u a7 and
w=3d; € L3(, ). The function d7 can be written in the form d7(u, v) = au’v? +
buSv + cu” with certain coefficients a, b, ¢ so that, by Lemma 3.4,

a3 audv? + budv +cu’ P
com itz [ e [ T o,
’ A M A (uv +u)

As in the proof of Lemma 3.6, we use the substitution (u, v) = (s?, s2t(1 — 1)) to
obtain

/ lau3v? + budv + cu’|?
A

1 1
dudv > -1 gs. b—2a)t+(a—b+c)i2| dt.

Since the first integral on the right hand side is divergent, we conclude that the
second integral must vanish. This, in turn, is possible only if « = b = ¢ = 0 and
consequently d7 = 0. An analogous argument shows that a; = 0. Hence, A7P = 0
in contradiction to the assumption. O

5 A Maxima routine performing the computations is available at https://doi.org/10.48328/
tudatalib-1567
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Again, we state without proof that the conditions of case f) do not only guarantee
membership in W2 () for all finite exponents p, but even boundedness of the second
partials, f € W2%°(Q).

In applications, the D-map x can be assumed as given and fixed, while z is to be
determined according to the desired approximation purpose. In a first step, the related
D-map y = ®(x) in standard form is computed. Then, the relevant conditions on w j
can be transformed to conditions on the coefficients z j; we are looking for using the
relations (4). These conditions are all linear so that the polynomials z fulfilling them
establish a linear subspace of functions f = zox~! € W27 () for the targeted value
of p. For instance, case c) yields

zi0 =201 =211 =0, 221 = azo0 + Bzo2, 212 = Y220 + 8z02-

According to Theorem 2.3, these are just the conditions that guarantee f to be
continuously differentiable, and exactly these conditions are used for the experimental
studies mentioned in the introduction. However, the theorem states that f ¢ W>2()
unless the additional conditions of case d) are satisfied. This indicates that the reported
numerical results are not reliable. Concretely, they seem to be derived from linear
systems, whose entries are finite numerical approximations of integrals whose values
are actually infinite.

Further, our findings refute Theorem 1.4 in [9], which states that the principal
curvatures of D-patches are in L? for p < 4. The crux is that the principal curvatures
of the graph of a function f are in L? if and only if f is in W>”. Hence, in general,
the principal curvatures of a D-patch are not in L? for p > 2.

5 Conclusion

We have derived a characterization of W7 -regularity for D-functions, as occurring
in Isogeometric Analysis with degenerate geometry maps. The results for k = 1 show
that p = 2 comes for free and that also larger values of p can be obtained easily.
However, it is unclear why one should use at all a degenerate parametrization for the
simulation of second order PDEs. The results for k = 2 are more complicated, and
great care has to be taken in this case. In particular, the D-patch conditions known from
the literature guarantee C!, but not W22 Further conditions must be incorporated to
fix the approach. The following research tasks should be addressed in that respect:

First, construct suitable bases of the subspaces fulfilling the W2 ?-conditions for
p > 2. Atleast for p = 2, in view of the relative simplicity of the conditions a)—d), this
should to be a solvable technical problem. Note that the more complicated conditions
for large values of p simplify considerably when dealing with low degree, say bicubic,
polynomials.

Second, scrutinize the approximation power of W7 -subspaces of D-functions with
respect to different norms. Of course, numerical studies will be helpful, but also an
analytic treatment of the problem seems to be an appealing challenge.
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Third, derive similar regularity results for the important trivariate case. Given the

fact that the present analysis of the bivariate case is not straightforward, severe technical
difficulties must be expected with this project.
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